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EXPERIMENTAL 
 
Final Report 
 
 Confirmation of the initial design parameters and performance under a broader range of 
actual well bore conditions would have occurred at considerable extra expense. The equipment in 
the Oklahoma test well could have been removed and inspected more often for variations and 
experimentation of the packer components and designs. The data obtained would have been 
useful in predicting successful installations in other areas. The scope of this project did not 
include exhaustive efforts to determine the ultimate best design. The initial design was found to 
be successful, but it did not define the limits or improvements that further testing and 
experimentation would provide. The limitations of zone separation, gas flow rates, and optimum 
tail pipe diameter warrant further experimentation and evaluation.  
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RESULTS and DISCUSSION 
 

The first Hybrid Casing Plunger system was installed in a 6470’ well cased with 4 ½” 
11.6 lb/ft casing with perforations at 6026’thru 6038’ and 6342 thru 6346.  The collar stop was 
set at 5962’ depth and 349.89’ of 1 ¼” integral joint tubing was utilized as a tail pipe extension 
to place the intake near the lower set of perforations. Fluid in the perforation area was decreased 
by a factor of 60:1 as measured by a flowing gradient test and pressures recorded during the test 
period.  The resulting reduction in back pressure on the producing formations yielded a 25 % 
increase in gas production. This initial production increase was partly due to some shut in time 
during the installation of the HYBRID CASING PLUNGER. Production has now returned to the 
predictable decline curve typical of this production zone. During the remainder of the year 
following the installation of the HYBRID CASING PLUNGER, the gas production rate has been 
steady while the produced fluid volume has actually increased. The installation and retrieval of 
these tools using standard swab rig equipment has been trouble free, reliable and cost effective. 
The HYBRID CASING PLUNGER has been demonstrated to be an effective tool to increase 
and/or maintain gas production rates with optimum fluid removal from stripper wells producing 
from multiple zones, single zones with long sections of perforations, or even single zones 
especially sensitive to any fluid loading that would hinder gas production from even the weakest 
stripper wells. 
 
Final Report 
 
 The initial well tested for the removal of fluid from the producing zones to increase 
production of gas and fluid using the HYBRID CASING PLUNGER was an obvious success. 
Prior to the HYBRID CASING PLUNGER installation, a flowing gradient test was conducted, 
showing a gradient of 0.2294 psig/ft at 6344.0’ depth.  From the pressures recorded during our 
18 day test we found a 2.5 psig difference in the two pressure recorders at the ends of the 350’ 
tubing string, which calculates to an average pressure gradient of .0071 psig/ft.  This gradient 
suggests that there is one gallon of liquid per hundred feet of casing from the packer to the lower 
end of the Hybrid tubing string. Of course, removing as much fluid as possible from the 
producing zones will increase the production capabilities of the reservoir. 
 
 This initial success of this first test well simply brings into focus the various parameters 
still to be fully identified and addressed. During the twelve months production has been 
monitored on this test well, the critical need for additional information has become obvious. 
Correlation between the surface conditions and down hole pressure data would enable better 
understanding of daily production rates. Proper interpretation of the dynamics of daily, or even 
hourly, production events  would perhaps explain variations in the slopes and values of the 
production data tabulated in monthly volumes in the flow charts attached, see page 14. Further, 
monthly volumes can be misleading without properly accounting for variations in line pressures, 
production interruptions due to weather and mechanical events. 
 

Experimentation with various packer compounds would confirm useful life expectancies 
prior to packer replacement. Further, the effect, if any, of packer leakage would explain the 
reduction of produced fluids. The assumption that reduced fluid production indicates a lower 
fluid saturation in the reservoir cannot be verified without more frequent tool retrieval, packer 
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replacement, bottom hole pressure and temperature data, and actual plunger cup wear and 
efficiency rates. In all candor, this initial project has simply identified some of the parameters 
that warrant further experimentation and data collection. The extent of the areas in need of 
investigation should be included within the funding of a sequential project. 

 
The attached production graphs, see page 14, show the last two years of well history. The 

substantial increase in gas production after commingling the upper and lower zones was 
maintained by frequent and costly swabbing that briefly spiked production. The installation of a 
standard PAL PLUNGER verified the benefit of a more cost effective method to remove fluids 
from a stripper gas well. Further, it provided a base line by which to compare the performance of 
the HYBRID CASING PLUNGER. The lower production performance of the HYBRID 
CASING PLUNGER, compared to the standard PAL PLUNGER may be explained by the 
normal production decline, or perhaps a packer failure, or possibly fill over the lower 
perforations. The correct conclusion could not be determined during the scope of this project. 

 
The design goal of setting and retrieving the tools with standard wire line equipment 

proved both efficient and reliable.   
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CONCLUSIONS 
 
 

The goal driving the design of the Hybrid Casing Plunger was to increase gas production 
using a system that could be installed and serviced by a small rig using wire line to set and 
retrieve all parts of the packer system.  It was believed that if a tubing string was necessary to set 
or retrieve the packer the cost would be prohibitive for many stripper well operators.  Having a 
PAAL casing plunger system already installed, the initial packer system required only five hours 
to complete.  Since installation, the packer system has been removed from the well two times to 
retrieve data from the pressure-temperature recorders.  A 25 % increase in gas production 
followed installation of the packer system and typical decline curves for this zone have been 
maintained.  Coupled with the increased production and the ease of installation, the Hybrid 
Casing Plunger system has proven to be an attractive production approach for many stripper 
wells producing gas.  
  

Additional installations for the HYBRID CASING PLUNGER systems are still being 
sought. Perhaps additional funding may be justified to extend the boundaries for this new 
technology in the coming months to further extend the limits of depths and flow rates at which 
this concept continually proves its benefits in other well conditions.    
 

The HYBRID CASING PLUNGER has been demonstrated to be an effective tool to 
increase and/or maintain gas production rates with optimum fluid removal from stripper wells 
producing from multiple zones. 
 
Final Report 
 
 The initial multiple zone stripper well installation of the HYBRID CASING PLUNGER 
was considered successful. Down hole pressure data was obtained to reveal a substantial 
reduction of the fluid pressure gradient from 0.2294 psig/ft to 0.0071 psig/ft occurred by using a 
section of small diameter tailpipe suspended below a compression set packer anchored in the 
casing above all perforations. The smaller diameter of the tail pipe had a lower critical velocity 
permitting a gas flow rate of sufficient velocity to lift the well bore fluids a very small distance, 
compared to the depth of the well. The lifted fluids were held in the casing, above the packer, 
and prevented from falling back into the production zones with the aid of a standard pump ball 
and seat adapted to the packer assembly. The lifted fluids were then removed from the packer to 
the surface separation equipment on the subsequent trip cycle of a standard PAL PLUNGER. 
This “hybrid” system is actually a very short gas well lifting fluid by gas flow rate and then a 
much longer casing section by which fluid is removed by artificial lift, i.e. the casing plunger. 
 
 Close examination of the production flow charts, see page 14, shows the obvious success 
of the HYBRID CASING PLUNGER. However, that same close examination raises some 
questions that beg for further definition and evaluation. More actual bottom hole production 
pressures over longer periods of time would verify the continual removal of well bore fluids 
from all zones. Production spikes could be examined to determine if production decline curves 
could be altered. Could pressure recorders internal to the casing plunger be an indicator of 
excessive cup wear and utilized to schedule cup replacement? How much effect does the actual 
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diameter of the tail pipe have relative to the depth and flow rate of the gas to effectively lift 
fluids to the packer? 
 
 Many other questions could be addressed. It is apparent that additional installations in 
various areas and under diverse conditions of the stripper well industry are necessary to confirm 
both the dependability and cost effectiveness of the HYBRID CASING PLUNGER.    
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DISCLAIMER 

 

"This report was prepared as an account of work sponsored by an agency of the United States 

Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or 

responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, .process, or service by trade name, 

trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government or any agency thereof. The views 

and opinions of authors expressed herein, do not necessarily state or reflect those of the United 

States Government or any agency thereof."  
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Abstract 
 

This grant is a continuation of stripper well research at the Taylor University Center for Research 

and Innovation (CR&I).  In this grant we leveraged our data module probe experience to 

characterize stripper wells with much greater detail and at much lower cost so that proper action 

can be readily taken regarding well viability, re-stimulation, advanced well-logging, new 

perforations, or ultimate plugging (AIP E3). The problem exists that low-cost well information is 

not readily available to make a decision to either invest or plug a well while the alternative 

outcomes many times result in environmental damage, project standstill, or improper 

abandonment (orphan wells).  

 

Final accomplishments include completing the project and testing at the Rocky Mountain Test 

Facility in Casper Wyoming, designing and creating a powerful and low cost portable winch and 

cable system, a Wi-Fi real time video and data system, a water sealed probe container, pressure 

and temperature sensors, a three axis magnetic field sensor, an inclinometer sensor, Geiger 

Counter Array nuclear sensors, and a scintillator nuclear spectrometer.  In addition, the team 

went beyond the initial design concept of the grant by completing and testing a fiber optic data 

transmission system.  

 

The team was well qualified for this project, and included: Dr. Hank Voss (PI), Mr. Jeff Dailey 

(Research Engineer), Mr. John Gavin (Mechanical), Mr. David Patterson (Engineer in Training), 

Mrs. Susan Gavin (Administration), Mr. Sergey Milashuk (Graduate Student), and a number of 

undergrad students. 
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Executive Summary 
 

The main focus of this project included: creating an advanced, miniaturized, affordable 

instrumentation probe and a communication link for oil well logging.  Additionally, the team 

focused on designing a portable winch to house the cable and provide a portable means of 

linking the downhole probe environment with the surface ground control system.  The developed 

instrumentation includes a low-power, ruggedized downhole electronics system for data 

acquisition, and telemetry, including mechanical design of the data module probe. Multiple 

sensors have been evaluated in a trade-off matrix and a working probe has been developed and 

tested. A real-time communication system links ground support equipment (GSE) control with 

the probe. Instruments for well characterization and well logging include digital image video 

cameras, a 3-axis magnetic field sensor, a scintillator, and Geiger counter.  

  

The PI and proven team are highly qualified, experienced, and completed the design and 

construction.  The team also tested the newly developed equipment, documented, and assessed 

the initial results. Undergraduate students have participated in the project and show an increased 

interest in novel gas and oil technologies and careers. 
 

As Principal Investigator, Dr. Voss had general oversight for the project. The remaining team 

members had the following areas of responsibility:  

 Jeff Dailey was responsible for system integration, final design and construction of the 

temperature and pressure sensors, scintillators, and Geiger counters and imbedding the 

telemetry system in the probe. 
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 David Patterson was responsible for the inclination and magnetic measurements, the three 

axis inclinometer, accelerometer, the communication subsystem, the video system, 

ground support hardware and software, designing and implementing depth 

measurements, and data analysis. 

 Sergey Milashuk was responsible for the initial nuclear sensor design.  

 John Gavin was responsible for the design and building of the winch and cable system, 

and other mechanical aspects of the project. 

 

The students’ participation in the project was part of their academic program. As part of their 

projects, the students were required to write reports and make presentations to their professors 

and peers. Nate Aucker and Ted Mitchell’s work was part of an Advanced Lab project using 

LabView. Sergey Milashuk’s work was for his Senior Capstone project. 

  

During the final phase we completed and tested the electronics components, constructed two 

downhole containers, wrote software, conducted downhole tests at Rocky Mountain Oil Testing 

Center (RMOTC) in Casper, Wyoming on one of the containers, and conducted post-test analysis 

of the winch system and probe. In addition, the team went beyond the original design concept 

and developed a fiber optic data transmission system.  

 

Our tests at RMOTC confirm that a low cost micro-electronic linked probe with a portable winch 

system is viable. We are convinced that further exploration of the new technology will help 

stripper well operators identify regions of interest quickly and at a lower cost than traditional 

logging methods. 

Design and Testing 
This section covers the major areas of research by the team and individual members including 

winch design, cable and depth measurement, video and camera imaging, magnetic sensors, 

nuclear sensors and other sensors.  

System Diagram 

Thie initial system concept for the project is depicted in the following two diagrams (figures 1 

and 2). It should be noted that some changes to this design were made prior to testing at 

RMOTC. Specifically, the RF data link was replaced with fiber optic communications because 

testing of the RF system indicated that it was not capable of handling the data requirements. 

However, the general system layout below is representative of the system deployed and pictured 

in figure 3. 
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Figure 1 - The upper 

portion of the RF probe 

showing the 

instrumentation 

breakout. 
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Figure 2 - The lower 

portion of the RF probe 

showing the 

instrumentation breakout. 
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Prototypes 

Prototyping of individual subsystems played a crucial role in the development of the final 

product, and also represent a a significant part of the student work on the project. Two examples 

are presented below: a prototype Geiger counter system and a prototype accelerometer system. 

Geiger Counter Prototype 

The earliest Geiger counter prototype was built from a Texas Instruments MSP430 

microcontroller and a cluster of Geiger-Mueller (GM) tubes and interface electronics. Several 

tubes were clustered together to increase the number of counts per second yielding a more 

sensitive experiment. Software was written for the MSP430 to count the pulses from the GM 

tubes and store the information in on-board flash memory. The software allowed communication 

via a serial port so that the contents of the flash memory could be transferred to a computer for 

analysis. 

Figure 3 – Final 

configuration of sensors 

and probe. 
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Three Axis Accelerometer 

A microcontroller was used to form the basis of a three axis accelerometer data acquisition 

system. This allowed testing of concepts related to tool orientation and motion in a downhole 

environment. Data is stored in a separate memory hardware sub-system that contains a standard 

SD memory card, like those used in digital cameras. 

 

  

 

 

 

 

Figure 4 – Early 

Geiger Counter 

Prototype 

Figure 5 – Final 

configuration with five 

Geiger tubes and a 

scintillator. 

Figure 6 – Three axis 

accelerometer – earliest 

prototype 
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Nuclear Sensors 

Dr. Voss is an expert in the field of energetic particle physics and has deployed numerous 

experiments on rocket and satellite payloads. Under Dr. Voss’ guidance, Sergey Milashuk 

surveyed various nuclear detectors and their application to well logging. Taylor University 

students have previously gained experience with deploying particle detectors in Taylor’s high-

altitude balloon program. David Bertche, 2007 Taylor graduate, built a Geiger counter which 

was flown in early 2007. David Patterson, also assisted in the design of the instrument.  

 

Sergey was able to use the use one of the high altitude balloon GM counter experiments to 

conduct calibration experiments.  Sergey also researched the custom design of GM counters. The 

advantages to a custom design have to do with gathering more counts and better response time of 

the instrument. 

Other Sensors 

Other sensors include temperature, pressure and electric. All sensors functioned well under the 

higher pressure experienced at the RMOTC facility.   

 

Downhole Video System Development 

We pursued two tracks with video system development. First, we are acquiring experience with 

downhole video operations with the GeoVision system we acquired in late January 2008, and 

second we are developing our own downhole vision system concepts and hardware.  

 

GeoVision System Operation 

In addition to gaining valuable experience with downhole video, the GeoVision system also 

helped us retrieve our tool from a shallow water well, demonstrating to us first hand the value of 

visual downhole imaging.  The GeoVision system is limited to capturing a static picture that can 

be retrieved at a later time. 

Video and Camera Technology 

 
 

A survey of miniature imaging systems was made to determine what technologies would be 

suitable for downhole deployment. Use of the miniature imaging system was determined to be a 

Figure 7 – Inclinometer and 

magnetometer MEMS 

module 
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better option as it allows us to transmit live video over the fiber optic wire.  Clear pictures were 

transmitted back to the base station and allowed the team to monitor each stage of the systems 

descent. Inclinometer 

An inclinometer combined with our own software interface (figure 10) was used in the final tests 

at RMOTC.  The inclinometer uses a serial port to communicate with the computer. 

 

The software developed for the stripper well project at Taylor University is designed to handle 

all of the data communications and control needs for the first revision of the Taylor well probe 

module.  Also developed is a software package designed to convert the raw data files generated 

by the scintillator systems into MS Excel-friendly files.  This package is required because, in the 

native format, the scintillator files are too wide for MS Excel to handle, resulting in “File Not 

Completely Loaded” errors. 

 

Ground Support Equipment 

 

 
 

Figure 8 – Fiber optic 

and wireless 

communication system 

(no commutators 

required) 
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Software Requirements 

The use of the data engine and the file conversion software requires the installation of the 

LabView 8.2.1 VISA Runtime shown in Figure 10 (available from www.ni.com). Also, a basic 

understanding of the communications hardware and protocols is assumed. 

When auto poll mode is enabled, individual instruments cannot be individually polled.  However, 

the camera unit can be controlled using the Camera Command section of the panel.  To operate 

the camera, select the desired action from the drop-down menu, and click the “Apply Camera 

Command” button.  This setting is not controlled automatically in any case. 

 

Figure 10 shows the front panel of LabVIEW with a description of the front panel below.  The 

plots in the other tabs are self-explanatory, and are designed for reference during operation, with 

the expectation being that data analysis is to be performed after data collection. 

 

Figure 9  – 

Portable 

Wireless system 
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a. Data array browser control 

b. Warning indicators 

c. AutoPoll control 

d. Analog instrument / scintillator 

current reading indicator 

e. Depth current reading indicator 

f. Magnetometer / Accelerometer current 

reading indicator 

g. Communications / file save settings 

h. Camera control settings 

i. Stop button 

j. Graph display tabs 

k. Emergency stop button (use only in a 

lock situation) 

 
 
Depth Measurement and Winch System 
 
The final tests of a compact, easily transported winch system were successful.  The 

system can be transported in the bed of a pickup truck and is capable of lifting the newer, 

fiber optic sensor probe with 2000’ of cable.  Once the system is at the well site, it can 

easily be operated by one or two people.  

Figure 10 LabVIEW Panel 
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Fig. 11 - Initial design of 

the downhole portion of 

winch system with 

tripod.  

Fig. 12 – Final system 

with winch and cable 

attached. 
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Fig. 13 -  Winch  

cable system 

drawing 

Fig. 14 – Winch 

system and probe can 

be moved easily using 

a full size pickup. 
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Figure 15 – Assembly of 

winch system and probe at 

RMOTC, Casper Wyoming. 

Figure 16 – Fiber Optic 

cable and probe assembled 

and ready to deploy. 
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Mechanical Instrument Container Design 

Sergey Milashuk designed a container out of clear Plexiglas that will serve as a test 

container for initial shallow tests of less than 1000 feet. The Plexiglas tube measured only 

3 inches in outside diameter and 2.5 inches inside diameter. Plexiglas plugs and O rings 

seal the container at the ends and metal rods are used to achieve a compression seal. 

 

The container was tested in each of our downhole tests and images from the Wilson #2 

test (April 7, 2008) are featured below. In the Wilson #2 test, the container was lowered 

by a wire rope and a manual hand winch spool.  

 

The container reached the static fluid level at 250 feet, but we found it was not heavy 

enough to descend into the fluid. The seal worked fine, and the enclosed electronics 

survived the coating of oil in this test run. 

 

  
The simple container design is not only low-cost, but can be linked together in a modular 

fashion to allow additional instrumentation to be added. The figure below shows two 

containers and their end-caps with O ring seals. Each container can be separately sealed 

and then linked together for the downhole trip. 

 

  
 

Figure 17 – Initial 

design and testing of 

Plexiglass probe. 
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During the fall of 2008, a breakthrough was made that led the team in a new direction of 

container design.  Rather than utilizing a plexi-glass container, the team began to 

experiment with a steel container that would withstand the pressure exerted at greater 

depths.   

 

 

 

 

Budget 

The expense information for this project is listed below. Several factors contributed to the 

budget overage. Travel to RMOTC in Casper, Wyoming and the additional costs 

associated with utilizing the facility were not included in the initial proposal.  A 

breakthrough on sensor and winch system development led the team to reworking many 

of the parts and led to the production of a new, cost-efficient system that holds much 

promise for future tests.  The expenses listed below reflect the grant dollars spent on the 

     

 

Figure 18 -Modular 

container concept 

Figure 19 – Final unit at 

RMOTC, Casper Wyoming 
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project and do not include the time and materials donated by all members of the team 

which are included as matching funds. 

 

 Budget 
Current 

Actual 

Cumulative 

Actual 

RLOG00 Contract Salaries / wages 20,920 12,267 23,392 

RLOG04 Clerical 2,201 508 508 

RLOG10 Student Wages 6,300 2,238 6,026 

RLOG01 Stipend Research 16,800 5,760 18,726 

RLOG13 FICA 3,536 1,504 3,247 

RLOG27 Travel 4,240 5,337 9,478 

RLOG36 Equipment 8,720 3,727 18,747 

RLOG40 Materials & Supplies 6,200 6,200 6,248 

RLOG25 Publication costs, documentation 2,100 .00 .00 

RLOG39 Outside Services 38,000 6,889 21,110 

Subtotal 109,017 44,430 107,482 

SWC Indirect Costs 10% 7,102 3,754 8,637 

Total 116,119 48,184 116,119 

 

 

Recommendations  
 

Based on the success our team experienced at RMOTC and in local wells, we recommend 

further pursuit of the lightweight, portable winch system and additional testing of the 

fiber optic sensor suite.   

Conclusion 

The final prototype for the micro-electronic linked probe cost between $5-6,000 for 

materials with shop and engineering time adding an additional $6000 for a total of $11-

12,000.  Placing this probe in production would run approximately $8,000 per unit for 

production in units of 100 – including $2-3,000 for materials, and $5-6,000 for labor.  

 

These costs do not include the winch and cable system. The prototype winch and cable 

system cost an additional $4,500 – 5,000 for materials and a similar amount for 

engineering and shop charges.     

 

Further data collection and analysis would be beneficial in assessing the performance of 

the micro-electronic probe and making minor modifications to the software.  
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Appendix I 
 

Included in this appendices are excerpts from David Patterson’s senior capstone using 

Stripper Well project work at RMOTC in Casper Wyoming are included. David’s work 

focused on the overall project and included analysis of the probe’s data. 

 

The analysis below, though cursory in some points, provides a significant start on the 

analysis process by identifying the areas of most probable value for further investigation. 

 

Some inconsistencies were found to be systemic through the data files, as a result of the 

data software.  Specifically, the accelerometer and magnetometer headings were 

swapped, and the high and low range pressure headings were also swapped. These errors 

were fixed manually in the data files. 

 

Day 1 

The majority of the first day was consumed with setup and configuration of the probe and 

support systems, but the probe was deployed down a well.  The descent was stopped 

when the probe reached water level, as indicated by the video monitoring system to avoid 

the need for significant cleanup.  The data retrieved is below: 

 

Accelerometer and Magnetometer readings 

The accelerometer and magnetometer readings can be demonstrated to be accurate.  The 

orientation of the device was such that the positive-y axis was pointed at the top of the 

well bore.  The expectation, then, is that the readings for the well would indicate that the 

probe experienced a force of -1 g (assuming that the bore was true).  When the data is 

plotted, it can be seen that this is, indeed, the case; therefore, any deviation off of -1 g 

may be taken to be a deviation in the bore of the well.  According to the data provided for 

this well, the maximum deviation is 7%.  
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Because of the time constraints, further analysis is not possible.  However, the confidence 

that is founded on the predictability of the data is cause to further investigate whether or 

not the maximum deviation was observed. 

 

Like the accelerometer, the results of the magnetometer readings are very predictable.  

According to the 2005 World Magnetic Model, and calculations performed by Wolfram 

Alpha, the expected vertical component (excluding local perturbations) of the 

geomagnetic field in Casper, Wyoming has a strength of 0.509 Gauss.  The graph of the 

observed data is below:  

 

 
 

0

50

100

150

200

250

-4 -3 -2 -1 0 1 2

0

50

100

150

200

250

-0.2 -0.1 0 0.1 0.2 0.3 0.4

D
e
p

th
 (

fe
e
t)

Acceleration (g)

Day 1: Accelerometer with low resolution data 

AccX

AccZ

AccY

0

50

100

150

200

250

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

D
e
p

th
 (

fe
e
t)

Mag. Field (Gauss)

Day 1: Magnetometer with low resolution data

0.007787

0.048607

-0.002793

D-141



Taylor University              DOE Award Number: DE-FC26-04NT42098, Subaward: 3444-TU-DOE-2098 

 

Page 22 of 28 

As can be seen, there is a relatively consistent reading of approximately 0.5 gauss in the y 

axis, which was oriented vertically, as mentioned before.  This means that the deviations 

are caused by two possible factors: varying magnetic properties of the strata through 

which the well bore is drilled, and spin of the probe.  Because the spin of the probe 

should not affect the vertical measurement, it is postulated that the variations in the y-axis 

are most deserving of further investigation. 

 

Temperature and Pressure 

Because submersion did not occur on this run, temperature and pressure measurements 

are trivial, and are not discussed. 

 

Geiger Counter 

 

The Geiger counter system experienced significant quantization in the data reported.  

This phenomenon will be discussed in the “data failures” section later in this report.  

 

Scintillators 

 

Redundant scintillators were used, and provided significantly better data than the Geiger 

counter system did.  In addition, there was significant agreement between the two 

systems, as can be seen in a plot of the total radiation events counted by the scintillators, 

below: 

 

 
 

The remarkable degree of correlation between the two devices is encouraging, indicating 

that the two devices can be cross-checked against each other.  Further analysis of the data 

provided indicated that the agreement extended to the radiation signatures, as can be seen 

in the following graph: 
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A more detailed look at the area of greatest activity reveals the degree of correlation: 

 

 
 

This consistency indicates at least some degree of reliability in the system.  This indicates 

that further investigation of the implications of this data is justified.  Specifically, the 

energy level bins need to be defined, so that the signature peaks observed in the data are 

identifiable. 

 

The energy signatures shifted with depth, as well.  As can be seen in the following graph, 

the peak at the shallow depth (86.75 feet) was at a higher energy level than the peak at a 

slightly lower depth (167.75 feet), and both peaks generally leveled off at the deepest 

depth of the day, 249.75 feet. 
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This result is exciting, because it indicates that the detector technology developed is 

capable of seeing changes in the radiation spectrum in different strata of the bore.  As a 

result, this data should be extensively compared to known characterizations of the bore.  

Also, these results indicate the value of determining the exact energy levels of the bins 

designed for the detector circuit. 

 

Day 2 

The events of day two were a mixed bag: we returned to the well from day 1, and 

proceeded to descend below the static fluid level.  All systems were fully functional on 

the way down, but at impact with the plug at the bottom of the well, communication was 

entirely lost.  The cause was catastrophic flooding, which ended the logging exercises for 

the day.  The rest of the day was spent rebuilding the system and salvaging what parts 

were possible for a run down a second well on day 3. 

 

Accelerometer and Magnetometer readings 

Once again, the accelerometer and magnetometer returned expected readings.  To begin 

with, observe the graph from the accelerometer: 
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It is particularly interesting to note that the X-axis indicates some deviation from level.  

This could be an effect of the known maximum deviation from true, and should be 

researched further.   

 

The magnetometers behaved well on the way down, also, providing the expected 0.5 

gauss magnetic field in the vertical axis.  The low resolution results can be seen below: 

 

 
 

 

The perturbation immediately below the water level at 250 feet is very interesting.  A 

reasonable theory explaining this data should be proposed and investigated in future work 

on this project. 
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It is important to demonstrate repeatability in measurements.  In this case, the first 250 

feet of magnetometer readings will be compared to increase the confidence in the data 

observed: 

 

 
 

It can be easily observed that the magnetic field measurements from the two days agree 

well, particularly in the prominences of the field.  Also of note is the rapid decrease 

observed as the 250 foot mark is approached in day 1.  When compared with the data 

seen in the previous graph, it is evident that this trend makes sense, and can be considered 

another similarity between the datasets. 

 

Scintillators 

The scintillators performed in a similar fashion to day one in this run, providing good 

cross-comparison data.  Also, similar traits in the energy signatures were observed, as can 

be seen in this graph: 
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As in the previous run, the energy level of the incident particles was lower at more 

shallow depths than that of incident particles at deeper depths.  Again, it would be highly 

instructive to compare the signatures of the known profiles against the observed 

signatures. 

 

Day 3 

We managed to rebuild the probe to the extent that it was worth sending down another 

well.  Unfortunately, this well had been sealed with a top layer of extremely dense pitch.  

The result of this cap was that our probe would not sink through under its own weight, 

which in turn led to massive data problems.  Because of an oversight in the design of the 

wheel used to turn the rotary encoder system, the cable was not in constant contact with 

the pulley.  This resulted in no meaningful depth data at all, which makes data analysis 

vs. depth entirely impossible.  This design flaw has been recognized, and is addressed in 

the final report to the Stripper Well Consortium.  However, as a result, no data from day 

three was deemed worth analyzing. 

 

Data Errors 

The rotary encoder error is discussed above (Day 3) and also in the final report.  As a 

result, it will not be discussed further here.  However, there are a couple of other errata 

identified, which should be addressed in future work. 

 

Sample Rate errors 

The design intent for the surface software was to poll the instruments every 10 seconds.  

However, because of a combination of limited baudrates and huge data demands, the 

process of communication and storage of the data almost always took longer than 10 

seconds, as can be seen in the timestamps on the datafiles.  It is recommended that the 

surface software be re-evaluated and adjusted for efficiency, and that the baudrate be 

increased. 
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Geiger counter errors 

Ultimately, the designer of the Geiger system will have to look into the reason for the 

errors in this data, specifically the quantization faults.  It is similar to artifacts that have 

been observed on balloon flights, and the software system passed every data integrity test 

thrown at it, so the indicators are pointing to a fault on the interface board responsible for 

measuring the Geiger counts.   

 

Appendix I Conclusion 

The data outlined in this report indicate that a viable system was developed.  In addition, 

there is a significant amount of data analysis that could stem from this data, and lead to 

improvements on the probe design and the data processing system.   
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Disclaimer 
 

This report was prepared as an account of work sponsored by an agency of the 

United States Government. Neither the United States Government nor any 

agency thereof, nor any of their employees, makes any warranty, express or 

implied, or assumes any legal liability or responsibility for the accuracy, 

completeness, or usefulness of any information, apparatus, product, or process 

disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by 

trade name, trademark, manufacturer, or otherwise does not necessarily 

constitute or imply its endorsement, recommendation, or favoring by the United 

States Government or any agency thereof. The views and opinions of authors 

expressed herein do not necessarily state or reflect those of the United States 

Government or any agency thereof. 
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Abstract 
 

This project allows for the optimization of the rod pump based production process 
by deploying a gauge in the well that does not require cables from the surface 
into the wellbore. The project is for the development of a downhole power 
generator that uses the rod motion to generate electricity in the well. The power 
generator will provide the energy required to operate a wireless gauge in the well 
for monitoring the production process. 

There are not any products available commercially in the industry today that can 
be deployed permanently in the wellbore for generating electricity. The ability to 
utilize the motion of the rod to generate electricity can be achieved at relatively 
low costs and reduced the CAPEX significantly for the operator when a downhole 
gauge is necessary for deployment in a well to monitor fluid levels or to improve 
the performance of the rod pump. 

The existing processes used today for the production of hydrocarbon using rod 
pumps are as following: 

1. Deploy the pump without any downhole gauges in the wellbore. All 
monitoring of the pump is done at the surface. The pump is usually 
operated using a timer to turn on and off the pump. 

2. Deployment of the pump without downhole gauges. The fluid level which 
is so important for the proper operation of the pump is monitored at 
variable intervals by attaching a sonic device at the surface to determine 
fluid levels. The process is quite inefficient. 

3. Deployment of a cable based gauge in a well during the installation of the 
pump. This process is complicated and requires a significant amount of 
time for the gauge deployment due to the installation of a downhole cable. 
The cost is significant as well. 

 

The power generator will be based on having wire windings on the production 
pipe, and magnets assembled onto the rod. The length and speed of the rod 
movement up and down on the pipe will provide the amount of energy generated 
to operate the gauge. 
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Fig. 21- Generator layout with pump housing

D-155



 
 

Rev V2 
 

Primary Award Number: 
                                        DE-FC26-04NT42098 
Subaward Number: 
                                         3449-TT-DOE-2098 

 

 - 8 -  

 
 Introduction 
 

The low cost downhole power generator will be able to convert the mechanical 

motion of the pump rod into an electrical power to operate downhole wireless 

gauges. The new generator will decrease the costs associated with the 

deployment of gauges in wells to optimize the production of hydrocarbons and to 

optimize the pump performance as well. 

 
The steps required to achieve the objectives for a project of this magnitude are: 
 
1. Create the basic specifications for the development of the downhole power 

system. 
2.  Evaluate and design the tubing with the transformer windings. 
3. Create a section of the rod that can be deployed at the end of the rod that will 

have permanent magnets assembled to the rod. 
4. Integrate the rod to the tubing based windings. 
5. Develop the power harvesting and storage system. 
6. Test the entire assembly to characterize the power generation versus rod 

strokes. 
7. Integrate power generator to modified wireless downhole gauge. 
8. Field tests. 
9. Prepare the documentation for the manufacturing of the product and for the 

creation of the quality control procedures. 
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Executive Summary 
 
 
The purpose of this project is to develop a downhole power generator that uses 
the rod motion of a rod pump to generate electricity in the well by using 
permanent magnets and pick up coils. The power generator will provide the 
energy required to operate a wireless gauge in the well for monitoring the 
production process. This project allows for the optimization of the rod pump 
based production process by deploying a gauge in the well that does not require 
cables from the surface into the wellbore. The new generator and wireless gauge 
combination will also reduce the costs related to the deployment of a gauge 
system in a wellbore. 

The main tasks performed during the first 3 months of development were as 
following: 

1. Create basic specification for development of downhole power system 

2. Evaluate and design the tubing with the transformer windings. 

3. Create a section of the rod that can be deployed at the end of the rod that 
will have permanent magnets assembled to the rod.  

The basic specifications for the downhole generator were also created. The 
requirements for the operation of the pump and the gauge were taken into 
consideration to create the basic specs for the generator.  The main features of 
the system are: 

1. Assembly: 10’ Long x 1” rod OD 

2. Rod Pump Cycle time: 8 Seconds 

3. Rod Pump Stroke: 4’ 

4. Rod Pump Duty Cycle: 25% 

5. Electrical Output: 2-1/2 W 

 

The conceptual windings configuration to be placed on the tubing and the type of 
magnets and their configuration for the mounting on the rod have been designed 
as well and are depicted in Fig.1 below.  The figure depicts a set of stationary 
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pickup coils with a series of permanent magnets which move vertically through 
the coils thus producing power. 

The next step was to perform laboratory tests on small engineering prototypes of 
coils and magnets to evaluate the ability of the assembly to generate electricity 
and to verify the design of the windings and magnets. 

 
Fig. 1- Conceptual Generator with coils and moving magnets
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Results and Discussion 
 
  The rod pump generator has many advantages to be harvested from its 
development; however, its development will be a reasonable challenge as shown 
in the following experimentation and prototype. Some of the areas of concern 
are: 
 

• Spacing between the magnets and the pick up coils 
• Speed of the rods in their up and down motion 
• Efficiency of the power harvesting electronics 
• Overall length considerations if multiple stages are used 
• Power storage down hole under temperatures >100 ºC (212 ºF) 
• Cost per watt generated verses the cost of the generator 

 
The requirement that well pressure monitoring and other instrumentation must 
stay in the well for increasingly long time periods will help to justify some of the 
above stated issues. The present technology of either placing a power wire in the 
hole to run equipment or using self contained battery operated systems will 
eventually out weigh the challenges to develop such power sources. 
From a more positive standpoint, the technology will provide an excellent source 
of power while reducing the amount of hazardous material normally contained in 
battery operated systems when batteries are depleted and must be disposed of. 
The generation of power from kinetic motion becomes very attractive by 
recovering power from motion that is otherwise wasted. 

 
 

Statement of the Problem 

The ability to optimize the production of hydrocarbons when using an artificial lift 
system is essential to reduce the amount of energy required to lift the 
hydrocarbon. Today, this task is performed by automatically timing (either time or 
pressure) at the surface when the artificial lift system should be turned on and 
off, and in some cases echo meters are used at the surface to determine fluid 
level.  This open loop approach is often quite inefficient and in most cases is a 
guessing game at best increasing considerably the cost of lifting hydrocarbons. 

The rod pump process (Fig 2.) is usually performed by waiting until there is a 
certain amount of fluid in the wellbore and unloading the fluid at certain intervals 
of time. In some cases, the rod pumps operate continuously.  
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Fig. 2 Rod pump assembly 

 

The pump is usually monitored at the surface using surface sensors. The 
systems at the surface are used for the following: 

• Automatically adjusting speed to match well inflow performance  

• Offering infinite speed control  

• Providing independent up/down stroke speeds  

• Reducing total rod pumping system power consumption  

• Reducing rod parts  

• Utilizing an integral tracker system that controls bridle separation from the 
sucker rod 

 
 
In Fig 3 below, we see a typical downhole pump housing assembly. This 

assembly is where the rod pumps plunger mechanism operates. The location of 

the rod pump generator would most likely be placed above the portion labeled 

“Rod Guide”. The pump assembly would be lowered and actually drift through the 

generator housing. 
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Fig. 3 – Downhole Rod Pump Housing 

There are significant inefficiencies related to controlling a rod pump by monitoring 
surface parameters. It is difficult to determine what is happening inside the 
wellbore based on surface parameters. It is important to actually have a way to 
provide in real time the fluid height in the wellbore to optimize the performance of 
the entire system and to increase the life of the pump and to prevent pump 
failures. 

This project will address these inefficiencies and attempt to improve them. 
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 In Fig 4 below, a mandrel such as this one made of 316 stainless steel, would 
provide housing for magnets as well as a completely open bore for rods and 
magnets to operate within its bore. Note that the outer pressure housing is not 
shown as this assembly fits within that outer housing. 

 
Fig. 4- Proposed Downhole Generator Housing (inner mandrel) without outer 
pressure housing 

D-162



 
 

Rev V2 
 

Primary Award Number: 
                                        DE-FC26-04NT42098 
Subaward Number: 
                                         3449-TT-DOE-2098 

 

 - 15 -  

 
Experimental 

 
The main goal for this section is to further define the project, create a prototype 

from the specifications, and evaluate the different configurations for the coils and 

magnets (Fig 4). The approach to be used for the development of the system will 

be to test multiple configurations for the coils and permanent magnets to 

determine the optimum power generation configuration. The coils will be built 

around the tubing while the magnets will be attached to the rod on the pump. 

 

A power harvest system (Fig 5) will be developed to pick up and condition the 

power for use and for storage. Multiple magnets will be evaluated to determine 

the best approach for power generation. 

 

The power harvesting circuit below (Fig 5) shows the magnets as they move past 

the pick up coils. When current and Voltage is induced into the coils as a 

sinusoidal waveform, it is rectified and stored in a capacitor bank as a DC 

voltage. A comparator circuit is then used to switch the power to a battery pack 

for storage and usage by downhole instrumentation. A sinusoidal wave is created 

because of the direction change of the magnets and their flux as the rod goes up 

and down. 
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Fig. 5- conceptual layout of power harvesting Electronics and storage 
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Prototype Construction 
 
Now that a concept method for producing power downhole has 
been established by creating a generator that will utilize the 
motion of the Rod Pump to generate power, we will use the 
reciprocating motion the horse head pump will provide.   This is 
accomplished by moving magnets past a coil of wire while using 
the up and down motion of the pump rods as the prime mover.  In 
a sense, this is recovering energy from an otherwise wasted 
motion the pumping operation provides. 
 
The system requires three items in order to produce an electric current: 
   1) A strong magnet  
 
 2) A length of wire 
 
 3) Motion between the magnet and the wire (speed of rod).   
 
Any increase in any of these three will increase the energy generated by the 
motion. 
 
We will start the design process with some simulations of electric flux by using 
 
A Finite Element Method Magnetic program called FEMM4 whose  
outputs are shown in Fig. 6, 7, 8, 9 below show the relative magnetic flux path 
and density of magnetic lines of force generated by the permanent magnets 
through the pickup coils. This will also help to determine the orientation and 
spacing of the magnets.
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Simulation 
 
Simulation for Experiment 1 using FEMM 4 shows possible configuration utilizing 
magnets arranged in the center of the rod. 
 

 
 

Fig. 6- Magnetic lines of force 
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Fig. 7- Flux density model 
 

Simulation for Experiment 2 using FEMM 4 shows possible configuration utilizing 
Arc Segment magnets arranged around the diameter of the rod. The greater the 
density of lines of force cut by the pump motion, the greater the induced voltage 
and current will be. 
Note in Fig 9 that the green colors depict a higher flux density along with their 
corresponding lines of force. 
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Fig. 8- Magnetic lines of force for arc segment magnets 
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Fig. 9- Flux density for arc segment magnets 
 

Mechanical Setup Test Prototype 
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A variable speed motor (Fig 10) and bell crank arrangement provides the 
reciprocating motion needed to simulate the motion of the rod pump rods as they 
reciprocate in the well bore. The Bell Crank is connected to a fixture holding a 
PVC pipe that approximates the diameter of the tool body.  Basically, this is the 
drift we can expect for a 2-3/8” tubing string and is the same bore as the mandrel 
in Fig 4. 
 
 

 
Fig. 10- Prototype simulation of rod pump mechanics 
 
The figure below (Fig 11) shows the arrangement of the coils and one set of 
magnets logistically placed around the diameter of the PVC rod so the travel of 
the magnets through the coils will cut lines of force emitted by the magnets.  The 
rod travels back and forth through the coils generating electrical energy as the 
lines of force are cut. 
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Fig. 11- Prototype pick up coils 
 
 
 
It should be noted that the faster the magnets travel through the stationary coils, 
the greater resulting induced energy will be. Also affecting the output is the air 
gap between the magnets and pick up coils. The smaller the air gap, the more 
tightly the lines of force are coupled to the coils from the permanent magnets 
thus yielding greater power output.

Magnets 
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Metal Material Issues 
 
Ferrous metals conduct magnetic lines of force.  In order for the motion of the 
magnets to influence the coils wound around them, the structural members must 
have little or no influence on the magnetic field.  This attribute is called Magnetic 
Permeability. 
 
Some “non-magnetic” materials, while not able to retain any magnetism, conduct 
magnetic flux.  These materials wouldn’t be suitable since the goal is to have 
structural members that are magnetically transparent. Such is why the mandrel in 
Fig 4 would be made of these materials. This will allow magnetic lines of force to 
be coupled to the pickup coils instead of the mandrel which would create a 
magnetic short to the lines of force induced by the magnets. 
 
Magnetic permeability is the ability of a material to carry magnetism, indicated by 
the degree to which it is attracted to a magnet. All stainless steels, with the 
exception of the austenitic group, are strongly attracted to a magnet. 
 
All austenitic grades have very low magnetic permeability and hence show 
almost no response to a magnet when in the annealed condition; the situation is, 
however, far less clear when these steels have been cold worked by wire 
drawing, rolling or even centre less grinding, shot blasting or heavy polishing.  
 
Additionally, stainless steel’s permeability can rise significantly when it is welded 
or machined.  This could perturb an external field, thereby conducting the 
magnetic lines of force away from the coils.  After substantial cold working Grade 
304 may exhibit quite strong response to a magnet, whereas Grades 310 and 
316 will in most instances still be almost totally non-responsive.  In this case, 
proper post-conditioning of the mandrel material is likely. 
 
The material chosen for this project is 304L Stainless and is what the mandrel in 
Fig 4 is to be made of. 
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Magnet Materials 
 
Samarium-cobalt magnets are a type of rare-earth magnet that is very powerful, 
however they are brittle and prone to cracking and chipping. Samarium-cobalt 
magnets have Maximum Energy Products (BHmax) that range from 16 Mega-
Gauss Oersteds (MGOe) to 32 MGOe, their theoretical limit is 34 MGOe. 
Samarium Cobalt magnets are available in two "series", namely Series 1:5 and 
Series 2:17.  Among their attributes are: 
 

• High resistance to demagnetization  
• High energy (magnetic strength is strong for its size)  
• Good temperature stability (maximum use temperatures between 250 and 

350 °C)  
• Expensive material (cobalt is market price sensitive)  

 
The Samarium Cobalt magnet has been widely used in oilfield applications for 
many years because of these characteristics. In particular, they have been used 
in motor, solenoid, and power generation applications. 
 
 
Initial Investigations 
 
Experiment 1 
 
 
The first attempt was to follow the general arrangement with a modified Pump 
Rod that would house cylindrical magnets arranged so the magnetic field extends 
towards the coils.  The figure below depicts a method of housing the magnets in 
the center structure as an extension of the Sucker Rod.  This method seemed 
the most reasonable retrofit.  The Fig 12 shows the deteration of the magnetic 
field due to distance.   
 
However, this arrangement, though practical, yielded insufficient magnetic field to 
excite the coils due to distance between the coils and the magnets.   
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 Fig. 12- Prototype magnet layout with flux density measurement 
  
Experiment 2 
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The second attempt utilized an array of Arc Segment Neodymium magnets, 
similar in strength to Samarium-cobalt magnets only more cost effective, 
arranged around the diameter of a PVC rod.  Machining a flat spot on the rod to 
provide a mounting pad for each magnet was required. 
 
The magnets used have the following characteristics: 
 

• Materials: NdFeB, grade N42 
• Magnetization: through thickness. Sold in pairs, one with N pole facing 

outside and the other with S pole facing outside.  
• Gauss Rating: 12,800 gauss 
• Hcb: 13.24 KOe 
• Hcj: 13.42 KOe 
• (BH)max: 39.5MGOe 
• Working Temperature: 80 degree Centigrade 

 
This arrangement yielded significantly more magnetic flux into the coil with 
roughly the same air gap between the coils and the magnets.  As seen in Fig 13 
below, the raw signal generated with a single coil and a single row of magnets 
produces a pseudo-sinusoidal output. The peak value of power generated 
increases with the velocity of the magnets being stroked past the pick-up coils.  
The average peak value is approximately .5V for roughly 80 ms duration. 
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Fig. 13- Measurement of output voltage due to magnet motion 
 
Energy Recovery 
 
Adding the circuit shown in Fig 14 to the coil arrangement in experiment 2 allows 
rectification and storage of energy into a Capacitor.  The sharp rise in the 
waveform as shown in Fig 15 indicates where energy is transferred to the 
Capacitor and the gradual decrease on the trailing edge is the energy draining 
down out of the capacitor due to internal leakage.  More coils and more magnets 
will fill the space between the two rising waveforms and even out the production 
and storing of power while also providing more current capacity. 
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Fig. 14- Arrangement to capture waveform 

 
 
 

Keep in mind that the circuit in Fig 14 is only a test circuit designed for quick 
measurement of the generator output. A more elaborate harvesting circuit will be 
discussed in the coming section. 
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Fig. 15- Energy captured in capacitor bank 

 
 
 
Figure 16 below shows the results as a second coil added to the test fixture.  The 
blue trace is the second signal and has increased the storage by roughly a factor 
of 4. 
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Fig. 16- 2-coil voltage stored in capacitor bank  
 
 
Figure 16 shows both voltages simultaneously displayed. Note the slight phase 
shift in the ch2 trace from the ch1 trace due to the arrangement of the coils. 
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Fig. 17- 500 mV storage 
 
 
Both coils combined output and rectified in Fig 17 producing 500 mV, average 
storage into the capacitor bank as usable un-regulated power. If the system were 
stroked at a faster rate, the power captured by the harvesting circuit would start 
to look more like a DC voltage with fewer ripples.
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Voltage Doublers 
 
An improvement can be made to the harvesting to increase the terminal voltage 
seen across the capacitor bank. 
To accomplish this, we can raise the voltage to a useable level with Voltage 
Doublers.  The basic circuit below in Fig 18 shows a single stage Villard Voltage 
Doubler.  The potential between Ground and +V is approximately twice that of 
the potential between Ground and +V1.  
 

+V

M
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N
ET

M
O
TI
O
N

VILLARD VOLTAGE
DOUBLER

+V1

 
Fig. 18- Villard voltage doubler 

 
By adding successive stages to the Voltage Doubler we can increase the voltage 
approximately twice for each stage.  There is a practical limit to this effect, 
however due to the impedance loading of the circuit itself.  Much beyond 10 
stages does not provide much increase. A secondary switching voltage regulator 
could be used to enhance and regulate the doubled output. 
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Fig. 19- Staged voltage doubler 
 
 
The formula for Voltage Doublers reads as follows: 
 

 
 

∆U – Voltage drop  n – Number of stages 
I – Output Current  C – Capacity of capacitors 
f – Input frequency   

 
 
Enhanced Output 
 
To improve the energy output of the magnet assembly and to reduce clearance 
between the magnet and the pick-up coils, a custom magnet that closely fits the 
inner diameter that has a larger crossection can be designed. This will increase 
the magnetic field density and also increase the output voltage to a level that 
fewer stages of voltage doublers will be required.  Current flow will improve in the 
presence of a stronger magnetic field also. Fig 20 depicts one such arrangement 
of an increased number of magnet and coil stages. 
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Fig. 20- Improved magnet / coil arrangement 
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PUMP MOTION

COILS

COILS MAGNETS

 
Fig. 21- Generator layout with pump housing 
As a final element, Fig 21 is a conceptual drawing of how a magnet and coil 
assembly would function in a downhole assembly. Think of a 2-3/8” tubing 
assembly with the magnet assembly buried in the sub wall of pressure housing. 
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The casing would be a minimum of 4-1/2” I.D.  The upper magnet assembly 
would be assembled into the mandrel assembly as shown in Fig 4. The bottom 
half of Fig 21 would be the check valve system embedded in the pump Housing 
assembly. As the rod moves in an up and down motion with it magnets, the coils 
are induced with a voltage and recovered. In the same action the check valves 
shown as 2 white balls in the pump housing, pick up fluid in one direction and 
discharge it into the tubing in the opposite direction thus lifting wellbore fluids to 
the surface for processing. 
 

Conclusion 

 
In conclusion, it has been demonstrated through both theoretical and bench top 
measurement of a prototype device that the rod pump rods instrumented with 
high flux magnets can produce a relatively usable amount of energy. 
As far as a practical implementation, both from a mechanical and electrical 
perspective, that the generator can be made to fit in dimensions as small as a  
2-3/8” tubing connection to drift a casing with an I.D of a maximum of 4-1/2”. As 
far as the magnets and pick up coils are concerned, their dimensional aspects 
lend themselves to be housed in a very small space. 
The electronics of the power harvesting circuitry can be made more efficient by 
using a more elaborate circuit design and such components as switching 
regulators, micro-controllers, and super capacitors. 
Deployment would be simple sub assembly connections into the production 
string, however some measurement would be required to properly space the 
magnets to align with the pick-up coils. 
It has also been demonstrated that there is a possibility that multiple generating 
units could be deployed in a modular fashion and linked in series to further 
increase the amount of re-claimed power from the rod motion. 
Improvements will have to be made to decrease the air gap between the 
magnets and coils and to also increase the speed of the rods. Speed may not be 
a parameter that is adjustable in some wells so the focus must be on a larger 
magnet / coil relationship. 
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ABSTRACT 

 Pipeline companies buy natural gas usually with the stipulation that its heat 

content is at least 950 BTU/cu ft. As a result, 32 tcf (17% of known U.S. reserves) are 

categorized as low-BTU natural gas. N2 is thus a target for removal to upgrade low-BTU 

natural gas. A significant portion of the nation’s N2-rich low-BTU gas is isolated behind 

pipe in small fields owned by stripper operators. These small fields are not amenable to 

upgrading technologies such as cryogenic separation and conventional pressure swing 

adsorption because these technologies require large feed volumes that small fields can not 

deliver.  

 This project is a joint effort by the Kansas Geological Survey (University of 

Kansas) and American Energies Corporation (AEC), a company that primarily operates 

stripper wells in Kansas. AEC operates several fields where wells have tested or produce 

low-BTU gas. Much of this low-BTU gas cannot be produced due to limited supply of 

richer gas necessary for blending. The intent of this project is, therefore, to design, 

construct, and successfully demonstrate a micro-scale N2 Rejection Unit (NRU) to 

upgrade low-BTU natural gas to pipeline quality (>950 BTU/cu ft). The proposed plant 

was constructed and successfully operated at the Elmdale field, Chase County, Kansas. 

 Operating parameters, such as tower charge and vent pressures, were optimized to 

upgrade two different low-BTU feed to pipeline quality. For a feed gas averaging 35% N2 

(i.e., ~715 BTU/cu ft; C2H6+/CH4+ = 7.9%), the plant was able to deliver ~57% of the 

feed volume as pipeline-quality sales gas (at >950 BTU/cu ft). When the feed 

composition deteriorated to ~40% N2 (i.e., ~630 BTU/cu ft; C2H6+/CH4+ = 3.9%), the 

plant was optimized to deliver 39% of the feed volume as pipeline quality sales gas. The 
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sales/feed ratio was critically influenced by the amount of heavy hydrocarbons 

(C2H6+/CH4+) in the feed stream.  

 Commonly available non-patented activated carbon (made from coconut husks) 

was used in the NRU towers as adsorption media, which preferentially adsorbed 

hydrocarbons under pressures while rejecting the entrained N2. The unadsorbed N2-rich 

gas was vented from the tower, and then the hydrocarbons adsorbed on the charcoal were 

recovered under vacuum. The towers were alternatively charged for continuous plant 

operation. The adsorbent bed was very effective in removing high-BTU-content 

hydrocarbons (C2H6+) from the feed stream. This removal of heavy hydrocarbons 

effectively stripped the vent stream of most of the high heat content components except 

methane. Thus, vent gas may not be rich enough for secondary capture and upgradation 

to pipeline quality.  

An appropriately sized screen filter placed in the vent stream successfully stopped 

bed blowout during repeated venting. The current design of the NRU could also be 

improved so that unnecessary space at the base of each tower is minimized.  With the 

present design, this space remains filled with feed gas at the end of the vent phase, and 

this lowers the heat content of the sales stream at the end of its flush from the towers. 

 Wireline logs from 26 wells in and around the Elmdale Field were analyzed to 

evaluate their gas-producing potential. Produced water from 3 wells was analyzed for 

resisitivity for use in the Archie equation. Most wells currently produce pipeline quality 

gas from the Lansing-Kansas City (LKC) Group. Initial log analyses revealed that several 

shallower sandstones have potential to produce gas. However, in each sandstone layer, 

the low-BTU gas potential is limited to pockets and is not widespread across the field. 
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Select candidate wells need to be recompleted in shallower sands to validate log analyses 

estimates and to better determine the potential of low-BTU reserves in and around the 

Elmdale field.   

 Compositional analyses (of 54 samples) of gas produced around the Elmdale field 

indicated the following: a) shallower zones tend to produce low-BTU gas, b) 

hydrocarbon-wetness increased with the depth and age of the formation, c) nitrogen-to-

helium ratios were unaffected by the age of the producing zone, and d) deeper formations 

displayed a greater compositional range for hydrocarbon and non-hydrocarbon gases.  
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INTRODUCTION 
 
 Local pipeline specifications vary, but most companies buy natural gas with the 

stipulation that its heat content is at least 950 BTU/cu ft. As a result, 32 tcf (17% of 

known reserves in the U.S.) are categorized as low-BTU “sub quality” natural gas. N2 is 

thus a major target for removal to upgrade significant volumes of otherwise unsalable 

natural gas to pipeline quality. A significant portion of the nation’s N2-rich low-BTU gas 

is trapped in modest to small fields owned by stripper operators, or isolated behind pipe. 

These small fields are not amenable to upgrading technologies such as cryogenic 

separation and conventional pressure swing adsorption (PSA) because these fields cannot 

usually deliver the large feed volumes necessary for profitable operations of these 

technologies.  

 The objectives of this project were a) to design, construct, operate, and optimize a 

micro-scale N2 rejection unit (NRU) to economically upgrade low-BTU gas from stripper 

wells, b) to evaluate the potential of low-BTU gas production from the neighboring 

Elmdale field (Chase County, Kansas), and c) to conduct a regional analysis of low-BTU 

gas composition around the site of the NRU. 
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EXECUTIVE SUMMARY 

 In an attempt to encourage economically viable upgrading of low-volume low-

BTU gas from stripper wells, a demonstration project that encompasses the planning, 

design, construction, operation, and optimization of an easily built, low-cost, 2-tower 

micro-scale PSA (pressure swing adsorption) plant for N2-rejection using non-patented 

processes and commonly available equipment was proposed as a joint project between 

the Kansas Geological Survey (KGS, University of Kansas) and American Energies 

Corporation (AEC), Wichita, Kansas. 

 Three major issues were studied as in this project: a) design, construction, 

operation, and optimization of a micro-scale nitrogen rejection unit (NRU) with 

commonly available activated carbon to upgrade low-BTU gas to pipeline quality, b) 

undertake a resource evaluation of low-BTU potential around the NRU site in the 

Elmdale field, Chase County, Kansas, and c) regional (statewide) analyses of low-BTU 

gas composition.  

 The NRU was operated using two types of low-BTU feed gas with average heat 

contents of 715 (37% N2) and 630 BTU/cu ft (40% N2), respectively. The plant settings 

were modified to upgrade the two different feed gas (compositions) to pipeline quality 

(>950 BTU/cu ft). Under optimum running conditions, the plant operator could sell at 

least 54% and 39% of feed gas volumes as upgraded pipeline quality gas for feed gas 

compositions having 37% and 40% N2, respectively. The sales/feed ratio varied 

significantly (from 54% to 39%) despite small changes in the nitrogen composition (from 

37% to 40%) because of variation in the ratio of heavy to total hydrocarbons (from 7.9% 

to 3.9%) in the feed. Thus, both nitrogen content and the fraction of heavy hydrocarbons 
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in the feed affect the optimum plant settings and determined its efficiency. The bed of 

commonly available activated carbon, made from coconut husks, was effective in 

adsorbing the heavy hydrocarbons (C2H6+) in the feed, leaving the vent stream stripped 

of any hydrocarbon other than methane. This puts in question the viability of further 

upgrading the vent gas by a secondary tower. An appropriately sized screen filter placed 

within the top flange of each tower (i.e., the mouth of the vent stream) proved effective in 

preventing bed blow-out due to repeated tower pressurization and venting.  

 When compared to the costs of and conditions for using a local commercial low-

BTU upgradation plant, this micro-plant was found to be more economic to producers of 

low-volume, low-BTU gas from isolated gas fields/wells. Assuming a gas price of $4/mcf 

and feed volumes of 150 mcf/d, the calculated pay out time for the micro-plant was 17 

and 12 months when the feed gas was rated at 615 and 715 BTU/cu ft, respectively. 

 A flaw was found in the current design of the NRU. Significant dead space 

volume exists at the bottom of each tower because the grate supporting the bed of 

activated carbon was placed above the tower access hole. This dead space remained filled 

with low-BTU feed gas even after the vent phase, and this untreated feed gas ended up in 

the surge tank (sales stream), thus lowering its average heat content. Minimizing the 

dead-space volume, with respect to the tower volume will result in a) minimal volume of 

feed gas entering the sales stream, and b) greater bed volume with increased adsorption 

capacity.      

Wireline logs from 26 wells located in and around the Elmdale field were 

analyzed to evaluate the potential of low-BTU gas in the area using resistivity values 

obtained from produced water samples from 3 wells in the field. Shallower sandstones 
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show pockets of low-BTU gas. Additional wells need to be selectively recompleted and 

tested to validate the logs analyses and help determine the available low-BTU potential.  

 Fifty-four gas sample analyses from the area around the Elmdale field were 

analyzed to identify characteristics of low-BTU gas production. It was found that the 

shallower sandstones tend to produce low-BTU gas and that hydrocarbon wetness 

increased with depth and the age of the producing formation. However, the nitrogen-to-

helium ratios remained unaffected by the age and depth of the pay zone. Finally, gases 

from the deeper formations appear to display greater variations in compositional range. 

 The project web-site, which can be accessed at 

http://www.kgs.ku.edu/PRS/Microscale/index.html, has been updated with results 

obtained from plant optimization tests. Technology transfer of best practices was carried 

out by oral presentations at various industry and professional meetings and a publication 

in the E&P journal. A technical manuscript summarizing the plant design and 

optimization and lessons learned is currently under preparation for publication in a trade 

journal that has wide circulation in the small producer community. Publication is 

expected in the fall of 2009. 
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MICRO-SCALE N2 REJECTION PLANT – BLUE PRINT & OPTIMIZATION 

 

N2 REJECTION UNIT (NRU) CHARACTERISTICS 

 The micro-scale nitrogen rejection unit (NRU) constructed and successfully 

demonstrated in this project to upgrade low-BTU gas to pipeline quality has the 

following characteristics: 

 a) Uses non-patented processes and commonly available equipment to 

 minimize construction costs.  

 b) Uses easily obtained and inexpensive activated charcoal as the adsorbent bed.  

 c) Is designed as skid-mounted modular units so that the plant is mobile and 

 scalable as per changing feed volumes.  

 d) Has a small environmental foot print (400 sq. ft). 

 e) Does not emit any volatile organic compounds (VOCs).  

 f) Has few moving parts (other than the engine and compressor) to reduce labor 

 and maintenance costs.  

 g) Can operate in remote locations without being connected to the electric grid by 

 being powered by solar panels and low-BTU feed gas. 

 h) Can economically upgrade low-volume (<250 mcf/d) and low-pressure (<100 

 psi) feed gas. 

 

NRU DESCRIPTION 

 The nitrogen rejection unit (NRU) built in this project is located in the Elmdale 

field, Chase County, Kansas (Figure 1). The general layout of the plant (Figure 2) is 
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compact thus minimizing its environmental foot print, which is important since it is 

located in Kansas farm land. The (2 inch) feed gas line (Figure 3) enters the plant passing 

through a scrubber for removal of entrained moisture. The dehydrated feed gas then 

passes through a flow meter that records the rate and pressure and then into the 

adsorption/desorption towers (Figure 4). Each of these towers, made of carbon steel, has 

a 48-inch diameter and is 8 feet tall (seam to seam). Electronically controlled solenoid 

valves (colored in red) allow feed gas to flow into one tower for adsorption while 

isolating the other tower for desorption under vacuum. These valves also enable venting 

of unadsorbed gas from each tower at the end of the adsorption phase. A small fraction of 

the (N2-rich) waste gas is utilized as instrument gas and is cleaned by the instrument gas 

scrubber before entry to the control panel. Access ports located at the base of the towers 

(Figure 4) allow removal of spent bed materials and cleanup. Commercially available 

granulated carbon (Figure 5A), made from coconut husks, was used to charge the towers 

(Figures 5B and 5C). The activated carbon was purchased in 1100 lb bags. Each tower 

was charged with about 2200 lbs of activated carbon costing around 7 cents/lb. Figures 

6A and 6B show the front and the rear views of the towers. Adsorbed methane is 

desorbed from the bed under vacuum and flows to the compressor through the upgraded 

gas line (Figure 6B). The (2 inch line) lines (Figure 6B) carrying N2-rich vent (effluent) 

gas from each tower connect to the vent tower (Figure 7A). The bull nipple and the 

hopper used to load the towers with activated carbon are shown in Figure 7B.   

      A 6-cyclinder 50 HP VGG-330 gas-fired engine (Figure 8), operating on the 

low-BTU feed gas, drives the compressor which pulls a vacuum on each tower during 

desorption. The desorbed (upgraded) gas is cleaned by the gas scrubber before entering 
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the compressor via a 3-inch line. The compressor used (Figure 8) is an Ingersoll-Rand 

unit that is designed for vacuum service, and was modified to run a strong vacuum. The 

compressed (upgraded) gas passes through a condensate removal tower (Figure 9) before 

flowing into a surge tank (Figure 9) that is designed to have a 1 hour holding capacity for 

maximum flow rates of 150 mcf/d. Upgraded gas is held in the surge tank (5 feet 

diameter and 25 feet long) for about an hour so that output from the tank can mix to 

achieve a uniform composition with a heat value greater than 950 BTU/cu ft. The 

upgraded gas from the surge tank passes through the sales gas meter (Figure 9) before 

connecting to the nearby pipeline. 

 

PRESSURE TESTING NRU 

 The plant was put through a pressure test to see if any vessels, pipe, fittings, and 

instrumentations leaked. The maximum operating pressure is expected to be around 75 

psi. Thus for reasons of safety, the plant was pressure tested at 105 psi and was found to 

hold the pressure without any leaks. Thereafter, the plant was tested by pulling a vacuum 

of 28 inches (mercury). The plant held the vacuum during the 2-day test period. 

 

NRU OPERATION - STAGES 

 STAGE 1 - The first step in the sequence of operation of the NRU is depicted in 

Figure 10. The low-BTU feed gas travels (by the line shown in red) to the bottom of 

Tower 1 and charges it to the requisite pressure. The optimum tower charge pressure is 

primarily dependent on the feed composition (i.e., N2 and heavy hydrocarbon content. A 

process of trial and error was used to determine the requisite tower charge pressure 
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necessary to attain pipeline quality heat content for the specific feed gas composition. 

Thus, the plant is run by charging up Tower 1 to different pressure settings, and the 

pressure at which the sales stream achieves pipeline quality is deemed as the requisite 

tower pressure. During this first step, Tower 2 is under desorption (i.e., its bed is 

desorbed under a vacuum of 22 to 25 inches of mercury). The compressor that pulls this 

vacuum is run by an engine that operates on the low-BTU feed gas. The time taken to 

charge Tower 1 to requisite pressure depends on the flow rate and pressure of the 

incoming feed gas and the fill-up volume of the tower. During this charging period, 

hydrocarbons are preferentially adsorbed in the bed of activated carbon inside Tower 1, 

while gas in the free space (existing between the carbon particles and in the dead space) 

is made up primarily of N2 for which the activated bed has significantly less adsorption 

affinity.  

 STAGE 2 – In second step, Tower 1 is vented from the top to atmosphere until 

the pressure inside it reaches 2 psi while Tower 2 is kept under vacuum (Figure 11). The 

length of the venting period is proportionate to the magnitude of the Tower 1 charge 

pressure. During this period, the N2-rich gas in the free space (inside Tower 1) is vented 

to atmosphere, thus preventing its entry into the sales stream and resultant dilution of its 

heat content. 

 STAGE 3 - During the third stage (Figure 12), the Tower 1 is connected to the 

compressor to undergo desorption, while the desorbed Tower 2 is connected to the low-

BTU feed stream for charge up to the same pressure as Tower 1 (as described in stage 

one). During the counter current desorption stage, the pressure in Tower 1 is reduced 

from 2 psi to 22 to 25 inches mercury, which results in extraction (desorption) of 
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hydrocarbons that had been adsorbed in the bed of activated carbon (during the Stage 

One). The desorbed gas, rich in hydrocarbons and leaves Tower 1 from the bottom, will 

be of pipeline quality when the plant settings (i.e., charge-up pressure and final vent 

pressure) are optimally set with respect to the feed composition. The desorbed gas from 

the NRU is stabilized in the surge tank before flowing out as upgraded pipeline quality 

sales stream (at > 950 BTU/cu ft). The desorbed gas is minimally contaminated with 

unadsorbed N2 when the tower design is such that the dead space is minimized with 

respect to the tower volume. Larger dead-space causes the N2-rich unabsorbed (feed) gas 

trapped in the dead space to go into the sales stream during the desorption process.  

 

NRU THROUGHPUT BOTTLENECK  

 The bottleneck affecting the NRU sales (volume) throughput is primarily the time 

to desorb a tower from vent pressure (2 psi) to 22 to 25 inches of (mercury) vacuum. The 

tower evacuation time depends on the tower (or bed) volume and the compressor 

capacity, and is normally longer than the tower charge-up time, given sufficient pressure 

and flow rate in the feed line. Thus, the tower charging process commonly has to be 

adjusted (slowed) to make the charge time equal to the evacuation time for continuous 

operation of the NTU. Thus, one of the critical lessons from this project is that the 

operator should employ a strong compressor that is capable of evacuating the tower 

(volume) in as short a time as possible so that the process cycle time is reduced and the 

plant throughput is maximized (assuming that the feed line pressure and rate are 

sufficient for quick charging of the towers). 
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GAS ANALYSES 

 A potable gas meter (Figure 13A) that detected total hydrocarbon concentration 

(CH4+ %) was used to take readings from the feed, vent, and sales streams entering and 

exiting the plant. The portable meter played an indispensible role in taking quick readings 

(Figure 13B) of gas compositions from different parts of the plant under various field 

operating conditions. Recordings from this portable gas meter (referred as handheld-

CH4+ %) were calibrated (Figure 13C) with the total hydrocarbon content determined 

from gas-chromatographic (GC) analyses (referred as GC-CH4+ %) of the same samples. 

Furthermore, these GC-analyses of gas samples taken from the plant helped establish 

correlations (Figure 13D) between hydrocarbon content (GC-CH4+ %) and the heat 

content of the gas (BTU dry). Equations encapsulating these correlations proved useful 

for quick determination of N2 % and BTU content in any gas stream into and out of the 

NRU under different operational settings. It is critical to note, however, that these 

correlations are specific to a handheld (portable) gas meter and its calibration, and the 

correlations need to be reestablished when a new (different) portable gas meter is used.  

For example, the red-filled squares and the blue triangles (Figures 13C and 13D) 

represent two sets of data representing feed gas of different composition and 

measurements carried out using two different handheld gas meters. 

 

BED BLOWOUT 

 Initial testing at the NRU commenced on May 31, 2008, after both towers were 

topped with activated carbon and their respective top flanges sealed. Results from the 

tests carried out at the NRU are summarized in Figure 14. The first test was carried out 
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between from May 31 and June 3, 2008, when the towers were charged to 34 psi and then 

vented (to 2 psi) from the top. The average feed entering the plant had 63% hydrocarbons 

(CH4+), which the plant was able to upgrade to 84% (CH4+). The corresponding 

sales/feed ratio (i.e., the ratio between the sales to feed volumes) was 0.54 (i.e., 54% of 

the feed gas by volume was upgraded by the plant).  The sales/feed ratio critically affects 

the volume of saleable gas from the plant, or inversely the volume of gas lost during the 

venting process. The volume of gas lost during the venting process depends on the 

pressure differential between the tower charge pressure and the vent pressure (here set at 

2 psi) and the N2 (%) content of the feed. The greater the N2 content in the feed, the 

greater the volume of unabsorbed gas inside the tower, and the plant controls need to be 

optimized to efficiently reject most of this gas during the venting process.  

 With minor fluctuations in the feed stream composition, a second test was carried 

out (from June 4 to June 6, 2008) with the towers charged to 20 psi followed by venting 

to 2 psi to reduce the pressure differential between charge and vent pressures. The feed 

and sales gas during this second test, respectively, averaged 66% and 85% hydrocarbons, 

both of which were slightly higher than that observed during the first test.  The sales/feed 

ratio during the second test was around 58%, a value slightly higher (and therefore better) 

than the first test. However, due to feed quality improvement (from 63% to 66% 

hydrocarbons), it is difficult to know if this increase in the sales/feed ratio (from 0.54 to 

0.58) is solely due to reduced vent volumes as a result of lower differential between 

charge and vent pressures. Under real-life operating conditions in marginal environments 

where the feed stream is a mixture of production from different wells, it is not uncommon 

for the feed composition to fluctuate over time.  
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 Another factor that affected plant performance is the dead-space volume that was 

inadvertently left at the base of each tower (Figure 15A). The gas remaining in the dead 

space is the low-BTU feed gas that never contacted the bed even after the end of the vent 

phase. Upon desorption (i.e., tower evacuation to vacuum) this N2-rich low-BTU feed gas 

(with as much as 35 to 37% N2) ended up in the surge tank, where it lowered the heat 

content of the sales stream. To better vent this feed gas accumulating at the base of each 

tower, the plant was run by simultaneously venting the towers from both the top and 

bottom during the vent phase under the assumption that such dual venting might improve 

the purging of N2-rich gas and as a result improve the BTU content of the gas desorbed 

from the bed and stored in the surge tank for sales.  

 During the third test period (from 7 to June 10, 2008), the towers were 

alternatively charged to 20 psi with feed gas, the composition (Figure 14) of which 

showed minor variation from the previous two tests, and then vented simultaneously from 

top and bottom to 2 psi before being desorbed under vacuum. Though the feed 

composition changed slightly from the second test (i.e. average total hydrocarbons 

increased from 66% to 68%), the sales stream showed a small reduction in the 

hydrocarbon content from 85% to 83%. Contrary to expectations, the sales/feed ratio 

decreased between the second and third tests, from 0.58 to 0.51, especially when the 

tower charge pressure remained unchanged at 20 psi and the feed had slightly higher 

hydrocarbon content. It is counter-intuitive for the average hydrocarbon content in the 

sales stream to decline as a result of simultaneous venting from top and bottom of the 

towers because it was assumed that such dual venting would be more effective in purging 
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unadsorbed low-BTU feed gas from the tower and thus increase the heat content (or 

CH4+ %) in the sales stream.  

 The decline in the sales/feed ratio was exacerbated during the fourth test period 

from 11 to June 14, 2008, when the towers were charged to 30 psi followed by venting to 

2 psi from top and bottom and desorption under vacuum. The feed composition was very 

similar to that during the third test (i.e., 67% hydrocarbons as compared to 68%). 

However, the sales/feed ratio (Figure 14) decreased significantly from 0.51 to 0.44 during 

this test. Also, the tower charge pressure (i.e., 30 psi) during the fourth test was close to 

that of the first test (i.e., 34 psi). However, the sales/feed ratio in the fourth test (i.e., 

44%) was significantly lower than that obtained during the first test (i.e., 54%) despite 

similar differential between the tower charge and vent pressures.  

 Other interesting data include the near constant hydrocarbon content (varying 

between 83 to 85%) in the upgraded sales gas (extracted from the bed under vacuum) 

despite slight changes in the feed hydrocarbon content and major variations in the 

sales/feed ratio recorded during these four tests. The consistent hydrocarbon content of 

the sales gas may be indicative of the unchanging effectiveness of the bed in adsorbing 

the hydrocarbons from the feed stream. The decline in the sale/feed ratio over time may 

indicate bed blow-out during the venting process, especially because it was visually 

evident that carbon particles were ejected from the vent tower during each venting phase. 

Lacking any screen filter placed inside the vent valve located inside the top flange, it is 

reasonable to expect that minute particles of charcoal (bed) were ejected during the vent 

process when the charged tower is suddenly allowed to expand against atmospheric 
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pressure. With bed material blown out, the dead-space increased inside each tower and 

this resulted in poorer performance of the plant. 

 The flange atop each tower was opened to visually check for bed blowout, and 

each of the towers was found to have lost about 18 inches of bed from the top of the 

column (Figure 15A). The towers were refilled (topped off) with fresh activated carbon 

(Figure 15B), and an appropriately sized screen filter was set below the top flange to 

prevent future bed blowouts.  

 

PLANT PERFORMANCE – Average feed: 715 BTU/cu ft & C2H6+/CH4+ = 7.9% 

 Initial optimization of the plant was carried out using a feed gas consisting of 

commingled production from a number of wells. Some wells were on pump and were 

prone to producing slugs of water along with gas. These varying production conditions 

resulted in changes in the gas composition feeding to the plant. Also the valves in the 

production lines, carrying gas from different wells to a central manifold downstream to 

the plant, had to be adjusted to maintain feed flow rate and pressure within a range, and 

these changes in the valve settings resulted in variation in the feed compositions.  

 At first, the low-BTU feed gas averaged around 687 BTU/cu ft with the ratio of 

the heavy to total hydrocarbons (C2H6+/CH4+) around 7.9%. Under this feed condition, 

the plant was optimized to output pipeline quality gas (> 950 BTU/ cu ft) by charging the 

towers to 34 psi and then venting (from the top) to 2 psi to remove the unabsorbed N2-

rich gas from the tower followed by desorption of the bed to around 25 inch of Hg 

(vacuum). These settings (Figure 16) resulted in a sales/feed ratio of 0.54, i.e., 54% of the 

low-BTU feed gas (by volume) was upgraded to pipeline quality. Thus a feed gas with an 
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average hydrocarbon content of 63% (CH4+ % mole) was upgraded to a saleable stream 

containing around 84% of CH4+ (% mole), thus resulting in 73.2% of hydrocarbon 

recovery and 75.7 % BTU recovery. The BTU recovery was calculated as the ratio of the 

product of total BTU coming into the plant (i.e., feed volume times feed BTU/cu ft) and 

that recovered in the sales stream (i.e., sales volume times sales BTU/cu ft). Under these 

settings, the vented gas contained about 63.1% N2 (% mole) resulting in an average N2 

rejection efficiency of 76.7%.  

 The sales/feed ratio critically determines plant economics. Given unchanging feed 

composition and bed adsorption characteristics, the sales/feed ratio depends on the 

following: a) differential between the tower charge pressure (34 psi as stated earlier) and 

the vent pressure (2 psi), b) the volume of dead space within each tower, c) volume of gas 

desorbed from the beds during the venting process, and d) volume of N2 in the feed that is 

mostly unadsorbed by the bed. The dead space in each tower consists of the volume 

between the carbon particles in the bed and any other unfilled space within the tower and 

can not be changed by the operator once the towers are in operation. Under similar feed 

compositions, higher sales/feed ratios result in greater recovery of the hydrocarbons 

entrained in the feed gas, and thus higher volumes of pipeline quality gas for sale. 

Conversely, the sales/feed ratio represents the volume and amount of gas (including N2 

and hydrocarbons) lost from the system as a result of the venting process.  

    To increase the sales/feed ratio, the pressure differential between tower charge 

pressure and vent pressure was reduced. As mentioned earlier, it was difficult to maintain 

a constant feed-gas composition because of commingling production from different 

wells. Thus by the time the plant could be operated under lower tower charge pressure, 
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the feed gas composition had changed to an average of 743 BTU/cu ft. The plant 

produced pipeline quality gas (964 BTU/cu ft) at a higher sales/feed ratio of 0.60 (i.e., 

sales volume was 60% of the feed, see Figure 16) when its towers were charged to 20 psi 

and then vented to 2 psi (from the top of the tower). It is difficult to determine if the 

lower tower charge pressure resulted in slightly higher CH4 recovery efficiencies (of 

75.4%) and slightly lower N2 stripping efficiency (of 72.6%), or if these were the result 

of better quality feed gas coming into the plant.  

 

PLANT PERFORMANCE – Average feed: 630 BTU/cu ft & C2H6+/CH4+ = 3.9% 

 Over time, the plant was connected to a different combination of wells including 

Palmer 1, as the major contributor, to maintain sufficient feed rate and pressure. This 

resulted in feed-gas composition that was poorer in heat content, with an average of 615 

BTU/cu ft (as compared to 715 BTU/cu ft, previously discussed). Also, the ratio of the 

heavy hydrocarbons to total hydrocarbons in the feed decreased from 7.9% to 3.9%. 

However, this deterioration in the feed-gas composition provided an opportunity to fine 

tune the plant settings to see if the plant could upgrade a poorer quality of feed gas than 

that discussed earlier. 

 According to a tabulation of the BTU content of different kinds of hydrocarbons 

(Figure 17), it is evident that small increases in heavy hydrocarbons result in significant 

increases in the BTU content of the gas. Thus, the reduction in BTU content and halving 

of heavy hydrocarbon fraction (C2H6+/CH4+) in the feed necessitated dramatic changes 

in the plant settings so that  pipeline-quality sale-gas could be achieved. 
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 The plant was run under different settings and the results are tabulated in Figure 

18.  The variation in BTU content of the feed gas was less than 5% during this plant 

optimization study. Initially the plant was run with tower-charge pressures of 15 and 30 

psi and vent pressure of 2 psi, values close to settings that resulted in pipeline quality 

sales stream (i.e., >950 BTU/cu ft) for previously described richer feed gas. However, 

with these settings and for a feed with heat content around 630 BTU/cu ft and heavy 

hydrocarbon component fraction of 3.9%, the desorbed gas from the NRU was found to 

be of sub-pipeline quality (i.e., 831 and 881 BTU/cu ft, respectively). Raising the tower 

charge pressure to 70 and 65 psi, followed by venting to 13 and 9.5 psi, increased the heat 

content of the desorbed gas to around 920 BTU/cu ft but also resulted in lower sales/feed 

ratios, i.e., 45 and 49%, respectively. At the time of these tests, the feed gas had a heat 

content and heavy hydrocarbon fraction that was 12% and 50% lower than the earlier 

discussed feed. This deterioration (change) in the feed composition was the main reason 

for requiring higher tower-charge pressures in order for the desorbed gas to come close to 

pipeline quality (950 BTU/cu ft). Higher tower-charge pressures result in greater pressure 

differential during the vent process, and therefore greater loss of hydrocarbons and lower 

sales/feed ratios. Thus, the vent pressures were set higher (to 13 and 9.5 psi) when the 

towers were charged to 70 and 66 psi, respectively, to reduce the pressure differential 

during the vent process, and thus to reduce the adverse impact on the sale/feed ratio. 

However, these settings failed to produce pipeline quality gas with the heat content of the 

desorbed gas hovering around 920 BTU/cu ft.   

 In the current tower design (Figure 15A), an unfilled space about 20 inches from 

the bottom of the (8 foot) tower remains unfilled by the bed of activated carbon because 
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the grate supporting the bed was incorrectly designed to be located above the tower 

access hole (port). This dead (space) volume at the bottom of each tower remains filled 

with N2-rich feed gas (at 2 psi) after the vent phase when the venting took place solely 

from the tower top. Thus during the desorption stage, this feed gas, remaining in the dead 

space, entered the surge tank and lowered the BTU of the sales gas. Hence, attempts were 

made to see if simultaneously venting from both the top and bottom of the tower would 

help improve the purging of this (untreated) feed gas present in the bottom dead space. 

 The sales gas from the plant was found to be of pipeline quality (at 958 BTU/cu 

ft) when the tower charge pressure was set at 69 psi and vent pressure to 3 psi with 

venting occurring from both the top and bottom of the tower. This setting resulted in a 

sales/feed ratio of 0.39. The sales/feed ratio was improved slightly to 0.40 when the 

tower charge pressure was set to 72 psi and the vent pressure was set at 4 psi with minor 

variations in the feed gas heat content (i.e., from 633 to 634 BTU/cu ft). 

 It is apparent from the above results that this plant can upgrade a feed with a heat-

content as low as 630 BTU/cu ft and a heavy hydrocarbon fraction of 3.8%. Thus, it is 

critical to note that both the heat content and the amount of heavy hydrocarbons present 

in the feed stream dictate the operational settings of the plant for attaining pipeline 

quality sales gas. Needless to say, any deterioration in the quality of the feed will result in 

a concatenate reduction in the sales/feed ratio. This is expected because poorer quality of 

feed gas will naturally contain increasingly higher amounts of non-hydrocarbon 

components (such as nitrogen), and any upgradation process, such as this plant, is 

effective only if it can successfully reject most of the increasing volume of non-

hydrocarbon impurities in the feed, thus naturally resulting in lower sales/feed ratios. 
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Also as feed quality deteriorates, the towers must be charged to higher pressures resulting 

in higher pressure differentials during the venting process, leading to greater volumes of 

gas lost and lower sales/feed ratios. Also for this poorer quality feed, the BTU-recovery 

efficiency decreased to around 59% as compared to 75% obtained with a superior feed 

having an average of 715 BTU/cu ft. 

 

HEAVY HYDROCARBONS ADSORPTION 

 Figures 19A to 19B display the analyses of gas samples taken from the feed and 

the upgraded sales stream for a feed gas with heat content of around 746 BTU/cu ft and 

heavy hydrocarbon fraction of 7.7%. A mass balance on the heavy hydrocarbons (C2H6+) 

made on the feed gas and the upgraded sales gas shows that about 98% of the heavy 

hydrocarbons entrained in the feed are recovered in the sales stream. Thus, the bed of 

activated carbon was efficient in capturing the incoming heavy hydrocarbons.  The 

desorption process was equally effective in recovering these adsorbed hydrocarbons. 

Also, the mass balance calculations show that about 67.7% of the total hydrocarbons 

(CH4+) have been recovered at the NRU. Therefore, the vent stream is mostly made up of 

unadsorbed nitrogen and some methane because most of the heavy hydrocarbons are 

recovered in the sales stream.  

 Figures 20A and 20B show the gas analyses of the feed (at 601 BTU/cu ft and 

heavy hydrocarbon fraction of 3.7%) and the respective upgraded (sales) gas from the 

plant. As compared to the previous case, the feed-gas composition has deteriorated both 

in terms of heat content and heavy hydrocarbon fraction. Mass balance calculations on 

this poorer quality feed gas show that the plant is able to trap and recover around 98.2% 
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of the entrained heavy hydrocarbons (C2H6+). The associated total hydrocarbon recovery 

(CH4+) is lower (at 58.6%) for this poorer quality feed. 

 The above results clearly indicate that an unpatented off-the-shelf bed of activated 

carbon, made from coconut husks, is effective in adsorbing and then desorbing 98% of 

the entrained heavy hydrocarbons (C2H6+) from a feed stream of low-BTU gas. This 

effective capture and recovery of the heavy hydrocarbons, where each component has 

significant heat content, plays a critical role for the plant to upgrade low-BTU gas to 

pipeline standards. However, the adsorption effectiveness of the bed means that the vent 

gas contains little to no heavy hydrocarbons, and therefore the only component in the 

vent gas that has any heat content is CH4. This calls in question the economic feasibility 

of upgrading the vent gas to pipeline quality using a secondary tower to improve the total 

hydrocarbon recovery from the plant.      

 

PERFORMANCE COMPARISON WITH COMMERCIAL PLANT 

 Figure 21A tabulates the price, in terms percentage of sales volume, that 

American Energies Corporation (AEC) was offered by a local commercial plant in 

Kansas to upgrade low-BTU gas. The micro-scale NRU described in this report was 

designed to handle around 250 mcf/d of low-BTU feed gas. The appropriate seller’s 

percentage offered to AEC for such low volume sales (i.e., <450 mcf/d) was 51% of the 

total volume of gas sold to the commercial upgradation plant. Thus for every 100 mcf of 

low-BTU gas that AEC sells to the plant, it gets paid for 51 mcf. Also, the sales contract 

carried additional constraints (Figure 21B), important among which was that the feed 

could not have N2 content >28%. This constraint would disqualify the gas from Elmdale 
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field wells because its N2 content was 33% or higher. Additionally, AEC had to consider 

the cost of transporting the low-BTU gas from the production wells (in the Elmdale field) 

to the commercial plant, provided presence of a nearby pipeline whose operator agreed to 

transport the low-BTU gas. AEC estimated that the transportation costs would 

additionally be around 13% of the volume of low-BTU gas that it sold to the commercial 

upgradation plant.  

 Figure 21C compares the revenue that AEC would collect if it sold the low-BTU 

gas to the commercial plant with what it would gain if it processed the same gas using the 

micro-NRU, assuming that the commercial plant would agree to set aside its refusal to 

accept gas with greater than 28% N2. Thus, if AEC were to sell 100 mcf of low-BTU gas 

to the commercial plant, it would get paid for 38 mcf of pipeline quality gas after 

deduction of the upgradation and transportation costs (here estimated at 13% of the total 

gas volume sold). In comparison, if AEC were to use the micro-NRU to treat its low-

BTU gas onsite, it could save on the transportation costs. Given the average sales/feed 

ratio achieved at the micro-NRU, if AEC were to sell 100 mcf of low-BTU gas with an 

average heat content of 615 BTU/cu ft and 715 BTU/cu ft, it would get paid for 39 and 

57 mcf of pipeline quality gas, respectively. Thus, the micro-NRU offers competitive 

value to low-BTU producers, particularly if available commercial upgradation plants are 

located far from the production sources and when such commercial plants restrict the 

maximum amount of N2 in the feed gas. 
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PLANT ECONOMICS 

 Figure 22 summarizes the payout calculations for the micro-NRU whose 

construction costs totaled to $120,000 including financial support of $60,000 from the 

Stripper Well Consortium. AEC built the plant using off-the-shelf vessels, pipelines, 

control valves, engine, and compressor, in their workshop with its own 

maintenance/service crew. This achievement highlights the simplicity of the plant design, 

and should therefore provide confidence to other small operators to venture into building 

a micro-NRU for their own needs without relying on expensive expertise from 

consultants. The payout calculations were carried out assuming the price of pipeline 

quality gas to be $4.00/mcf, feed volume of 150 mcf/d, and for two different qualities of 

feed gas at 615 and 715 BTU/cu ft. Based on average performance (sales/feed ratio) 

observed at the micro-NRU, the payout time calculates to be 17 and 12 months, 

respectively, for the above two types of feed. 

 

PLANT CONTROLS 

 The plant is easily optimized from a central (electronic) control panel that 

pneumatically opened and shut the different solenoid valves that control the flow of gas 

in and out of the two towers. The electronic panel allows the operator to input charge and 

vent times (or pressures) for each tower, which need to be synchronized for continuous 

operation. For unchanging feed line pressure and composition, the plant will work 

unattended with one daily check-up visit by the pumper/operator. However if the feed 

composition changes, the operator needs to re-set the operating conditions of the NRU 

using the control panel to produce pipeline quality gas at the downstream end. Only two 
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parameters need to be changed in order to re-optimize the plant to upgrade the new low-

BTU feed to pipeline quality, and these are the tower charge pressure and the vent 

pressure. The operator must try different combinations of these two parameters by 

changing feed and vent pressures (or times) using the control panel to find the new 

settings that result in pipeline quality sales stream.  

 Based on experiences from this pilot NRU, the following are suggested general 

guidelines that an operator can follow to optimize the settings: 

 a) If the feed BTU and heavy hydrocarbon fraction increases, the towers can be 

charged to lower pressures to obtain pipeline quality sales stream. Sales/feed ratios tend 

to improve with higher quality feed. 

 b) If the feed BTU and heavy hydrocarbon fraction decreases (i.e., feed quality 

deteriorates), the towers must be charged to higher pressures to upgrade to pipeline 

quality. Sales/feed ratios will decrease with poorer feed quality. 

 c) After having attained pipeline quality sales stream with a particular setting, the 

operator may test for optimum sales/feed ratio by adjusting the tower charge pressure 

downward to identify the lowest charge pressure, which results in the sales stream to be 

of pipeline quality.  

 

PLANS 

 The micro-NRU continued to upgrade low-BTU feed gas at its current location 

until the beginning of 2009, when the wells supplying the gas had to be shut-in due to 

production of water and the attendant infrastructure limitations in trucking away this 
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water. Thus, AEC is currently under discussions with other operators of neighboring low-

BTU gas wells to relocate the NRU and re-start gas upgradation.  

 Encouraged by the results of this demonstration micro-NRU, AEC has already 

built a bigger plant (Figure 23). At the time of writing of this report, this newly built plant 

(with tower height of 20 feet and diameter of 6 feet) has been moved to location and has 

been commissioned. The plant is awaiting legal clearance before start of operation. Based 

on the lessons learned from the demonstration plant, the grate supporting the bed of 

activated carbon has been placed at the bottom of the tower (just above the feed entry 

flange) in order to minimize the dead space (volume) in comparison to the volume of the 

tower. This new plant will mobilize gas from a low-BTU field that is currently shut-in 

because of lack of a higher BTU-gas necessary for blending. This case thus demonstrates 

how micro-NRUs can be effective in activating shut-in fields and thereby provide new 

life to the marginal assets often in isolated locations and owned by small producers. 

Upgraded gas can either be consumed locally or be assimilated in the nation’s gas grid to 

increase domestic energy supplies.  

 

LOW-BTU GAS POTENTIAL – ELMDALE FIELD, CHASE COUNTY, KS 

 

WATER ANALYSIS 

  Produced water was analyzed to determine resistivity for use in Archie equation 

in log analyses. The majority of the wells in and around the Elmdale field produce 

pipeline quality gas from the LKC Group. Representative water samples are not available 

from other sandstones (such as the Tecumseh) because they are currently not being 
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produced. Water was collected from 3 wells, namely Davis Giger 1, Kisser 1-29, and 

Pretzer 3.  The Davis Giger 1 and Pretzer 3 produce from the LKC, while AEC suspects 

that the Kissel 1-29 well is open to some low-BTU gas zones. Water analyses revealed 

that the resistivity of produced water from the above mentioned wells was 0.079, 0.077, 

and 0.076 ohm-m respectively. Thus lacking sandstone-specific resistivity data, a 

resistivity of 0.078 ohm-m was used in the Archie equation for log analyses discussed in 

the following section. 

 

LOG-ANALYSES – LOCAL LOW-BTU RESOURCE EVALUATION  

 One of the deliverables for this project was a local resource evaluation of low-

BTU reserves around the plant. Wireline logs from 26 wells in and around the Elmdale 

field were analyzed as a part of the resource evaluation study. Initially, the log analysis 

was carried out over the Tecumseh interval (Figure 24) in Frankhauser Trust E1 well that 

produced water-free gas. The Tecumseh interval extends from 704 to 714 ft, where the 

gas effect is visible on the neutron porosity log. The significant separation between the 

density porosity and the BVW (bulk volume water), which clusters around 0.12, implies 

gas production that is water-free or has minimal water. The GR (gamma ray log) 

indicates relatively lower values. Thus, the wireline log signatures match the production 

observed at this well from the Tecumseh zone. This exercise was used to define the 

Archie constants (m = 1.8, a = 1, Rw = 0.079) that were used universally for all the other 

zones at other wells lacking zone-specific data. The petrophysical cut-off parameters that 

defined the Tecumseh as a pay zone include the following: porosity > 0.19, Sw < 0.60, 

Vshale < 85%, and BVW < 0.15.  
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 To evaluate the potential of low-BTU reserves in this area, shallower sandstones 

such as Ireland, Douglas, Tecumseh, Calhoun, Severy, and White Cloud Sandstones were 

analyzed when present at the well of interest. For each well, the density porosity and 

neutron porosity logs (run on a limestone matrix of 2.71 g/cc) were corrected for the 

sandstone matrix density of 2.65 g/cc. Thus, a neutron cross over (where the neutron 

porosity becomes less than the density porosity log by taking an hour-glass shape) is 

considered indicative of gas effect. However, note that low porosity zones often result in 

deeper invasion, which masks the gas effect, which is otherwise visible in high porosity 

zones with shallower invasion. Presence of gas effect on the neutron log is a strong 

indicator of presence of gas, but absence of gas effect may not mean that gas is absent 

because invasion may mask the effect on neutron log. The summary of this log analyses 

is presented in Figure 25.  Based on the log signatures of each of these sandstones, 

production potential of each of these zones was evaluated and tabulated. 

 Figure 26 displays strong gas production potential for the Ireland Sandstone (1014 

to 1030 feet) in Palmer 1 well – a zone with high porosity, low GR values, clustering of 

the BVW around a low value of 0.14, and gas effect on the neutron log over the lower 

part of this interval. Figures 27 and 28 indicate that the Tecumseh interval (744 to 754 

feet) has good indications of gas production potential with low BVW values (< 0.1), gas 

effect on the neutron log, and low GR values. The cut-off parameters defined for the 

Tecumseh pay zone in the Frankhauser Trust E1 well, when used in this analysis indicate 

that the Tecumseh interval in Palmer 1 well can be similarly defined as pay. Figure 29 

shows that the Calhoun sandstone (654 to 657 feet) in this well may have some gas 

production potential with low BVW values (< 0.14), low GR values, and minor gas 
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effects on the neutron log, and separation between the density porosity and BVW. 

However, no gas shows were recorded over this zone during drilling. Figure 30 shows 

that the Severy sandstone (570 to 578 feet) has gas-bearing potential with gas effect on 

the neutron log, moderate GR, and significant separation between density porosity and 

BVW. However, a transition zone is also clearly visible in this zone. This well tested 

significant volumes of low-BTU gas in both the Tecumseh and Severy zones.  

 Log analyses of the other wells are detailed in Figures 31 to 78. In each case, the 

analyzed sandstone is marked by a red rectangle. These results represent the first pass in 

analyzing wireline log data. Log signatures can be better correlated with production 

results as wells get recompleted in the shallower sandstones analyzed in this study.  

 

REGIONAL GAS ANALYSIS 

 

LOW-BTU GAS CHARACTERISTICS - KANSAS 

 Fifty-four gas analyses were collected from published and private sources from 

the region around the Elmdale Gas field (Chase County) in Kansas (Figure 79), so as to 

survey the likely range of compositions of natural gas in this region and to determine 

what strata may contain low-BTU gas resources. Several pay zones, ranging in age from 

Permian to Mississippian, produce gas in the region. In general, the shallower pay zones 

contain low-BTU gas (i.e. <950 BTU/scf) (Figure 80). Hydrocarbon wetness, the ratio of 

heavier molecular-weight hydrocarbons to that of methane plus the heavier molecular-

weight hydrocarbons, increases with increasing age and depth of the producing formation 

(Figure 81). The presence of these heavier-molecular-weight hydrocarbons increase the 
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heating value (BTU content) of the natural gas, and this partly accounts for the better 

BTU content of the deeper gases, in addition to the greater percentages on nitrogen in the 

shallower gases (Figure 82). 

 Nitrogen-to-helium ratios for all the gases essentially remains the same regardless 

of the age of the pay zone (Figure 83), suggesting a common source for these component 

gases. The greater percentages of nitrogen and helium in the shallower, low-BTU zones 

indicates that these zones will have better economics if attempts are made to recover 

helium from the rejected noncombustible (N2-rich) gases from the upgrading process. 

The compositional ranges of hydrocarbon and non-hydrocarbon gases are expressed 

respectively in Figures 84A and 84B.  The deeper formations appear to have a greater 

range in composition, but this may be due to greater number of samples available from 

deeper zones. 
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TECHNOLOGY TRANSFER 

 A web site (http://www.kgs.ku.edu/PRS/Microscale/index.html) dedicated to this 

project has been kept updated with pictures, results, cross-sections, log analyses, and 

other data. All reports and presentations have been posted at this web site including 

results obtained from the plant optimization studies. Initial results from plant 

optimization study were published in the trade journal E&P (August 2008) and in the 

2008 IOGCC Report “Marginal Wells: Fuel for Economic Growth”. A manuscript 

detailing the overall project results and plant optimization is being written for submission 

to one of the widely read trade journals in the small producer community (i.e., either Oil 

& Gas Journal or World Oil). The expected date of publication is early fall 2009.  

 Also, projects results have been presented at the following industry meetings and 

technical gatherings: 

 1. Kansas Geological Society meeting at Wichita, Kansas, on March 25, 2007 

 2. Stripper Well Consortium meeting at Roanoke, West Virginia, on September 

 20, 2007 

 3. Stripper Well Consortium meeting at Wichita, Kansas, on October 20, 2007 

 4. Fall meeting of the Stripper Well Consortium at Erie, Pennsylvania, on 

 September 8 & 9, 2008  

 5. Oklahoma Oil & Gas Trade Expo at Oklahoma City, Oklahoma, on October 16, 

 2008 

 6. Kansas Geological Society meeting at Wichita, Kansas, on November 10, 2008 
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CONCLUSIONS 

 

 1. It is possible to upgrade low-BTU gas (as low as 630 BTU/cu ft) to pipeline 

quality (> 950 BTU/cu ft) using a simple, cost-effective micro-scale nitrogen rejection 

unit (NRU) with an adsorption bed consisting of readily available non-patented activated 

carbon made from coconut husks. 

 2. Approximating plant construction costs at $120,000 and assuming gas prices at 

$4/mcf and a feed of 150 mcf/d, the payout is estimated at 17 months for 615 BTU/cu ft 

feed, and 12 months for 700 BTU/cu ft feed. 

 3. The dead space within each tower must be minimized relative to tower volume. 

Initial operation data indicate that greater bed mass (with minimum dead space) results in 

larger volumes of adsorbed hydrocarbons and therefore better sales/feed ratio. 

 4. The off-the-shelf bed of activated carbon is efficient in adsorbing heavy 

hydrocarbons (C2H6+) from the feed stream and desorbing it under vacuum. This 

efficient removal of heavy hydrocarbons leaves the vent gas poor in constituents with 

significant heat content, and therefore puts in doubt the viability of upgrading vent gas to 

pipeline quality.  

 5. The towers have to be evacuated (desorbed) from vent pressure (around 2 psi) 

to maximum vacuum (≈25 to 28” Hg) in the shortest possible time to maximize heavy 

hydrocarbon recovery and to lower cycle time, which is inversely related to plant 

throughput. Efficient bed desorption results in better adsorption of hydrocarbons in the 

next cycle and may increase bed life. The compressor capacity is relative to the size of 

the towers, and thus plant throughput will be compromised if a less-than-appropriate 
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sized compressor is employed. Despite the cost of the compressor being one of the major 

expenses in building of the micro-plant, operators should not employ an inadequate 

compressor if plant efficiency and throughput are valued.   

 6. Both nitrogen content and the fraction of heavy hydrocarbons in the feed 

control the optimum plant settings and determine its efficiency. 

 7. Plant settings, namely tower charge pressure and vent pressure, will have to be 

adjusted if feed composition (BTU and C2H6+/CH4+ ratio) changes. Greater amounts of 

heavy hydrocarbons in feed results in higher sales/feed ratio and thus better plant 

operating economics. 

 8. Use of a portable hydrocarbon meter is very effective during the process of 

plant optimization. Correlations developed between portable hydrocarbon meter and gas 

chromatographic (GC) analyses enable quick estimation of hydrocarbon concentration 

and BTU value from portable meter readings taken from different sampling points in the 

plant, particularly during the optimization process. 

 9. Wireline logs from 26 wells in and around the Elmdale field were analyzed to 

determine the gas production potential of several sandstone bodies such as the Ireland, 

Douglas, Tecumseh, Calhoun, Severy, and White Cloud. Gas production potential was 

identified in several pockets in these sandstones at several wells. Additional production 

testing needs to be carried out at select wells to validate and refine the log analysis.  

 10.  Regional analyses of low-BTU data was initiated using 54 gas samples and 

the following trends observed: 

 a) In general, the shallower zones tend to produce low-BTU gas. 

 b) Hydrocarbon-wetness increases with age and depth of the producing zone. 
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 c) Nitrogen-to-helium ratios are unaffected by the age of the pay zone. 

 d) Given the limited data set available, the deeper formations appear to display 

 greater compositional ranges for hydrocarbon and non-hydrocarbon gases.   
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Figure 1. Map showing the location of the Elmdale field, Chase County, Kansas, along with the 
location of the N2 Rejection Unit (NRU).
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Current location of NRU
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Figure 2: Picture showing the general layout of the nitrogen rejection unit (NRU).
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Low BTU Feed Gas entering NRU

Scrubber

De-hydrated low BTU gas

Rate/Pr Meter – measure Inflow

Figure 6: Picture showing the feed gas line connecting to the scrubber to remove moisture and onwards to the 
flow meter.
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Low BTU dehydrated Feed

Alternating Adsorption 
Desorption Towers

Valves controlling feed into
towers

Tower access ports to unload spent beds

Instrument-
gas Scrubber

Pressure Equalizing Values

Figure 4: Picture showing the feed gas line connecting to the two towers and the valves controlling flow of gas 
into the towers.
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A.

B.

C.

Figure 5: Pictures showing the following: A) close up of activated carbon granules, B) charging of the towers with 
activated carbon, and C) leveling the carbon bed after charging towers.
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Front side of the 
Adsorption/Desorption Towers

Rear side of the
Adsorption/Desorption Towers 

Solenoid values connected to 
vacuum for desorption of 

methane from beds

Upgraded gas line

N2-rich effluent to
flare

A. B.

Figure 6: Close up of the two rowers: A) front side and B) rear side.
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Bull Nipple

Hopper to load 
activated carbon 

into tower – fits on 
bull nipple

Line carrying N2 rich effluent to
vent

Vent tower 

A.
B.

Figure 7: A) Picture showing the vent line connecting to the flare. B) Picture showing the bull nipple and the 
hopper used to load the towers with activated carbon.
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Low-BTU feed to engine

Compressor – powered by engine

Upgraded
gas line

Gas 
Scrubber

Scrubbed upgraded gas
to compressor

Figure 8: Picture showing the compressor that pulls a vacuum on the desorption tower along with the engine that 
powers it.
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Upgraded compressed gas line

Condensate Removal Tower

Surge tank – 1 hr holding capacity

Sales gas line

Sales Gas Meter

To Sales Pipeline

Figure 9: Picture showing the surge tank and the flow lines transferring the upgraded gas.
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Inlet Separator 
& Meter

Vacuum Compressor

CH  Detector
- HOTWIRE &
TELEMETRY 

4

Outlet Meter, Sampler, & 
Telemetry

Filter

Engine

Discharge Gas
Accumulator - 

Surge Tank

Control Panel

Scrubber

UPGRADED

GAS

FLARE

TOWER 1 
ADSORPTION

TOWER 2 
DESORPTION

FEED
LOW-BTU

X

X X

X X

X

20 - 75 psi 22” - 25” Hg
(vacuum)

STEP 1 - Tower 1 Adsorption, Tower 2 Desorption

Figure 10: 1st step of operation - the feed gas charges up the evacuated Tower 1 to the set 
pressure (between 25 to 75 psi) depending on the plant settings determined by the feed 
gas quality, while Tower 2 is going through the evacuation process to vacuum ranging 

between 22 to 25 inches of Hg.
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STEP 2 - Tower 1 Venting, Tower 2 in Vacuum

Inlet Separator 
& Meter

Vacuum Compressor

CH  Detector
- HOTWIRE &
TELEMETRY 

4

Outlet Meter, Sampler, & 
Telemetry

Filter

Engine

Discharge Gas
Accumulator -

Surge Tank

Control Panel

Scrubber

UPGRADED

GAS

FLARE

TOWER 1 
VENT

TOWER 2 
VACUUM

FEED
LOW-BTU

X

X X

X

XX

2 psi (22” - 25” Hg)

Figure 11: 2nd step of operation - Tower 1 is vented to 2 psi after having been charged to the set
pressure thus allowing the removal of N2-rich unadsorbed gas from the tower. This venting results 
in some loss of CH4 but also prevents the unadsorbed N2 from ending up in the surge tank during 

the desorption process. The vent period is very short (less than a minute for a plant of this size) and 
Tower 2 remains under vacuum during this time.
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STEP 3 - Tower 1 Desorption, Tower 2 Adsorption

Inlet Separator 
& Meter

Vacuum Compressor

CH  Detector
- HOTWIRE &
TELEMETRY 

4

Outlet Meter, Sampler, & 
Telemetry

Filter

Engine

Discharge Gas
Accumulator - 

Surge Tank

Control Panel

Scrubber

UPGRADED

GAS

FLARE

TOWER 2 
ADSORPTION

TOWER 1 
DESORPTION

FEED
LOW-BTU

X

X X

X X

X

20 - 75 psi22” - 25” Hg
(vacuum)

Figure 12: 3rd stage of operation - Tower 1 (after completion of the venting) is put under vacuum 
to evacuate the CH4-rich gas adsorbed in the activated bed while Tower 2 is connected to the feed 

line and gets charged.
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HYDROCARBON CONTENT
y = 1.2169x - 15.569

R2 = 0.9976
y = 1.6496x - 60.292

R2 = 0.961
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GAS ANALYSIS – PORTABLE GAS CHROMATOGRAPH

Figure 13: A) Portable gas meter that detects total hydrocarbons (handheld CH4+ %). B) Field sampling of 
the feed stream using portable meter. C) Correlation between portable meter (handheld CH4+ %) and gas 
chromatographic analyses (GC-CH4+ %). D) Correlation between gas chromatographic analyses and heat 

content. 

C.

D.

A.

B.
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INITIAL TESTING

Figure 14: Results from initial tests where the plant was operated under different settings until bed 
blow out. 

Avg
Test # From To Charge Pr, psi Vent from Vent to, psi Feed CH4+ Sales CH4+ Sales/feed

1 31-May 3-Jun 34 Top 2 0.63 0.84 0.54
2 4-Jun 6-Jun 20 Top 2 0.66 0.85 0.58
3 7-Jun 10-Jun 20 Top & Bottom 2 0.68 0.83 0.51
4 11-Jun 14-Jun 30 Top & Bottom 2 0.67 0.85 0.44
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BED BLOWOUT

MODIFICATION

Figure 15: A) Dead space created at the top of the tower due to bed blowout. Permanent dead 
space (of about 20 inches) remains at the base of the 8 ft tall tower due an inadvertent design 
flaw. B) The tower topped with activated carbon and sealed in place by a filter set in the top 

flange.

A. B.

DEAD SPACE DUE TO BED BLOWOUT 
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Avg Feed @ 715 BTU/cu ft, C2H6+/CH4+=7.9%

Sales/Feed ratio - indicative of gas (CH4+ & N2) lost from the system

- HIGH - tower charge pressure low, dead space volume minimized

- LOW - tower charge pressure high, dead space volume significant

N2 Stripping Efficiency - % of feed N2 volume that is rejected (vented)

CH4+ Recovery Efficiency - % of feed HC captured for sales

BTU Recovery Efficiency - (Sales BTU*Sales mcf)/(Feed BTU*Feed mcf)

- Follows CH4 recovery efficiency - HCs determine BTU content

Ve
nt

 fr
om

 T
op Corrected Corrected

Tower Vent to Avg Feed Avg Sales Efficiency Efficiency N2 % in
Charge Pr psi CH4+, % CH4+, % Sales/Feed N2 stripping CH4+ Rec Vent Gas BTU feed BTU sales BTU rec %

34 2 63 84 0.54 76.7 73.2 63.1 687 953 75.7
20 2 67 85 0.60 72.6 75.4 59.2 743 964 77.4

Pipeline Quality

Figure 16: Results of upgrading feed with average heat content of 715 BTU/cu ft to pipeline quality 
under two different plant settings.
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BTU/cu ft
Methane 1010
Ethane 1770
Propane 2516
i-Butane 3253
n-Butane 3264
i-Pentane 4000
n-Pentane 4006
n-Hexane 4722
n-Heptane 5500

BTU CONTENT

Figure 17: Table showing that heavier hydrocarbons significantly contribute to the BTU content of 
natural gas. Thus, optimum plant settings will change when C2H6+/CH4+ ratio changes.
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Corrected Corrected
Tower Vent to Avg Feed Avg Sales Efficiency Efficiency N2 % in

Charge Pr psi CH4+ % CH4+ % Sales/Feed N2 stripping CH4+ Rec Vent Gas BTU feed BTU sales BTU rec %
15 2 T* 59 78 0.64 66 85 75 619 831 86
30 2 T* 59 82 0.49 79 69 64 622 881 70
70 13 T* 59 86 0.45 85 66 63 621 920 67
66 9.5 T* 59 84 0.49 84 73 68 618 923 74
66 4 T&B** 58 88 0.42 88 64 64 607 940 65
69 3 T&B** 60 89 0.39 90 58 59 633 958 59
72 4 T&B** 60 89 0.40 89 59 59 634 956 60

HOW POOR A FEED CAN THE PLANT UPGRADE?
FEED 630 BTU/cu ft, avg C2H6+/CH4+ = 3.9%

Figure 18: Results of upgrading feed with average heat content of 630 BTU/cu ft to pipeline quality 
under different plant settings.

T* - vent from top; 
T&B** - vent from top and bottom of the tower

SIMULTANEOUS VENTING - TOP & BOTTOM OF THE TOWER
Pipeline 
quality
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Figure 19: A) GC analysis of feed gas (at 746 BTU/cu ft) and B) GS analysis of sales gas when compared 
with that of feed shows that most of the heavy hydrocarbons (HCs) are adsorbed in the activated carbon. 

ADSORPTION EFFECTIVENESS OF HEAVY HYDROCARBONS
Feed 746 BTU/cu ft, C2H6+/CH4+ = 7.7%

Sample Bottle KGS 1
Sample date Jun 06 2008
Well Feed Gas (Replicate)

Component Mole % BTU

Neopentane 0.0000 0.00
CO2 0.1291 0.00
Helium 0.6408 0.00
Hydrogen 0.0000 0.00
Oxygen 0.0000 0.00
Nitrogen 31.4020 0.00
Argon 0.1925 0.00
Methane 62.4206 630.45
Ethane 2.9970 53.04
Propane 1.4761 37.14
i-Butane 0.2061 6.70
n-Butane 0.3663 11.95
i-Pentane 0.0758 3.03
n-Pentane 0.0757 3.03
n-Hexane 0.0143 0.68
n-Heptane 0.0036 0.20

Totals 99.9999 746.2200

Specific Gravity from Composition 0.7198
BTUs @ 14.696 Saturated 733.21
BTUs @ 14.696 Dry 746.22
Compressibility 0.99846

C2H4+ 5.2149
CH4+ 67.6355
C2H4+/CH4+ 7.7 %

Sample Bottle KGS 5
Sample date Jun 06 2008
Well Sales Gas

Component Mole % BTU

Neopentane 0.0000 0.00
CO2 0.1820 0.00
Helium 0.1225 0.00
Hydrogen 0.0000 0.00
Oxygen 0.0000 0.00
Nitrogen 14.5400 0.00
Argon 0.3692 0.00
Methane 75.3267 760.80
Ethane 5.2381 92.70
Propane 2.7426 69.01
i-Butane 0.3890 12.65
n-Butane 0.7116 23.22
i-Pentane 0.1574 6.30
n-Pentane 0.1640 6.58
n-Hexane 0.0363 1.73
n-Heptane 0.0205 1.13

Totals 99.9999 974.1200

Specific Gravity from Composition 0.6872
BTUs @ 14.696 Saturated 957.11
BTUs @ 14.696 Dry 974.12
Compressibility 0.99777

C2H4+ 9.46
CH4+ 84.79
C2H4+/CH4+ 11.2 %

Sales/Feed 0.54

100 moles of feed has 5.21 moles of C2H4+
100 moles of feed result in 54 moles of sales
54 moles of sales has 5.11 moles of C2H4+

C2H4+ recovery % 98.0

100 moles of feed has 67.64 moles of CH4+
100 moles of feed result in 54 moles of sales
54 moles of sales has 45.78 moles of CH4+

CH4+ recovery % 67.7

A. B.

62

D-250



Figure 20: A) GC analysis of feed gas (at 623 BTU/cu ft) and B) GC analysis of sales gas when compared to 
that of feed shows that most of the heavy hydrocarbons (HCs) are adsorbed in the activated carbon. This 

calls in question the feasibility of capturing vent gas for secondary upgradation given that it lacks heavy HCs
that significantly add to the BTU of the upgraded gas.

ADSORPTION EFFECTIVENESS OF HEAVY HYDROCARBONS
Feed 601 BTU/cu ft, C2H6+/CH4+ = 3.7%

A. B.

Sample Bottle KGS 1
Sample date Aug 20 2008
Well Sales Gas -1 

Component Mole % BTU

Neopentane 0.0025 0.00
CO2 0.1811 0.00
Helium 0.0816 0.00
Hydrogen 0.0000 0.00
Oxygen 0.0000 0.00
Nitrogen 11.3093 0.00
Argon 0.0454 0.00
Methane 82.9035 837.32
Ethane 3.7077 65.61
Propane 1.2601 31.71
i-Butane 0.1962 6.38
n-Butane 0.2189 7.14
i-Pentane 0.0473 1.89
n-Pentane 0.0367 1.47
n-Hexane 0.0076 0.36
n-Heptane 0.0022 0.12

Totals 100.0001 952.0000

Specific Gravity from Composition 0.6381
BTUs @ 14.696 Saturated 935.41
BTUs @ 14.696 Dry 952.00
Compressibility 0.99799

C2H4+, % 5.48
CH4+, % 88.38
C2H4+/CH4+ 6.2 %

Sample Bottle KGS 5
Sample date Aug 20 2008
Well Feed Gas - 2 

Component Mole % BTU

Neopentane 0.0008 0.00
CO2 0.0912 0.00
Helium 0.7318 0.00
Hydrogen 0.0000 0.00
Oxygen 0.0000 0.00
Nitrogen 41.8242 0.00
Argon 0.0006 0.00
Methane 55.2329 557.85
Ethane 1.4788 26.17
Propane 0.4625 11.64
i-Butane 0.0721 2.34
n-Butane 0.0758 2.47
i-Pentane 0.0157 0.63
n-Pentane 0.0114 0.46
n-Hexane 0.0021 0.10
n-Heptane 0.0000 0.00

Totals 99.9999 601.6600

Specific Gravity from Composition 0.7372
BTUs @ 14.696 Saturated 591.17
BTUs @ 14.696 Dry 601.66
Compressibility 0.99885

C2H4+ 2.12
CH4+ 57.35
C2H4+/CH4+ 3.7 %

Sales/Feed 0.38

100 moles of feed has 2.12 moles of C2H4+
100 moles of feed result in 38 moles of sales
38 moles of sales has 2.08 moles of C2H4+

C2H4+ recovery % 98.2

100 moles of feed has 57.35 moles of CH4+
100 moles of feed result in 38 moles of sales
38 moles of sales has 33.58 moles of CH4+

CH4+ recovery % 58.6
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COMPARISON WITH COMMERCIAL PLANT

Daily Feed, mcf

< 450 51
55

59

64
68

70
72

450 to 549 

550 to 649

650 to 899
900 to 1,099

1,100 to 1,299
1,300 to 1,750

Seller’s % ADDITIONAL CONSTRAINTS
Feed limitations: Often can’t have too high N2 (< 28% N2) 

concentration in the gas sold to the plant

Additional costs related to transportation from low-BTU 
source to commercial plant estimated at 13% of volume 

of gas transported

Max Feed N2 Feed Sales Vol Price received Pipeline costs Revenue
% BTU/cu ft mcf/d Sales/Feed Ratio mcf/d mcf/d mcf/d

Commercial Plant 28 100 51 13 38
Micro-Plant 40 615 100 0.39 39 0 39
Micro-Plant 33 715 100 0.57 57 0 57

This micro-plant is ideal for upgrading low-volume, low-pressure, low-BTU feed from 
isolated wells (fields) that are far from any commercial upgradation plants and 

electric grid.

PERFORMANCE COMPARISON WITH COMMERCIAL PLANT

Figure 21: A) Example of seller’s (volume) percentage offered by a commercial low-BTU gas upgradation
plant in Kansas. B) Associated constraints related to selling low-BTU gas to the commercial upgradation

plant. C) Performance comparison of micro-NRU with commercial upgradation plant. 

A. B.

C.
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PLANT ECONOMICS

Plant Construction Costs = $120,000

PLANT ECONOMICS

Figure 22: Payout calculation for micro-NRU using two different low-BTU feed gas.

Feed mcf/d Feed BTU/cu ft Sales/Feed Ratio Sales mcf/d Gas $/mcf Payout, months
150 615 0.39 58.5 $4.00 17
150 715 0.57 85.5 $4.00 12
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Height = 20’, Diameter = 6’

CURRENT STATUS

Figure 23: Photograph of the new and larger plant that has been built by American Energies 
Corporation for installation in one of their low-BTU fields where the wells are currently shut for 

lack of availability of rich gas for blending.
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• Neutron gas effect, relatively low 
GR, and separation between 
density phi and BVW, Sw < 60%

• BVW clustering at low value 
(0.12) indicating larger pores, and 
no or limited water production 

• Gas zone – flowed water-free 
gas

Tecumseh

Figure 24: Log analysis of Tecumseh Sandstone in Frankhauser Trust E1 well.

512 1.150451 0.117076 701 3.6493 701 39.
511.5 0.963609 0.120598 701.5 3.584532 701.5 47.

511 0.828036 0.124308 702 3.498822 702 91
510.5 0.732592 0.125969 702.5 3.500905 702.5 114

510 0.659421 0.128774 703 3.436411 703 131
509.5 0.648288 0.128988 703.5 3.437843 703.5 127

509 0.631088 0.128093 704 3.49996 704 103
508.5 0.605457 0.125315 704.5 3.671148 704.5 98.

508 0.569018 0.124314 705 3.771095 705 93.
507.5 0.534034 0.123297 705.5 3.876118 705.5 88.

507 0.503562 0.12251 706 3.967406 706 84.
506.5 0.474863 0.12166 706.5 4.064899 706.5 79.

506 0.445995 0.120124 707 4.211395 707 75.
505.5 0.43411 0.119293 707.5 4.287489 707.5 81.

505 0.430054 0.118176 708 4.368867 708 86.
504.5 0.433489 0.119351 708.5 4.284925 708.5 90.

504 0.443191 0.122624 709 4.063234 709 90.
503.5 0.460725 0.127475 709.5 3.759856 709.5 85.

503 0.484145 0.131922 710 3.49996 710 83.
502.5 0.51386 0.138193 710.5 3.181159 710.5 80.

502 0.53974 0.142456 711 2.982395 711 78.
501.5 0.55634 0.144059 711.5 2.905285 711.5 78.
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Figure 25: Summary of log analyses for wells in and around the Elmdale field, Chase County, Kansas.

Well API Operator Sec Twn - S Rng - E pfeffer Ireland douglas Techumseh Calhoun Severy White Cloud
Palmer 1 15-017-20845 Range Oil Co 9 20 7 yes gas wet gas gas gas in transition wet
Donahue A1 15-017-20846 AEC 18 19 7 wet wet wet
Stevens A1 15-017-20861 AEC 18 19 7 wet wet wet wet
Giger D1 15-017-20844 AEC 20 19 7 yes trans trans wet
Kohr A1 15-017-20842 AEC 21 19 7 yes wet wet wet trans
Ward Ranch A1 15-017-20816 AEC 21 19 7 yes wet wet-coal wet wet-coal
Mushrush B1 15-017-20810 AEC 23 19 7 no Rt
Mushrush 26-1 15-017-20497-0001 Tejas Energy 26 19 7 yes wet wet wet wet
Mushrush 26-2 15-017-20790 AEC 26 19 7 yes wet wet trans-fine trans & coal
Noble 1 15-017-20868 AEC 27 19 7 yes wet wet trans-fine wet
McCallum A1 15-017-20822 AEC 27 19 7 no Rt
Thurston 1-27 15-017-20092-0001 AEC 27 19 7 wet gas? wet gas?
Giger A1 15-017-20823 AEC 28 19 7 yes wet wet Gas+wtr wet-coal
Pretzer A1 15-017-20817 AEC 28 19 7 yes wet shaly wet wet
Marshall A1 15-017-20811 AEC 28 19 7 yes wet shaly wet wet
Davis/Giger B1 Gas Un15-017-20860 AEC 29 19 7 yes wet shaly gas + transition wet wet + 2 ft coal
Giger B1 15-017-20824 AEC 29 19 7 yes wet shaly gas  but no show wet trans + 2 ft coal
Kissel 1-29 15-017-20081-0001 AEC 29 19 7 yes gas gas? gas? shaly gas + 2 ft coal
Fankhauser Trust E1 15-017-20843 AEC 32 19 7 yes wet wet gas shaly shaly
Fankhauser Trust D1 15-017-20841 AEC 33 19 7 yes wet shaly gas? wet? wet-coal
Wood A1 15-017-20828 AEC 33 19 7 yes wet show gas? wet wet-coal
Fankhauser 1-33 15-017-20091-0001 AEC 33 19 7 no Rt
Starkey A1 15-017-20800 AEC 34 19 7 yes wet gas? wet trans-fine gas+ 3ft+ coal
McCallum-Simmons GU15-017-20858 AEC 34 19 7 yes wet trans wet wet wet+coal
Stauffer 1A-34 15-017-20762 Yellow Rose Energy 34 19 7 na
Stauffer 3-34 15-017-20372 D&F Petr 34 19 7 na
Stauffer 2-35 15-017-20090 Viking Intl Pet 35 19 7 yes wet gas -looks trans wet wet wet
Stauffer 8-35 15-017-20789 AEC 35 19 7 yes wet trans-shaly tran-wet trans gas?
Stauffer 5-35 15-017-20373-0001 Viking Intl Pet 35 19 7 not logged
Spinden A1 15-017-20801 AEC 36 19 7 yes trans trans wet wet trans
Stauffer 3 15-017-20126 Jackman & Jackman 35 19 7
Steerman A1 15-017-20830 AEC 1 20 7
Reehling Trust B1 15-017-20809 AEC 1 20 7 yes wet shaly wet wet wet wet
Reehling Trust B3 15-017-20826 AEC 1 20 7 yes wet shaly wet wet wet wet
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• Strong gas indications with high 
porosity, low BVW including 
clustering around 0.12, and lower 
GR

• Neutron gas effect on cleaner 
sandstone

•Sw < 60% 

• Produces water-free low-BTU gas

Figure 26: Log analysis of Ireland Sandstone in Palmer #1 well.

0.495069 0.146856 1012 114.2324 0.203833 0.243833 0.296638 1012 2.87268
0.47751 0.143446 1012.5 123.4943 0.197108 0.237108 0.300404 1012.5 3.01851

0.467267 0.140372 1013 133.8238 0.190921 0.230921 0.30041 1013 3.15217
0.462925 0.139075 1013.5 136.0061 0.188231 0.228231 0.300428 1013.5 3.21125
0.452377 0.135648 1014 126.781 0.188231 0.228231 0.299857 1014 3.37427
0.448258 0.134393 1014.5 115.6966 0.190383 0.230383 0.299811 1014.5 3.43751
0.438121 0.132438 1015 105.5395 0.193611 0.233611 0.302286 1015 3.54556
0.428584 0.1314 1015.5 98.43118 0.208944 0.248944 0.30659 1015.5 3.61202
0.437216 0.130165 1016 90.05471 0.211903 0.251903 0.297714 1016 3.65929
0.451368 0.129795 1016.5 81.33506 0.213248 0.253248 0.287559 1016.5 3.65474
0.451024 0.128447 1017 75.93025 0.216745 0.256745 0.28479 1017 3.72463
0.447585 0.127219 1017.5 76.76717 0.23961 0.27961 0.284235 1017.5 3.79538
0.439574 0.124016 1018 79.99504 0.244183 0.284183 0.282127 1018 3.98805
0.445384 0.123835 1018.5 82.64444 0.249832 0.289832 0.278041 1018.5 3.98805
0.454113 0.123568 1019 82.93265 0.259247 0.299247 0.272109 1019 3.98805
0.471699 0.123048 1019.5 85.60117 0.264089 0.304089 0.260861 1019.5 3.98805
0.485224 0.12266 1020 90.20876 0.251446 0.291446 0.252791 1020 3.98815

0.49375 0.122425 1020.5 93.55499 0.244252 0.284252 0.247949 1020.5 3.98805
0.48832 0.121735 1021 93.639 0.240076 0.280076 0.249294 1021 4.03773

0.481314 0.121931 1021.5 89.52653 0.239851 0.279851 0.253329 1021.5 4.03773
0.475412 0.122098 1022 91.21429 0.251984 0.291984 0.256826 1022 4.03773
0 457757 0 122612 1022 5 87 78339 0 261668 0 301668 0 267855 1022 5 4 03773
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17.5 0.628261 0.118934 741.5 119.1989 0.297714 0.337714 0.1
517 0.688505 0.124413 742 128.8366 0.29112 0.33112 0.1

16.5 0.701681 0.124151 742.5 130.1503 0.281851 0.321851 0.1
516 0.663655 0.123635 743 123.348 0.259292 0.299292 0.1

15.5 0.615937 0.124973 743.5 117.9728 0.227035 0.267035 0.2
515 0.503915 0.11712 744 116.0786 0.230741 0.270741 0

14.5 0.412304 0.112766 744.5 114.1149 0.180015 0.220015 0.2
514 0.3756 0.105066 745 112.1516 0.151468 0.191468 0.2

13.5 0.360575 0.103203 745.5 112.9549 0.134367 0.174367 0.2
513 0.332801 0.098194 746 112.9729 0.122912 0.162912 0.2

12.5 0.29666 0.088753 746.5 107.6925 0.114795 0.154795 0.2
512 0.27911 0.087224 747 104.1818 0.123474 0.163474 0.3

11.5 0.262999 0.084241 747.5 102.7953 0.131763 0.171763 0.3
511 0.258766 0.08379 748 106.3198 0.139543 0.179543 0.3

10.5 0.263702 0.083615 748.5 113.4806 0.149626 0.189626 0.3
510 0.271839 0.083928 749 114.044 0.16013 0.20013 0.3

09.5 0.283643 0.085894 749.5 111.3841 0.170626 0.210626 0.3
509 0.286031 0.085771 750 109.3933 0.181126 0.221126 0.2

08.5 0.295127 0.088498 750.5 108.5781 0.201899 0.241899 0.2
508 0.310138 0.090788 751 107.6194 0.230372 0.270372 0.2

07.5 0.32824 0.093772 751.5 104.9768 0.249245 0.289245 0.2
507 0.374154 0.098308 752 100.9567 0.260601 0.300601 0.2
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Techumseh
Depth: 740 - 769.5
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

gross sand = 744-753 (9 ft)
hc-por-ft = 1.97
ave phi

734.5 - 741
741 - 744
744 - 754
754 - 760.5
760.5 - 773.5

DEPTH

Palmer #1

Tecumseh (744-754 ft)

• Good indications of gas pay
– relatively low GR, BVW 
cluster ~0.08, high porosity, 
gas effect on neutron log, Sw < 
50%

• Tecumseh identified as pay 
using cut-offs defined at 
Frankhauser Trust E1 well

Figure 27: Log analysis of Tecumseh Sandstone in Palmer 1 well.

CUT-OFFS
PHICUT 0.19
SWCUT 0.625
VSHCUT 2
BVWCUT 0.15
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Palmer #1 – Tecumseh Sandstone

• Gamma ray does not recognize the 
fine-grained, well sorted, porous sand,
probably due to K-rich mica content 

• Vsh from Neutron-density overcorrect
due to probable gas effect on neutron

Palmer #1 - Techumseh
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Tecumseh

71Figure 28: Comparison of Vshale calculated from gamma with that calculated from neutron-density 
porosities in Tecumseh Sandstone in Palmer 1.
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Calhoun
Depth: 645 - 680
X: 
Y: 
a: 1
m: 2
n: 2
RW: 0.079

639.1 - 646.8
646.8 - 654
654 - 657
657 - 669.9
669.9 - 685.3

DEPTH

log pay
no shows

Palmer #1

Calhoun (654-657 ft)

• Indications of gas pay with 
low BVW (~0.13), possible gas 
effect on neutron log, Sw < 
60%, separation between 
density porosity and BVW

• However, no shows observed 
during drilling through zone

612 20.9962 0.105899 647 36.60534 0.166402 0.206402
611.5 2.464747 0.135752 647.5 42.53092 0.210276 0.250276

611 1.623394 0.142688 648 50.34304 0.246697 0.286697
610.5 1.155469 0.148183 648.5 83.49945 0.271497 0.311497

610 1.023126 0.150201 649 94.56081 0.286954 0.326954
609.5 1.009909 0.150434 649.5 109.3581 0.299482 0.339482

609 0.999233 0.147518 650 117.6735 0.309874 0.349874
608.5 1.033496 0.145959 650.5 125.4775 0.316005 0.356005

608 1.054833 0.142654 651 136.436 0.315467 0.355467
607.5 0.995042 0.142598 651.5 144.0449 0.304976 0.344976

607 0.789309 0.142345 652 27.87162 0.295371 0.335371
606.5 0.795748 0.138835 652.5 123.5473 0.287671 0.327671

606 0.719352 0.137533 653 110.3716 0.271621 0.311621
605.5 0.649625 0.13626 653.5 104.4932 0.260861 0.300861

605 0.58096 0.137016 654 101.6554 0.254405 0.294405
604.5 0.54092 0.135287 654.5 102.3517 0.245797 0.285797

604 0.535629 0.13497 655 103.8312 0.252253 0.292253
603.5 0.512333 0.133785 655.5 97.74957 0.258589 0.298589

603 0.515112 0.130077 656 94.54364 0.269435 0.309435
602.5 0.524646 0.124137 656.5 100.4859 0.279422 0.319422

602 0.566692 0.123078 657 108.7577 0.281574 0.321574
601 5 0 614185 0 12073 657 5 107 027 0 276463 0 316463
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Figure 29: Log analysis of Calhoun Sandstone in Palmer 1 well. 72
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Severy
Depth: 550 - 610
X: 
Y: 
a: 1
m: 2
n: 2
RW: 0.079

546 - 559
559 - 570
570 - 578
578 - 598
598 - 611

DEPTH

Palmer 1
Severy (570-578 ft)

• Gas effect on neutron, 
separation between density 
porosity and BVW, GR ~100 
API, Sw < 60%
• Parts of the sand has BVW < 
0.14
• Possibly gas bearing

Figure 30: Log analysis of Severy Sandstone in Palmer 1 well.

707 1.757407 0.107362 552 54.21658 0.105111 0.145111 0.06109
706.5 1.879666 0.109594 552.5 46.19205 0.087357 0.127357 0.05830

706 2.02369 0.109826 553 45.8736 0.072831 0.112831 0.0542
705.5 2.204167 0.109541 553.5 48.39314 0.066913 0.106913 0.04969

705 2.77041 0.107873 554 49.87939 0.060726 0.100726 0.03893
704.5 2.64908 0.109562 554.5 50.99209 0.057229 0.097229 0.04135

704 3.733056 0.106193 555 50.75488 0.054539 0.094539 0.02844
703.5 5.107158 0.103622 555.5 48.99135 0.064761 0.104761 0.02028

703 5.715499 0.103395 556 45.06262 0.06772 0.10772 0.0180
702.5 5.640118 0.103548 556.5 41.8441 0.141127 0.181127 0.01835

702 3.099205 0.110671 557 46.72285 0.194204 0.234204 0.03570
701.5 1.855143 0.111658 557.5 67.04253 0.230842 0.270842 0.06018

701 1.152629 0.117721 558 100.0338 0.260222 0.300222 0.10213
700.5 0.823372 0.122205 558.5 133.277 0.302259 0.342259 0.1484

700 0.651407 0.123714 559 160.9411 0.349361 0.389361 0.1899
699.5 0.554165 0.124236 559.5 171.7092 0.387021 0.427021 0.22418

699 0.441163 0.127424 560 187.7339 0.392926 0.432926 0.28883
698.5 0.3872 0.128398 560.5 191.1996 0.397982 0.437982 0.33160

698 0.373853 0.1289 561 183.7042 0.390646 0.430646 0.34478
697.5 0.353938 0.131935 561.5 174.4246 0.381641 0.421641 0.37276

697 0.346642 0.13593 562 170.1657 0.372764 0.412764 0.39213
696.5 0.358786 0.139147 562.5 136.5203 0.383793 0.423793 0.38782
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Douglas
Depth: 1025 - 1050
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

1023 - 1028.5
1028.5 - 1034
1034 - 1039.5
1039.5 - 1044
1044 - 1049

DEPTH

Reehling B-1

Douglas (1044-1049 ft)

• High porosity and separation 
between density porosity and 
BVW

• However, GR is > 100 API 

• Zone appears to be shaly. Need 
to test to validate GR cut-off.

• Poor prospect for gas - shaly

Figure 31: Log analysis of Douglas Sandstone in Reehling B1 well.

355 1.139141 0.161302 1027 2.0538 53.1929 0.1782 0.2182
354.5 0.987835 0.16645 1027.5 1.997 72.3058 0.179 0.219

354 0.939058 0.168937 1028 1.9642 85.95 0.1816 0.2216
353.5 0.906847 0.173026 1028.5 1.8946 97.5 0.1982 0.2382

353 0.899884 0.176197 1029 1.8365 95.6693 0.216 0.256
352.5 0.921559 0.177769 1029.5 1.7988 97.2046 0.2197 0.2597

352 0.951897 0.179052 1030 1.7642 102.3146 0.2154 0.2554
351.5 0.957234 0.179769 1030.5 1.7496 105.4839 0.2054 0.2454

351 0.953797 0.179886 1031 1.7488 106.6936 0.2068 0.2468
350.5 0.954471 0.179918 1031.5 1.748 111.4458 0.211 0.251

350 0.966033 0.179392 1032 1.753 116.1911 0.2158 0.2558
349.5 0.984903 0.177677 1032.5 1.7767 116.371 0.2223 0.2623

349 1.018054 0.174902 1033 1.8157 111.7742 0.23 0.27
348.5 1.064521 0.171814 1033.5 1.8582 108.7807 0.2368 0.2768

348 1.126743 0.168223 1034 1.9084 108.0546 0.2486 0.2886
347.5 1.086743 0.165076 1034.5 1.9887 108.6491 0.2573 0.2973

347 1.039517 0.161437 1035 2.0886 112.2581 0.2581 0.2981
346.5 1.017514 0.157002 1035.5 2.2054 115.4032 0.252 0.292

346 1.032538 0.152609 1036 2.3142 117.695 0.2452 0.2852
345.5 1.054648 0.147862 1036.5 2.4393 127.7933 0.2517 0.2917

345 1.085725 0.143424 1037 2.5619 141.0625 0.2646 0.3046
344 5 1 171488 0 138704 1037 5 2 6799 158 4677 0 2845 0 3245
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Severy
Depth: 625 - 680
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

624 - 636
636 - 643
643 - 666
666 - 672
672 - 684

DEPTH

Reehling B-1

Severy (643-666 ft)

• High GR

• BVW and density porosity 
overlap 

• Sw > 80%

• Expected to be wet

Figure 32: Log analysis of Severy Sandstone in Reehling B1 well.

755 1.440273 0.067981 627 9.282 66.84 0.0644 0.1044
754.5 0.821864 0.07783 627.5 8.1395 74.3297 0.0811 0.1211

754 0.65642 0.090586 628 6.4786 93.9506 0.1091 0.1491
753.5 0.617865 0.108312 628.5 4.7537 158.4372 0.2075 0.2475

753 0.714622 0.126345 629 3.4995 161.4413 0.287 0.327
752.5 0.786997 0.135364 629.5 3.032 152.5657 0.3547 0.3947

752 0.866815 0.142851 630 2.6993 143.7952 0.4046 0.4446
751.5 0.944721 0.146432 630.5 2.5376 138.4611 0.4502 0.4902

751 1.028385 0.149527 631 2.4027 139.1883 0.4795 0.5195
750.5 1.057264 0.151717 631.5 2.3277 138.4639 0.4761 0.5161

750 1.017762 0.154496 632 2.2701 136.022 0.4619 0.5019
749.5 0.965004 0.155848 632.5 2.2587 130.7817 0.4412 0.4812

749 0.951544 0.156053 633 2.2597 125.8753 0.4123 0.4523
748.5 0.952944 0.155997 633.5 2.2605 122.017 0.3842 0.4242

748 0.970923 0.155639 634 2.2614 120.916 0.3622 0.4022
747.5 0.957156 0.155729 634.5 2.2655 122.6562 0.3496 0.3896

747 0.946031 0.155338 635 2.2811 127.0884 0.3694 0.4094
746.5 0.957881 0.15441 635.5 2.3001 130.9734 0.3674 0.4074

746 0.989394 0.153158 636 2.319 135.5715 0.3646 0.4046
745.5 1.043765 0.151555 636.5 2.3382 135.2885 0.3812 0.4212

745 1.106011 0.149864 637 2.3584 123.4639 0.3981 0.4381
744.5 1.128839 0.148217 637.5 2.396 121.5427 0.4083 0.4483
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White Cloud
Depth: 555 - 620
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

546 - 560

560 - 574

574 - 590

590 - 604

604 - 630
DEPTH

Reehling B-1

White Cloud (590-604 ft)

• High GR (~100 API), little 
seperation between density 
porosity and BVW

• Sw > 80% 

• Expected to be wet

Figure 33: Log analysis of White Cloud Sandstone in Reehling B1 well.

825 0.941 0.141 557 2.7247 127.3473 0.3137 0.3
824.5 1.009 0.145 557.5 2.5613 135.1026 0.3289 0.3

824 1.077 0.149 558 2.4088 130.7464 0.3561 0.3
823.5 1.124 0.153 558.5 2.2665 126.874 0.3768 0.4

823 1.149 0.155 559 2.1924 128.8959 0.384 0.
822.5 1.163 0.157 559.5 2.1551 132.4365 0.3853 0.4

822 1.176 0.157 560 2.1442 129.7738 0.3858 0.4
821.5 1.196 0.157 560.5 2.1438 126.3853 0.3912 0.4

821 1.222 0.156 561 2.1434 121.5149 0.4012 0.4
820.5 1.263 0.155 561.5 2.1507 120.3349 0.4102 0.4

820 1.329 0.154 562 2.1634 128.3174 0.4129 0.4
819.5 1.325 0.154 562.5 2.1765 133.8805 0.4113 0.4

819 1.283 0.154 563 2.1761 135.6651 0.4045 0.4
818.5 1.205 0.155 563.5 2.1758 139.1248 0.395 0.

818 1.132 0.157 564 2.1706 136.0545 0.3856 0.4
817.5 1.108 0.157 564.5 2.1572 132.9079 0.3843 0.4

817 1.111 0.158 565 2.1408 132.0497 0.3921 0.4
816.5 1.124 0.159 565.5 2.1237 129.8494 0.4031 0.4

816 1.156 0.158 566 2.1234 128.5497 0.4134 0.4
815.5 1.207 0.157 566.5 2.1251 129.9999 0.4192 0.4

815 1.241 0.156 567 2.1395 132.4845 0.4115 0.4
814 5 1 279 0 155 567 5 2 156 133 3849 0 4001 0 4
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Reehling B-3
Tecumseh (872-880 ft)

• Washout at shale accounting 
for high porosity on top of sand
• High GR (~100 API), and 
overlap of BVW and density 
porosity 
• Expected to be wet

Figure 34: Log analysis of Tecumseh Sandstone in Reehling B3 well.
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Techumseh
Depth: 865 - 890
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

863.5 - 869
869 - 870.5
870.5 - 880
880 - 885.5
885.5 - 891

DEPTH

Density log reading high 
(~50%) at washout across 

shale see caliper log

554 0.592712 0.173842 867 2.0454 31.0768 0.3099 0.3499
553.5 0.451902 0.181936 867.5 1.9896 43.0229 0.3259 0.3659

553 0.40259 0.186681 868 1.9439 85.2645 0.3223 0.3623
552.5 0.384608 0.189496 868.5 1.9096 111.3255 0.298 0.338

552 0.404659 0.192577 869 1.8362 120.8172 0.2916 0.3316
551.5 0.467901 0.193992 869.5 1.7603 133.1485 0.2945 0.3345

551 0.60918 0.19378 870 1.6731 138.3764 0.3183 0.3583
550.5 0.750344 0.198691 870.5 1.5341 125.7431 0.3142 0.3542

550 0.864547 0.204033 871 1.4217 114.914 0.3043 0.3443
549.5 0.939289 0.209931 871.5 1.3284 104.7261 0.2943 0.3343

549 0.995762 0.213989 872 1.2685 99.355 0.2825 0.3225
548.5 1.031485 0.21589 872.5 1.2397 99.4391 0.2688 0.3088

548 1.037327 0.215764 873 1.2396 102.2697 0.2644 0.3044
547.5 1.023949 0.214722 873.5 1.2537 104.6111 0.2637 0.3037

547 1.006475 0.213473 874 1.2713 107.6745 0.2676 0.3076
546.5 0.991152 0.210322 874.5 1.3098 109.733 0.2769 0.3169

546 0.974156 0.203501 875 1.3947 104.3162 0.3048 0.3448
545.5 0.9879 0.197679 875.5 1.4654 95.1388 0.3079 0.3479

545 1.028377 0.190764 876 1.5499 93.2272 0.3105 0.3505
544.5 1.063372 0.183432 876.5 1.6521 97.3465 0.3104 0.3504

544 1.120648 0.176502 877 1.7522 104.3009 0.3044 0.3444
543 5 1 16839 0 16965 877 5 1 866 111 2555 0 3048 0 3448
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Severy
Depth: 685 - 730
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

685 - 692
692 - 702.9
702.9 - 712.8
712.8 - 722.7
722.7 - 732.6

DEPTH

Reehling B-3
Severy (692-702 ft)

• Overlying coal (690-692 ft) 
possibly - high porosity combines 
with slightly lower GR
• Sand - overlap between BVW 
and density porosity
• Expected to be wet

734 0.749613 0.153446 687 2.4431 147.0555 0.3891 0.42
733.5 0.7722 0.15722 687.5 2.3247 139.8844 0.3827 0.42

733 0.808166 0.157916 688 2.2854 141.6915 0.3662 0.40
732.5 0.831974 0.157826 688.5 2.2745 141.9089 0.3566 0.39

732 0.844158 0.15828 689 2.2562 133.89 0.367 0.4
731.5 0.822567 0.158755 689.5 2.2557 133.1936 0.3702 0.4

731 0.785033 0.159597 690 2.2553 132.9388 0.3699 0.40
730.5 0.723565 0.161065 690.5 2.2549 123.0483 0.3663 0.40

730 0.702911 0.161529 691 2.2563 128.4738 0.3587 0.39
729.5 0.779417 0.159079 691.5 2.2718 134.05 0.3343 0.37

729 0.887612 0.156131 692 2.2893 139.1345 0.3077 0.34
728.5 1.008235 0.153353 692.5 2.305 141.7147 0.2874 0.32

728 1.120645 0.149382 693 2.3659 136.9279 0.2856 0.32
727.5 1.186463 0.147952 693.5 2.3799 126.9731 0.2856 0.32

727 1.212881 0.147608 694 2.3794 111.261 0.282 0.3
726.5 1.217779 0.148204 694.5 2.3603 107.7043 0.272 0.3

726 1.226451 0.150731 695 2.2863 105.8241 0.2695 0.30
725.5 1.222864 0.154448 695.5 2.1895 109.1749 0.2803 0.32

725 1.18249 0.160227 696 2.0632 110.5466 0.3057 0.34
724.5 1.105166 0.167212 696.5 1.9367 102.3021 0.2995 0.33

724 1.0616 0.171979 697 1.856 104.8824 0.2917 0.33
723 5 1 03209 0 17721 697 5 1 7685 104 6648 0 288 0 3
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Figure 35: Log analysis of Severy Sandstone in Reehling B3 well.
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Reehling B-3

• Coal overlying Severy 
sand

Figure 36: Log showing location of coal bed atop the Severy Sandstone in Reehling B3 well. 79
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Spinden A-1
Ireland (1080-1086 ft)

• Separation between density 
porosity and BVW
• GR < 100, Sw~80%, BVW 
high
• Poor prospect – some gas in 
transition

Figure 37: Log analysis of Ireland Sandstone in Spinden A1 well.
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Ireland
Depth: 1015 - 1160
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

992 - 1024
1024 - 1080.5
1080.5 - 1086
1086 - 1120
1120 - 1184

DEPTH

355 1.053388 0.173704 1017 1.8258 98.2504 0.2562 0.2962 0.16
354.5 1.025929 0.178101 1017.5 1.7547 100.5958 0.2834 0.3234 0.17

354 1.019497 0.181674 1018 1.6952 108.0514 0.2886 0.3286 0.17
353.5 1.017118 0.185522 1018.5 1.6332 111.7765 0.2837 0.3237 0.18

353 1.022366 0.189547 1019 1.5697 114.8677 0.2779 0.3179 0.18
352.5 1.010515 0.193109 1019.5 1.5215 111.8773 0.2697 0.3097 0.19

352 0.975019 0.196954 1020 1.479 101.9529 0.2661 0.3061 0.2
351.5 0.903815 0.200014 1020.5 1.4605 99.2286 0.2711 0.3111 0.22

351 0.864445 0.202194 1021 1.4451 99.1818 0.2737 0.3137 0.23
350.5 0.84887 0.20254 1021.5 1.4459 100.4677 0.2743 0.3143 0.23

350 0.864523 0.201434 1022 1.4549 101.2026 0.2763 0.3163 0.2
349.5 1.017723 0.195505 1022.5 1.486 112.9402 0.2795 0.3195 0.19

349 1.132985 0.189888 1023 1.5328 130.024 0.2869 0.3269 0.16
348.5 1.205927 0.181854 1023.5 1.6363 129.0728 0.2936 0.3336 0.15

348 1.180555 0.172597 1024 1.8053 127.3389 0.2982 0.3382 0.14
347.5 1.140764 0.166437 1024.5 1.9406 134.4249 0.302 0.342 0.14

347 1.091579 0.15948 1025 2.1142 152.0026 0.3128 0.3528 0.14
346.5 1.045941 0.15344 1025.5 2.2858 175.6749 0.3261 0.3661 0.14

346 1.004533 0.148269 1026 2.451 191.0307 0.3391 0.3791 0.14
345.5 0.986721 0.146627 1026.5 2.5096 198.1922 0.3341 0.3741 0.14

345 0.968889 0.145043 1027 2.5685 191.582 0.3249 0.3649 0.14
344 5 0 958625 0 144848 1027 5 2 5802 177 804 0 3207 0 3607 0 15

       SPINDEN A-1 - Ireland

1015

1035

1055

1075

1095

1115

1135

1155

0 100 200

D
ep

th

GR  .GAPI 

       SPINDEN A-1 - Ireland

1015

1035

1055

1075

1095

1115

1135

1155

0.01 0.1 1 10

D
ep

th

RT
RWA

       SPINDEN A-1 - Ireland

1015

1035

1055

1075

1095

1115

1135

1155

0.000 0.500 1.000

D
ep

th

SW
PAY

       SPINDEN A-1 - Ireland

1015

1035

1055

1075

1095

1115

1135

1155

0.0000.3000.600

D
ep

th

PHI
corr N
BVW

80

D-268



       SPINDEN A-1
Sw=20%

Sw=40%

Sw=60%

Sw=80%
Sw=100%

BV
W

=.
12

BV
W

=.
14

BV
W

=.
16

0.010

0.100

1.000

1 10

RESISTIVITY Ohm-m

PO
R

O
SI

TY
 

Douglas
Depth: 1015 - 1040
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

1012 - 1017.5
1017.5 - 1023
1023 - 1028.5
1028.5 - 1035
1035 - 1040

DEPTH

Spinden A-1
Douglas (1035-40)

• High GR (> 100 API), 
separation between desnity
porosity and BVW
• Increasing Sw at the base 
indicate possible transition  
• Probably some gas where 
Sw < 60%.
• GR cut-off needs to be 
tested.

355 1.053388 0.173704 1017 1.8258 98.2504 0.2562 0.164
354.5 1.025929 0.178101 1017.5 1.7547 100.5958 0.2834 0.173

354 1.019497 0.181674 1018 1.6952 108.0514 0.2886 0.178
353.5 1.017118 0.185522 1018.5 1.6332 111.7765 0.2837 0.182

353 1.022366 0.189547 1019 1.5697 114.8677 0.2779 0.185
352.5 1.010515 0.193109 1019.5 1.5215 111.8773 0.2697 0.19

352 0.975019 0.196954 1020 1.479 101.9529 0.2661 0.20
351.5 0.903815 0.200014 1020.5 1.4605 99.2286 0.2711 0.22

351 0.864445 0.202194 1021 1.4451 99.1818 0.2737 0.233
350.5 0.84887 0.20254 1021.5 1.4459 100.4677 0.2743 0.238

350 0.864523 0.201434 1022 1.4549 101.2026 0.2763 0.23
349.5 1.017723 0.195505 1022.5 1.486 112.9402 0.2795 0.192

349 1.132985 0.189888 1023 1.5328 130.024 0.2869 0.167
348.5 1.205927 0.181854 1023.5 1.6363 129.0728 0.2936 0.150

348 1.180555 0.172597 1024 1.8053 127.3389 0.2982 0.146
347.5 1.140764 0.166437 1024.5 1.9406 134.4249 0.302 0.145

347 1.091579 0.15948 1025 2.1142 152.0026 0.3128 0.146
346.5 1.045941 0.15344 1025.5 2.2858 175.6749 0.3261 0.146

346 1.004533 0.148269 1026 2.451 191.0307 0.3391 0.147
345.5 0.986721 0.146627 1026.5 2.5096 198.1922 0.3341 0.148

345 0.968889 0.145043 1027 2.5685 191.582 0.3249 0.149
344 5 0 958625 0 144848 1027 5 2 5802 177 804 0 3207 0 15
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Figure 38: Log analysis of Douglas Sandstone in Spinden A1 well. 81
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Techumseh
Depth: 815 - 840
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

814 - 818
818 - 822
822 - 830.5
830.5 - 836
836 - 841.5

DEPTH

High porosity shale
caps sand

Spinden A-1
Tecumseh (822-30 ft)

• Capping shale on top of 
sand.
• Density porosity and BVW 
overlap in sand, and high GR 
(> 100 API)
• Sand expected to be wet

Capping shale – not a wash out 
effect

Figure 39: Log analysis of Tecumseh Sandstone in Spinden A1 well.

555 1.547962 0.157118 817 2.0252 28.9545 0.2951 0.3351
554.5 1.55517 0.158938 817.5 1.9818 27.0015 0.305 0.345

554 1.400733 0.163325 818 1.9269 27.7386 0.3173 0.3573
553.5 0.955296 0.170711 818.5 1.921 32.1402 0.3476 0.3876

553 0.521408 0.181554 819 1.9408 68.2868 0.3873 0.4273
552.5 0.450045 0.184563 819.5 1.9405 112.4903 0.4015 0.4415

552 0.450996 0.186081 820 1.9113 138.6653 0.404 0.444
551.5 0.490473 0.188096 820.5 1.8434 136.9594 0.3804 0.4204

551 0.581788 0.190826 821 1.7359 135.8546 0.3663 0.4063
550.5 0.684736 0.194944 821.5 1.6169 138.9084 0.3745 0.4145

550 0.825767 0.198845 822 1.5029 144.299 0.3981 0.4381
549.5 0.909044 0.201353 822.5 1.4414 124.7592 0.3991 0.4391

549 0.918469 0.204268 823 1.4017 113.3006 0.394 0.434
548.5 0.900895 0.206215 823.5 1.3833 100.7375 0.388 0.428

548 0.882441 0.204991 824 1.404 99.1182 0.3783 0.4183
547.5 0.884162 0.203446 824.5 1.4227 105.2299 0.369 0.409

547 0.899715 0.199827 825 1.4643 110.1228 0.3697 0.4097
546.5 0.90999 0.195193 825.5 1.524 112.537 0.3706 0.4106

546 0.928504 0.188393 826 1.6179 114.5238 0.3698 0.4098
545.5 0.957639 0.182239 826.5 1.707 117.4596 0.3767 0.4167

545 0.996614 0.175005 827 1.8215 120.6886 0.3866 0.4266
544.5 1.01146 0.168206 827.5 1.9504 127.4896 0.3839 0.4239
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Spinden A-1

Shale caps 
Tecumseh sand. 
The high porosity 
marking the shale 
is not due to hole 
washout

Figure 40: Log showing the location of the shale bed capping the Tecumseh Sandstone in Spinden A1 well. 83
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Severy
Depth: 615 - 680
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

602 - 616
616 - 630
630 - 644
644 - 658
655 - 661

DEPTH

Spinden A-1
Severy (655-61 ft)

• Cleaner sand (low GR) with 
high BVW (>0.16) indicating 
finer pores
• Seperation between density 
porosity and BVW 
• Intermediate Sw (between 
60 and 70%) suggests 
• Gas in transition

Figure 41: Log analysis of Severy Sandstone in Spinden A1 well.

755 1.114688 0.151375 617 2.3126 144.0487 0.4939 0.5339 0.1
754.5 1.068919 0.152107 617.5 2.3119 136.7711 0.4767 0.5167 0.1

754 0.986553 0.152225 618 2.346 131.484 0.4656 0.5056 0.1
753.5 0.920175 0.152197 618.5 2.3797 125.4238 0.4719 0.5119 0.1

753 0.897171 0.151084 619 2.4236 126.1756 0.4784 0.5184 0.1
752.5 0.904146 0.149365 619.5 2.4702 129.2975 0.4746 0.5146 0.1

752 0.915159 0.147341 620 2.5255 132.7665 0.4629 0.5029 0.
751.5 0.943003 0.14626 620.5 2.5439 135.8986 0.4515 0.4915 0.1

751 0.973573 0.144965 621 2.5685 138.151 0.447 0.487 0.1
750.5 1.013047 0.143346 621.5 2.6002 133.7124 0.4552 0.4952 0.1

750 1.034493 0.142657 622 2.6119 134.1931 0.4572 0.4972 0.1
749.5 1.02655 0.142588 622.5 2.6182 139.101 0.4489 0.4889 0.1

749 0.983444 0.142698 623 2.6371 139.8311 0.4442 0.4842 0.1
748.5 0.952796 0.142634 623.5 2.656 135.3793 0.4609 0.5009 0.1

748 0.954069 0.142633 624 2.6553 130.4224 0.4825 0.5225 0.1
747.5 0.958704 0.141984 624.5 2.6746 125.0739 0.4738 0.5138 0.1

747 0.97851 0.141688 625 2.6737 122.3933 0.4639 0.5039 0.1
746.5 1.000466 0.141366 625.5 2.6728 124.9241 0.4539 0.4939 0.1

746 1.012753 0.141785 626 2.6521 131.8093 0.4517 0.4917 0
745.5 1.020764 0.141682 626.5 2.6514 134.0917 0.4661 0.5061 0.1

745 1.046048 0.141321 627 2.6506 138.2336 0.4746 0.5146 0.1
744 5 1 07639 0 140899 627 5 2 6497 144 2381 0 4645 0 5045 0 1
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Douglas
Depth: 1025 - 1060
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

1024.1 - 1034
1034 - 1042
1042 - 1047.2
1047.2 - 1054.9
1054.9 - 1062.6

DEPTH

345 1.232552 0.161711 1027 2.0125 40.1465 0.1312 2.4335
344.5 1.327992 0.160687 1027.5 2.0055 37.4526 0.121 2.4503

344 1.393145 0.160212 1028 1.997 35.7518 0.115 2.4602
343.5 1.466273 0.159677 1028.5 1.9886 34.7589 0.1089 2.4703

343 1.541331 0.155674 1029 2.0609 32.2151 0.101 2.4833
342.5 1.538056 0.147807 1029.5 2.2635 35.2923 0.0961 2.49143

342 1.456981 0.14395 1030 2.3997 34.7499 0.0988 2.4869
341.5 1.36648 0.141021 1030.5 2.5223 31.4292 0.1032 2.4797

341 1.271638 0.137591 1031 2.6748 28.0614 0.1082 2.4714
340.5 1.247151 0.140554 1031.5 2.5842 25.9054 0.1127 2.46404

340 1.201151 0.143898 1032 2.4958 24.6256 0.1198 2.4523
339.5 1.119808 0.144455 1032.5 2.5135 25.7743 0.129 2.437

339 1.062593 0.143556 1033 2.5687 29.223 0.1351 2.42708
338.5 1.00687 0.142472 1033.5 2.6322 35.9036 0.1415 2.41652

338 0.920944 0.139431 1034 2.7857 44.6037 0.1514 2.400
337.5 0.849351 0.13768 1034.5 2.8963 55.547 0.1621 2.38253

337 0.755775 0.138534 1035 2.9319 65.5266 0.1833 2.34755
336.5 0.74585 0.139176 1035.5 2.9153 70.4712 0.1866 2.342

336 0.757162 0.145905 1036 2.6697 83.6811 0.1927 2.33204
335.5 0.750104 0.152121 1036.5 2.4812 96.8401 0.2028 2.3153

335 0.748732 0.162026 1037 2.2157 94.0043 0.2164 2.2929
334.5 0.734366 0.168978 1037.5 2.0623 90.7715 0.2301 2.27033
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Douglas (1034-42 ft)

• Gas confirmed during 
drilling
• GR < 100 API, seperation
between density porosity and 
BVW
• Sw > 70% and increases 
with depth
• Probably some gas in 
transitional 
• Recommend further testing

Figure 42: Log analysis of Douglas Sandstone in Stauffer 2-35 well. 85
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Techumseh
Depth: 815 - 860
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

811.8 - 821.7
821.7 - 831.6
831.6 - 839
839 - 845
845 - 861.3

DEPTH

555 0.969012 0.196419 817 1.4881 79.5333 0.2027 2.31554
554.5 0.964355 0.190364 817.5 1.5759 81.9249 0.1974 2.3242

554 0.919652 0.177953 818 1.7962 84.81 0.1935 2.33072
553.5 0.853072 0.167629 818.5 2.0305 85.359 0.1965 2.32577

553 0.837923 0.164149 819 2.1162 91.5414 0.1959 2.32676
552.5 0.845898 0.156999 819.5 2.2885 98.0605 0.1856 2.3437

552 0.862706 0.152095 820 2.4135 103.7969 0.1763 2.35910
551.5 0.858415 0.149708 820.5 2.4857 116.512 0.1744 2.3622

551 0.815973 0.148181 821 2.5578 119.1895 0.1816 2.3503
550.5 0.795029 0.148829 821.5 2.551 120.4005 0.1872 2.341

550 0.816352 0.152331 822 2.4335 129.0386 0.1866 2.342
549.5 0.861268 0.157009 822.5 2.28 133.6857 0.1823 2.34920

549 0.921531 0.16219 823 2.1217 132.1029 0.176 2.359
548.5 0.983225 0.168721 823.5 1.9507 130.8865 0.1716 2.3668

548 0.998039 0.168768 824 1.9439 127.7075 0.1691 2.37098
547.5 1.069822 0.167855 824.5 1.9359 130.1066 0.1569 2.3911

547 1.065803 0.164027 825 2.0195 135.9012 0.1539 2.39606
546.5 1.039008 0.158345 825.5 2.1628 136.713 0.1524 2.3985

546 1.029004 0.152601 826 2.316 135.0161 0.1483 2.40530
545.5 1.071924 0.146425 826.5 2.4745 134.6108 0.1366 2.4246

545 1.105039 0.142108 827 2.5956 133.8885 0.1286 2.4378
544.5 1.12017 0.13442 827.5 2.8611 124.1743 0.12 2.45

    STAUFFER #2-35 - 
Techumseh

815

820

825

830

835

840

845

850

855

860

0 100 200

D
ep

th

GR  .GAPI 

   STAUFFER #2-35 - 
Techumseh

815

820

825

830

835

840

845

850

855

860

0.0000.1500.300

D
ep

th

PHI
BVW

   STAUFFER #2-35 - 
Techumseh

815

820

825

830

835

840

845

850

855

860

0.01 0.1 1 10

D
ep

th

RT
RWA

   STAUFFER #2-35 - 
Techumseh

815

820

825

830

835

840

845

850

855

860

0.000 0.500 1.000

D
ep

th

SW
PAY

Stauffer 2-35

Tecumseh (839-45 ft)

• Little separation between density 
porosity and BVW 

• Sw increases with depth and exceeds 
80%

• Sand expected to be wet

Shale overlying sand

Figure 43: Log analysis of Tecumseh Sandstone in Stauffer 2-35 well.

Tecumseh Tecumseh Tecumseh Tecumseh
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Stauffer 2-35 

Shale bed overlies the 
Tecumseh sand

Figure 44: Log showing location of shale bed overlying Tecumseh Sandstone in Stauffer 2-35 well. 87
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735 1.020439 0.091737 637 5.7981 64.7485 0.0899 2.501
734.5 1.011159 0.090499 637.5 5.9526 70.3951 0.0895 2.502

734 1.004835 0.092043 638 5.7813 72.9182 0.0916 2.49
733.5 1.007657 0.097642 638.5 5.1954 73.4551 0.0969 2.490

733 0.930825 0.106393 639 4.5228 72.0606 0.1143 2.461
732.5 0.96409 0.119354 639.5 3.6517 72.9897 0.1238 2.44

732 0.918943 0.126355 640 3.3274 77.1016 0.1375 2.423
731.5 0.865597 0.136764 640.5 2.9202 84.0656 0.158 2.3

731 0.847004 0.144499 641 2.6564 94.3714 0.1706 2.36
730.5 0.801483 0.145629 641.5 2.6485 99.791 0.1817 2.350

730 0.767897 0.146591 642 2.6398 109.7376 0.1909 2.335
729.5 0.751908 0.147148 642.5 2.6329 115.052 0.1957 2.327

729 0.720341 0.143204 643 2.7887 114.3396 0.1988 2.32
728.5 0.725495 0.140819 643.5 2.8702 110.6172 0.1941 2.329

728 0.724766 0.137053 644 3.0143 112.9349 0.1891 2.337
727.5 0.672538 0.13444 644.5 3.1676 117.0691 0.1999 2.320

727 0.668368 0.132805 645 3.2422 117.5747 0.1987 2.322
726.5 0.684977 0.133571 645.5 3.1931 114.464 0.195 2.32

726 0.701843 0.136438 646 3.0584 114.4558 0.1944 2.32
725.5 0.686269 0.143293 646.5 2.8127 114.835 0.2088 2.30

725 0.696052 0.148607 647 2.6268 117.4248 0.2135 2.297
724.5 0.680682 0.155127 647.5 2.4423 114.1364 0.2279 2.273
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• Overlap of BVW and 
density porosity
• Sw > 80%)
• Slight cleaning of sand 
upward
•Sand expected to be wet
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Severy
Depth: 635 - 700
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

630 - 644
644 - 658
658 - 672
672 - 679
679 - 700

DEPTH

wet (red)
zones above higher phi, but shaly (high GR)

Figure 45: Log analysis of Severy Sandstone in Stauffer 2-35 well. 88
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Douglas
Depth: 940 - 970
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

937.2 - 943.8
943.8 - 950.4
950.4 - 957
957 - 963.6
962 - 967

DEPTH

Stauffer 8-35
Douglas (965-967 ft)

• Shale washout on top of sand (962-
964 ft)
• Sand below shale - BVW cluster 
around 0.15, separation between 
density porosity and BVW
• Sw < 80%
• Thin zone with some transitional 
gas.
• Zone needs to be tested to see if water 
is mobile.

Figure 46: Log analysis of Douglas Sandstone in Stauffer 8-35 well.

344 1.712306 0.123286 942 3.0709 21.0003 0.1696 0.2096
343.5 1.712362 0.12329 942.5 3.0707 21.7434 0.1783 0.2183

343 1.692268 0.124043 943 3.0444 23.4601 0.1806 0.2206
342.5 1.565266 0.12663 943.5 2.9795 28.0224 0.1809 0.2209

342 1.463699 0.130269 944 2.8696 36.9174 0.1837 0.2237
341.5 1.353022 0.133273 944.5 2.7979 54.0238 0.1902 0.2302

341 1.242484 0.13717 945 2.7021 72.5008 0.2012 0.2412
340.5 1.166096 0.14238 945.5 2.559 88.3644 0.2247 0.2647

340 1.075014 0.149642 946 2.3782 101.1225 0.2378 0.2778
339.5 0.997252 0.156668 946.5 2.2228 108.2254 0.2466 0.2866

339 0.905923 0.163157 947 2.1063 99.6088 0.2484 0.2884
338.5 0.84824 0.171684 947.5 1.9472 87.5439 0.2465 0.2865

338 0.81141 0.180295 948 1.7989 79.4507 0.2385 0.2785
337.5 0.816209 0.189279 948.5 1.6462 71.2772 0.2328 0.2728

337 0.806327 0.198195 949 1.519 63.2875 0.2319 0.2719
336.5 0.826726 0.205524 949.5 1.4158 60.4647 0.2348 0.2748

336 0.859402 0.212272 950 1.3255 61.2077 0.2401 0.2801
335.5 0.897843 0.215841 950.5 1.2751 67.736 0.2477 0.2877

335 0.909682 0.217323 951 1.2562 68.1104 0.2561 0.2961
334.5 0.913167 0.216695 951.5 1.2618 65.4346 0.265 0.305

334 0.922866 0.214474 952 1.2827 65.1096 0.2565 0.2965
333.5 0.954394 0.211207 952.5 1.3098 77.7286 0.2424 0.2824
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Stauffer 8-35
Douglas

• Washout at top in 
overlying shale

Figure 47: Log showing shale that was washed out. Shale overlies the Severy Sandstone in Stauffer 2-35 well. 90
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Techumseh
Depth: 750 - 770
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

748 - 752.4
752.4 - 755
755 - 759
759 - 765.6
765.6 - 770

DEPTH

Stauffer 8-35
Tecumseh (755-759 ft)

•Small clustering at moderate BVW 
(0.15) – test to check for mobile water
• Decrease in GR upwards may be 
indicative of coarsening
• Top of sand - Separation between 
density porosity and BVW  
• Sw > 80% 
• Bottom of sand - Sw increases 
downwards
• Poor prospect - gas in transition 
zone

Figure 48: Log analysis of Tecumseh Sandstone in Stauffer 8-35 well.

534 1.079108 0.14568 752 2.494 122.1775 0.3451 0.3851
533.5 1.080667 0.144593 752.5 2.5271 123.6085 0.3299 0.3699

533 1.065692 0.143762 753 2.5606 128.6778 0.3233 0.3633
532.5 1.044322 0.143594 753.5 2.5764 130.3124 0.3147 0.3547

532 1.005116 0.144234 754 2.5755 122.1871 0.3034 0.3434
531.5 0.955062 0.145074 754.5 2.5749 111.845 0.2865 0.3265

531 0.879484 0.146434 755 2.5741 101.5364 0.2764 0.3164
530.5 0.812289 0.147755 755.5 2.5734 90.2799 0.269 0.309

530 0.777495 0.148501 756 2.5726 77.6772 0.2579 0.2979
529.5 0.776168 0.148559 756.5 2.5717 74.1445 0.2466 0.2866

529 0.799756 0.147155 757 2.6004 84.5175 0.2508 0.2908
528.5 0.834619 0.145391 757.5 2.6349 90.6219 0.2705 0.3105

528 0.867439 0.14252 758 2.7102 98.0792 0.2918 0.3318
527.5 0.91419 0.140602 758.5 2.7481 104.6219 0.3124 0.3524

527 0.941748 0.139002 759 2.7887 108.4187 0.3127 0.3527
526.5 0.970313 0.138561 759.5 2.788 109.0797 0.3076 0.3476

526 0.974306 0.138351 760 2.7933 109.3456 0.3044 0.3444
525.5 0.957596 0.138181 760.5 2.8092 112.1202 0.3045 0.3445

525 0.9261 0.137618 761 2.8489 109.3797 0.3045 0.3445
524.5 0.907921 0.137368 761.5 2.8696 110.8942 0.3053 0.3453

524 0.929435 0.136813 762 2.8771 112.2657 0.3081 0.3481
523 5 0 965895 0 135901 762 5 2 8896 111 4971 0 3158 0 3558
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Calhoun
Depth: 655 - 680
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

654.5 - 658
658 - 666
666 - 671
671 - 676.5
676.5 - 682

DEPTH

Stauffer 8-35 

Calhoun (658-65 ft)

• Top of sand – low GR and 
seperation between density 
porosity and BVW, BVW around 
0.14

• Base of sand - Sw increases with 
depth – indicative of transition

• Probably gas in transition

Figure 49: Log analysis of Calhoun Sandstone in Stauffer 8-35 well.

629 0.997074 0.135303 657 2.8942 138.8795 0.3242 0.3642
628.5 0.986831 0.137071 657.5 2.8332 137.7287 0.3327 0.3727

628 0.961359 0.139109 658 2.7734 131.5729 0.3347 0.3747
627.5 0.903191 0.141169 658.5 2.7349 114.2632 0.342 0.382

627 0.846535 0.14281 659 2.7135 111.5637 0.3436 0.3836
626.5 0.794393 0.143547 659.5 2.7229 107.876 0.3364 0.3764

626 0.753734 0.144114 660 2.7322 104.389 0.327 0.367
625.5 0.721103 0.144149 660.5 2.7553 98.3652 0.3204 0.3604

625 0.708947 0.143349 661 2.7925 95.8242 0.3163 0.3563
624.5 0.707776 0.141626 661.5 2.8549 99.772 0.3226 0.3626

624 0.722087 0.139507 662 2.9217 108.8921 0.3255 0.3655
623.5 0.761755 0.137421 662.5 2.9701 111.8701 0.3216 0.3616

623 0.78838 0.136469 663 2.9869 109.8696 0.316 0.356
622.5 0.821107 0.135401 663.5 3.0049 102.721 0.3204 0.3604

622 0.854455 0.134833 664 3.0037 88.4728 0.3279 0.3679
621.5 0.961757 0.133396 664.5 2.9906 91.9264 0.3296 0.3696

621 1.057177 0.132464 665 2.9718 103.8054 0.3272 0.3672
620.5 1.197497 0.131725 665.5 2.928 114.87 0.322 0.362

620 1.236332 0.132782 666 2.8678 120.7629 0.3165 0.3565
619.5 1.251584 0.135421 666.5 2.7612 121.5609 0.3098 0.3498

619 1.217225 0.137303 667 2.7085 119.8208 0.3023 0.3423
618 5 1 183165 0 139377 667 5 2 6514 118 8109 0 3094 0 3494
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Severy
Depth: 570 - 610
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

563.2 - 572
572 - 577
577 - 588
588 - 598.4
598.4 - 616

DEPTH

Stauffer 8-35

Severy (577-588 ft)

• Clustered BVW ~0.14

• Coal on top of sand (high porosity, 
moderate GR)

• GR indicates cleaning upward in sand. 
No gas effect visible. Porosity low.

• Slight separation between density 
porosity and BVW, Sw < 80%

• Probable gas
Coal

Figure 50: Log analysis of Severy Sandstone in Stauffer 8-35 well.

714 0.309386 0.148598 572 3.0896 77.5266 0.3872 0.4
713.5 0.27968 0.150831 572.5 3.0691 74.9618 0.3969 0.4

713 0.291557 0.150152 573 3.0685 89.2403 0.394 0
712.5 0.350126 0.147753 573.5 3.0452 109.7073 0.3824 0.4

712 0.450478 0.144468 574 3.0151 122.5234 0.3676 0.4
711.5 0.560653 0.142126 574.5 2.9722 114.734 0.3562 0.

711 0.732772 0.139593 575 2.9099 98.1526 0.3421 0.
710.5 0.844443 0.138573 575.5 2.8661 92.4171 0.3244 0.

710 0.858642 0.138327 576 2.8657 87.8232 0.312 0
709.5 0.851165 0.138314 576.5 2.8712 86.4186 0.3179 0.

709 0.82278 0.137816 577 2.9096 90.2683 0.3286 0.
708.5 0.767201 0.137789 577.5 2.9516 93.0171 0.3343 0.

708 0.717812 0.138825 578 2.9511 91.1776 0.3289 0.
707.5 0.667716 0.139953 578.5 2.9508 82.1952 0.3263 0.

707 0.6773 0.140608 579 2.9178 81.5836 0.3273 0.
706.5 0.706176 0.141447 579.5 2.8627 84.2795 0.3225 0.

706 0.754462 0.141009 580 2.8409 83.5466 0.313 0
705.5 0.784814 0.140403 580.5 2.8405 82.9629 0.2995 0.

705 0.808932 0.139702 581 2.8489 90.6067 0.2965 0.
704.5 0.821149 0.139021 581.5 2.8655 100.0012 0.3003 0.

704 0.820955 0.138003 582 2.9038 103.4629 0.3068 0.
703.5 0.82279 0.138558 582.5 2.8816 106.4039 0.3134 0.
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Douglas
Depth: 880 - 900
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

875.6 - 880.0001
880.0001 - 884.4
884.4 - 890
890 - 897
897 - 902.0001

DEPTH

McCallum Simmons GU #1

Douglas (895-897 ft)

• Washout above sand in shale bed (891-
895 ft)

• BVW < 0.14 in sand with separation 
between density porosity and BVW

• Sw < 80% in sand

• Probably gas in transition

sand

Figure 51: Log analysis of Douglas Sandstone in McCallum Simmons GU 1 well.

319 0.993182 0.185824 882 1.6362 135.145 0.2971 0.3371 0.18
318.5 0.987839 0.176724 882.5 1.7929 141.1015 0.31 0.35 0.17

318 0.913789 0.170513 883 1.9422 135.4742 0.3123 0.3523 0.18
317.5 0.839392 0.169977 883.5 1.9867 119.3478 0.3053 0.3453 0.20

317 0.797739 0.170237 884 2.0015 100.3248 0.299 0.339 0.21
316.5 0.794509 0.170343 884.5 2.0009 91.4677 0.2913 0.3313 0.21

316 0.814837 0.169893 885 2.0003 84.0006 0.2748 0.3148 0.20
315.5 0.841518 0.167883 885.5 2.0305 79.6088 0.2602 0.3002 0.19

315 0.862499 0.165686 886 2.069 83.4038 0.2502 0.2902 0.19
314.5 0.870474 0.16243 886.5 2.1403 81.1595 0.2627 0.3027 0.18

314 0.848978 0.158759 887 2.2414 82.0585 0.2643 0.3043 0.1
313.5 0.804092 0.153742 887.5 2.4007 84.6427 0.2653 0.3053 0.19

313 0.801895 0.151237 888 2.4741 81.8609 0.2683 0.3083 0.18
312.5 0.811101 0.14835 888.5 2.5556 90.7645 0.276 0.316 0.18

312 0.823742 0.146379 889 2.6098 114.7312 0.2902 0.3302 0.17
311.5 0.806975 0.145498 889.5 2.6492 140.3193 0.298 0.338 0.18

311 0.706908 0.146754 890 2.6785 159.2257 0.3097 0.3497 0.20
310.5 0.640176 0.147305 890.5 2.7138 166.1875 0.3259 0.3659 0.23

310 0.603427 0.147176 891 2.7504 171.3135 0.3298 0.3698 0.24
309.5 0.628456 0.145299 891.5 2.7919 155.4172 0.3324 0.3724 0.23

309 0.649986 0.144492 892 2.8011 144.703 0.3367 0.3767 0.22
308 5 0 679343 0 143477 892 5 2 8119 136 2468 0 3439 0 3839 0 21
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Douglas
Depth: 865 - 890
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

863.5 - 869
869 - 873.5
873.5 - 880
880 - 885.5
885.5 - 891

DEPTH

Starkey A-1

Douglas (871-874 ft)

• Gas effect on neutron porosity, 
separation between density porosity 
and BVW. No washout.

• But high BVW (>0.18) suggesting 
fine pores and probable lower perm

• Coarsening upward package 
indicated by decreasing BVW. GR < 
100 API.

• May produce gas.

Figure 52: Log analysis of Douglas Sandstone in Starkey A1 well.

334 1.51507 0.134084 867 2.7056 21.7832 0.2005 0.240
333.5 1.388618 0.13789 867.5 2.6179 23.3295 0.2161 0.256

333 1.289404 0.142995 868 2.4887 24.8915 0.2216 0.261
332.5 1.146095 0.150941 868.5 2.3117 52.8351 0.2171 0.257

332 0.90439 0.16071 869 2.1651 94.2515 0.2117 0.251
331.5 0.70683 0.173385 869.5 1.984 114.8684 0.2131 0.253

331 0.660775 0.184422 870 1.7995 123.7113 0.2127 0.252
330.5 0.640569 0.196719 870.5 1.6121 110.567 0.2086 0.248

330 0.633188 0.207876 871 1.4631 88.5333 0.1971 0.237
329.5 0.657588 0.221081 871.5 1.2997 76.1986 0.1834 0.223

329 0.704859 0.232181 872 1.1736 70.7708 0.1836 0.223
328.5 0.758437 0.238832 872.5 1.0992 63.1443 0.1931 0.233

328 0.850026 0.239367 873 1.0701 64.3401 0.2172 0.257
327.5 0.910183 0.238013 873.5 1.0664 72.4417 0.2488 0.288

327 0.999219 0.233318 874 1.0849 79.2676 0.2642 0.304
326.5 1.059503 0.221754 874.5 1.175 84.7938 0.2669 0.306

326 1.157287 0.210279 875 1.2703 91.1649 0.2681 0.308
325.5 1.226517 0.198083 875.5 1.3982 111.7769 0.267 0.30

325 1.204442 0.184641 876 1.5925 118.8756 0.2636 0.303
324.5 1.166346 0.171686 876.5 1.827 118.5567 0.2627 0.302

324 1.150649 0.162472 877 2.0232 117.6207 0.2656 0.305
323.5 1.135278 0.153944 877.5 2.2354 121.6718 0.2808 0.320
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Calhoun
Depth: 570 - 600
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

567.6 - 574.2
574.2 - 579
579 - 586
586 - 594
594 - 600.6

DEPTH

Starkey A-1

Calhoun (583-86 ft)

• Slight gas effect on neutron 
porosity 

• high BVW (>0.2) suggest fine 
pores

• high Sw (+ 80%) suggests 
transition. Also Sw increases with 
depth.

• Gas in transition

Figure 53: Log analysis of Calhoun Sandstone in Starkey A1 well.

629 1.15221 0.103123 572 4.5844 49.8498 0.2599 0.299
628.5 0.996763 0.11692 572.5 3.7645 94.693 0.2778 0.317

628 0.923461 0.124852 573 3.3965 96.4777 0.3031 0.343
627.5 0.861453 0.130855 573.5 3.1649 101.1407 0.3175 0.357

627 0.854713 0.134275 574 3.026 110.2212 0.3324 0.372
626.5 0.895147 0.136958 574.5 2.8933 121.2317 0.3548 0.394

626 0.935099 0.138021 575 2.8285 135.9096 0.387 0.42
625.5 0.968178 0.139514 575.5 2.755 144.682 0.3989 0.438

625 0.981751 0.141372 576 2.6827 136.1884 0.3777 0.417
624.5 0.97034 0.143513 576.5 2.6172 131.0178 0.3597 0.399

624 0.930237 0.14614 577 2.5546 127.4269 0.3474 0.387
623.5 0.887469 0.14874 577.5 2.4982 122.5094 0.3411 0.38

623 0.855503 0.152878 578 2.3953 126.7579 0.3353 0.375
622.5 0.823793 0.158745 578.5 2.2553 128.6905 0.3303 0.370

622 0.765686 0.167838 579 2.0702 127.694 0.3289 0.368
621.5 0.723273 0.179155 579.5 1.8619 113.1419 0.333 0.37

621 0.713184 0.192203 580 1.6452 92.9461 0.3348 0.374
620.5 0.723312 0.206867 580.5 1.4372 76.621 0.3285 0.368

620 0.753549 0.220036 581 1.2756 87.1858 0.3195 0.359
619.5 0.789755 0.235426 581.5 1.1189 101.5108 0.3093 0.349

619 0.825757 0.251113 582 0.9874 114.3525 0.301 0.34
618.5 0.854172 0.264452 582.5 0.8935 102.1288 0.3095 0.349

       STARKEY A-1 - 
Calhoun

570

575

580

585

590

595

600

0 100 200

D
ep

th

GR  .GAPI 

      STARKEY A-1 - 
Calhoun

570

575

580

585

590

595

600

0.000 0.500 1.000

D
ep

th

SW
PAY

      STARKEY A-1 - 
Calhoun

570

575

580

585

590

595

600

0.0000.2500.500

D
ep

th

PHI
corr N
BVW

      STARKEY A-1 - 
Calhoun

570

575

580

585

590

595

600

0.01 0.1 1 10

D
ep

th

RT
RWA

96

D-284



       STARKEY A-1
Sw=20%

Sw=40%

Sw=60%

Sw=80%
Sw=100%

B
V

W
=.

12

B
V

W
=.

14

B
V

W
=.

16

0.010

0.100

1.000

1 10

RESISTIVITY Ohm-m

PO
R

O
SI

TY
 

Severy
Depth: 480 - 530
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

473 - 484
484 - 494
494 - 507
507 - 517
517 - 539

DEPTH

Starkey A-1

Severy (500-506 ft)

• Slight gas effect on neutron porosity

• Low BVW (~0.12) suggest larger 
pores. Sw increases with depth. Much 
of sand at Sw < 60%.

• A (3 ft) coal bed is suspected to 
overly the sand. 

• GAS zone

Indicative of Coal

Figure 54: Log analysis of Severy Sandstone in Starkey A1 well.

719 4.784094 0.061236 482 8.8115 40.8666 0.0399 0.
718.5 3.265386 0.062042 482.5 9.2897 39.1129 0.0409 0.

718 1.913288 0.066391 483 9.1511 39.1433 0.0492 0.
717.5 1.204161 0.071888 483.5 8.6997 53.8778 0.0741 0.

717 0.786682 0.081972 484 7.4794 101.4514 0.1483 0.
716.5 0.602587 0.090448 484.5 6.6085 156.6309 0.2431 0.

716 0.574914 0.099058 485 5.6638 157.6771 0.2853 0.
715.5 0.618412 0.104697 485.5 5.0523 128.1381 0.3343 0.

715 0.643656 0.112318 486 4.4166 106.8146 0.3833 0.
714.5 0.595329 0.120078 486.5 3.9778 105.4764 0.41

714 0.383306 0.131934 487 3.6667 120.0232 0.4453 0.
713.5 0.330559 0.138405 487.5 3.465 131.2547 0.4556 0.

713 0.311764 0.144316 488 3.2516 138.0612 0.4593 0.
712.5 0.317671 0.148892 488.5 3.0624 137.2858 0.4491 0.

712 0.353793 0.153369 489 2.8415 141.665 0.4293 0.
711.5 0.440829 0.15407 489.5 2.697 151.9287 0.4214 0.

711 0.561678 0.154405 490 2.5594 154.2903 0.4155 0.
710.5 0.730221 0.154442 490.5 2.4275 154.5462 0.4064 0.

710 0.809084 0.154616 491 2.3734 142.4305 0.377 0
709.5 0.869307 0.153693 491.5 2.3649 134.9886 0.3601 0.

709 0.908818 0.1525 492 2.3771 128.5041 0.349 0
708 5 0 881533 0 151888 492 5 2 409 127 1983 0 336 0
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Douglas
Depth: 925 - 950
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

924 - 929.5
929.5 - 935
935 - 940
940 - 943
943 - 951.5

DEPTH

Wood A-1

Douglas (940-943 ft) 

• No gas effect on neutron 
porosity. Separation between 
density porosity and BVW. 

• Quite shaly (GR> 100 API), but 
BVW less than 0.155

• Sw < 80% and increases with 
depth

• Possible gas in transition

Figure 55: Log analysis of Douglas Sandstone in Wood A1 well.

309 1.22634 0.165556 927 1.9311 145.4646 0.2354 0.27
308.5 1.357935 0.164718 927.5 1.9095 149.4419 0.2458 0.28

308 1.268973 0.165982 928 1.9091 141.4063 0.2613 0.30
307.5 1.086801 0.168889 928.5 1.9086 118.6891 0.2688 0.30

307 0.947736 0.172393 929 1.8904 95.972 0.2693 0.30
306.5 0.845282 0.177256 929.5 1.8397 73.2271 0.2631 0.30

306 0.829012 0.180144 930 1.7939 63.9881 0.2491 0.28
305.5 0.833003 0.180845 930.5 1.7797 57.5001 0.2442 0.28

305 0.850775 0.180449 931 1.7792 56.0044 0.2359 0.27
304.5 0.869647 0.178625 931.5 1.8041 43.7174 0.2221 0.26

304 0.889444 0.173797 932 1.8868 38.1577 0.2131 0.25
303.5 0.904324 0.168204 932.5 1.9946 57.077 0.2145 0.25

303 0.929679 0.162787 933 2.104 75.9594 0.2295 0.26
302.5 1.005081 0.158099 933.5 2.1833 94.8419 0.2396 0.27

302 1.105707 0.152919 934 2.2744 113.7243 0.2447 0.28
301.5 1.12719 0.150818 934.5 2.3228 123.8848 0.2479 0.28

301 1.083111 0.150227 935 2.358 124.9411 0.2563 0.29
300.5 0.913078 0.153123 935.5 2.3575 136.1885 0.2899 0.32

300 0.770331 0.155222 936 2.38 158.3873 0.3053 0.34
299.5 0.632583 0.157513 936.5 2.4112 181.475 0.325 0.3

299 0.610856 0.158823 937 2.3922 178.5491 0.329 0.3
298 5 0 618624 0 159667 937 5 2 3635 167 0051 0 3201 0 36
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Techumseh
Depth: 720 - 745
X: 
Y: 
a: 1
m: 1.6
n: 2
RW: 0.079

715 - 720.5
720.5 - 726
726 - 731
731 - 736
736 - 748

DEPTH

Wood A-1

Tecumseh (732-736 ft)

• Slight gas effect on neutron 
log.

• GR < 100 API with 
moderate porosity and BVW 
cluster around 0.0135

• Sw < 80%. No transition 
visible

• Possibly gas

Figure 56: Log analysis of Tecumseh Sandstone in Wood A1 well.

514 0.812125 0.111505 722 2.8715 32.8464 0.2259 0.2659
513.5 0.756396 0.115729 722.5 2.7837 71.6235 0.2738 0.3138

513 0.745098 0.11862 723 2.6921 122.8483 0.291 0.331
512.5 0.801654 0.118565 723.5 2.6164 140.3404 0.2975 0.3375

512 0.879784 0.115867 724 2.6154 135.86 0.2989 0.3389
511.5 0.90365 0.115125 724.5 2.6143 137.7227 0.2921 0.3321

511 0.885993 0.114116 725 2.6724 139.0451 0.2848 0.3248
510.5 0.863103 0.113412 725.5 2.7274 137.2405 0.2781 0.3181

510 0.841099 0.112875 726 2.7767 133.8152 0.2804 0.3204
509.5 0.804128 0.112015 726.5 2.8619 130.1658 0.2948 0.3348

509 0.767227 0.111785 727 2.9258 130.0275 0.3104 0.3504
508.5 0.742372 0.112692 727.5 2.9265 133.3687 0.3069 0.3469

508 0.736458 0.113488 728 2.903 131.8214 0.2915 0.3315
507.5 0.753357 0.11451 728.5 2.8358 129.4054 0.2822 0.3222

507 0.769544 0.115278 729 2.7819 130.814 0.2803 0.3203
506.5 0.778581 0.117176 729.5 2.6975 139.3121 0.2823 0.3223

506 0.76455 0.12034 730 2.6038 134.8964 0.2816 0.3216
505.5 0.748463 0.123945 730.5 2.5049 126.2531 0.2738 0.3138

505 0.702168 0.128075 731 2.4384 124.5013 0.2674 0.3074
504.5 0.668045 0.132206 731.5 2.3643 120.2684 0.2644 0.3044

504 0.648633 0.135499 732 2.3 101.179 0.263 0.303
503 5 0 64985 0 138093 732 5 2 2296 92 9422 0 2506 0 2906

          WOOD A-1 - 
Techumseh

720

725

730

735

740

745

0 100 200

D
ep

th

GR  .GAPI 

         WOOD A-1 - 
Techumseh

720

725

730

735

740

745

0.0000.2000.400

D
ep

th

PHI
corr N
BVW

         WOOD A-1 - 
Techumseh

720

725

730

735

740

745

0.000 0.500 1.000

D
ep

th

SW
PAY

         WOOD A-1 - 
Techumseh

720

725

730

735

740

745

0.01 0.1 1 10

D
ep

th

RT
RWA

99

D-287



      KISSEL #1-29
Sw=20%Sw=40%Sw=60%Sw=80%

Sw=100%

BV
W

=.
12

BV
W

=.
14

BV
W

=.
16

0.010

0.100

1.000

0.1 1 10

RESISTIVITY Ohm-m

PO
R

O
SI

TY
 

Ireland
Depth: 980 - 1090
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

960 - 984
984 - 1018
1018 - 1034
1034 - 1056
1056 - 1104

DEPTH

Kissel 1-29

Ireland (1020-1037 ft)

• Gas effect visible on neutron 
porosity log, separation between 
density porosity and BVW

• Low GR (< 100 API) and BVW 
cluster around 0.14 

• 60% > Sw > 80%

• Possibly Gas

Figure 57: Log analysis of Ireland Sandstone in Kissel 1-29 well.

292 1.111302 0.149248 982 2.3737 93.7509 0.2077 0.2477 0.13
291.5 1.027473 0.138298 982.5 2.7657 94.8696 0.2029 0.2429 0.11

291 1.023953 0.128097 983 3.1769 96.3144 0.1992 0.2392 0.13
290.5 1.01801 0.119413 983.5 3.609 95.5311 0.1925 0.2325 0.1

290 1.016869 0.117448 984 3.7192 93.6749 0.182 0.222 0.13
289.5 0.997468 0.120694 984.5 3.5548 91.0456 0.1718 0.2118 0.11

289 0.987931 0.125862 985 3.3027 86.7767 0.1586 0.1986 0.10
288.5 1.010763 0.131399 985.5 3.0425 83.0808 0.1364 0.1764 0.09

288 1.072878 0.131964 986 2.9833 82.4008 0.128 0.168 0.09
287.5 1.093013 0.12985 986.5 3.0599 82.7209 0.1395 0.1795 0.10

287 1.069099 0.126368 987 3.2276 85.4004 0.1771 0.2171 0.13
286.5 0.957593 0.120657 987.5 3.5859 89.0771 0.2208 0.2608 0.19

286 0.862661 0.115683 988 3.9498 92.7426 0.2859 0.3259 0.22
285.5 0.853127 0.110053 988.5 4.3305 98.6513 0.326 0.366 0.23

285 0.866819 0.108786 989 4.4077 106.5332 0.3367 0.3767 0.23
284.5 0.854997 0.107901 989.5 4.4853 110.6075 0.3339 0.3739 0.20

284 0.814205 0.107475 990 4.5617 110.7158 0.3207 0.3607 0.17
283.5 0.788675 0.106865 990.5 4.6381 111.4498 0.3126 0.3526 0.14

283 0.754449 0.107433 991 4.635 113.4833 0.3026 0.3426 0.12
282.5 0.784284 0.107368 991.5 4.6042 115.8271 0.2919 0.3319 0.12

282 0.841936 0.108526 992 4.4526 114.3159 0.2768 0.3168 0.13
281 5 0 90643 0 112035 992 5 4 1431 113 3698 0 2741 0 3141 0 13
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Techumseh
Depth: 760 - 785
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

759 - 765
765 - 771
771 - 775.5
775.5 - 781
781 - 786.5

DEPTH

Kissel 1-29

Tecumseh (766-771 ft)

• Gas effect on neutron porosity, 
separation between density porosity 
and BVW

• BVW < 0.16 with some clustering 
around 0.14. Sw close to 60% 

• Possible mudcake build up over this 
interval indicating higher permeability

• Possibly gas

Figure 58: Log analysis of Tecumseh Sandstone in Kissel 1-29 well.

512 0.555068 0.158583 762 2.4451 122.955 0.2746 0.314
511.5 0.706059 0.156816 762.5 2.3777 115.1992 0.2506 0.290

511 0.945248 0.157951 763 2.214 109.7776 0.2262 0.266
510.5 0.939168 0.155057 763.5 2.2919 106.6051 0.2128 0.252

510 0.902495 0.152883 764 2.3697 106.0753 0.2044 0.244
509.5 0.870623 0.150792 764.5 2.4467 104.2796 0.2006 0.240

509 0.789967 0.142431 765 2.7645 102.4717 0.2026 0.242
508.5 0.725184 0.140613 765.5 2.878 102.0964 0.2068 0.246

508 0.648625 0.140816 766 2.9353 100.5377 0.2101 0.250
507.5 0.624058 0.139789 766.5 2.9973 96.3355 0.2047 0.244

507 0.621707 0.14206 767 2.9138 94.8669 0.2044 0.244
506.5 0.619797 0.145404 767.5 2.796 94.6752 0.2055 0.245

506 0.614212 0.149868 768 2.6527 95.6142 0.2058 0.245
505.5 0.620028 0.154573 768.5 2.5044 97.1128 0.2056 0.245

505 0.632215 0.157169 769 2.421 95.6199 0.2077 0.247
504.5 0.648435 0.158088 769.5 2.3836 91.9141 0.2146 0.254

504 0.696945 0.162318 770 2.2404 92.0514 0.2187 0.258
503.5 0.745501 0.167365 770.5 2.0919 95.7245 0.2232 0.263

503 0.784142 0.170237 771 2.0084 99.0681 0.2305 0.270
502.5 0.808079 0.169777 771.5 2.0061 97.1141 0.2353 0.275

502 0.850666 0.168942 772 2.0033 97.9119 0.256 0.29
501 5 0 961819 0 170627 772 5 1 9201 101 9935 0 3288 0 368
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Kissel 1-29 

• Mudcake buildup 762-772 ft.

Figure 59: Log showing mud cake buildup over the Tecumseh Sandstone in Kissel 1-29 well.
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Techumseh
Depth: 750 - 775
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

751 - 752
753.5 - 759
759 - 764.5
764.5 - 770
770 - 775.5

DEPTH

Giger B-1 

Tecumseh (750-755 ft)

• Gas effect on neutron porosity, 
separation between density 
porosity and BVW

• BVW clusters around 0.15, 
moderately high density porosity 
(28%), Sw ~ 60% or less

• GR high

• Possibly gas bearing. No 
show during drilling.

Figure 60: Log analysis of Tecumseh Sandstone in Giger B1 well.

509 0.538087 0.148297 752 2.776 115.082 0.1224 0.
508.5 0.550591 0.150587 752.5 2.6881 116.7868 0.128 0.

508 0.577022 0.152911 753 2.5906 117.0582 0.1459 0
507.5 0.61094 0.154995 753.5 2.4995 117.0596 0.1708 0.

507 0.640291 0.158536 754 2.3775 112.6204 0.1982 0.
506.5 0.66853 0.163188 754.5 2.2375 110.2275 0.2206 0.

506 0.700563 0.167505 755 2.1149 116.3234 0.2326 0.
505.5 0.738749 0.171464 755.5 2.0064 107.3843 0.2446 0.

505 0.784706 0.174126 756 1.9281 99.3035 0.2545 0.
504.5 0.877052 0.174972 756.5 1.8693 109.0924 0.2681 0.

504 0.992012 0.174495 757 1.8328 120.5898 0.2751 0.
503.5 1.115447 0.171556 757.5 1.8459 130.6397 0.2757 0.

503 1.252086 0.169032 758 1.8525 120.0327 0.2699 0
502.5 1.407156 0.164778 758.5 1.8947 104.691 0.2534 0.

502 1.449077 0.161137 759 1.9609 102.0252 0.2572 0.
501.5 1.438645 0.156812 759.5 2.0623 110.8932 0.2664 0

501 1.349735 0.153195 760 2.1784 122.2586 0.279 0.
500.5 1.222162 0.148737 760.5 2.3434 132.0243 0.2899 0.

500 1.155163 0.142663 761 2.5547 131.2734 0.3094 0.
499.5 1.101523 0.136919 761.5 2.7771 120.5067 0.3141 0.

499 1.090122 0.134848 762 2.8603 120.7838 0.3156 0.
498 5 1 098249 0 134755 762 5 2 8596 125 3146 0 3176 0
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Giger B-1

• Samples indicate fine 
grain porous sandstone 
in spite of high gamma 
ray; 

• No gas show during 
drilling.

Figure 61: Log showing high GR over sand interval while georeport indicates fine grained 
sand from the same interval. 104

D-292
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Severy
Depth: 570 - 610
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

563.2 - 572
572 - 579.5
579.5 - 585
585 - 598.4
598.4 - 616

DEPTH

Giger B-1

Severy (580-585 ft)

• Gas effect on neutron porosity, slight 
separation between density porosity 
and BVW

• Increasing BVW and Sw with depth

• Moderate porosity, and relativity low 
GR (< 100 API), Sw + 70%

• Possible coal bed (2 ft) above sand

• Possible gas zone in transition

Figure 62: Log analysis of Severy Sandstone in Giger B1 well.

Suspect
Coal

690.5 0.775884 0.133219 570.5 3.1293 133.8832 0.3302 0.370
690 0.63565 0.137237 571 3.087 138.0346 0.3449 0.384

689.5 0.486156 0.142006 571.5 3.0628 129.7102 0.3613 0.401
689 0.406424 0.144565 572 3.0741 134.4795 0.3838 0.423

688.5 0.340524 0.147174 572.5 3.0839 140.9375 0.4095 0.449
688 0.310883 0.148043 573 3.1075 125.9713 0.4162 0.456

687.5 0.308348 0.147637 573.5 3.128 96.5063 0.4137 0.453
687 0.340215 0.147041 574 3.0895 81.0305 0.4011 0.441

686.5 0.41256 0.145015 574.5 3.0478 93.3433 0.3672 0.407
686 0.558945 0.142028 575 2.9777 112.6825 0.3386 0.378

685.5 0.631372 0.142816 575.5 2.8772 107.2796 0.2904 0.330
685 0.690486 0.143207 576 2.8123 99.6607 0.2756 0.315

684.5 0.717739 0.142615 576.5 2.8115 94.7515 0.2664 0.306
684 0.739191 0.141629 577 2.8301 97.4329 0.2573 0.297

683.5 0.743747 0.13804 577.5 2.9603 104.2564 0.2429 0.282
683 0.779842 0.134523 578 3.0718 96.7571 0.2171 0.257

682.5 0.822562 0.13235 578.5 3.1296 85.8531 0.1919 0.231
682 0.812184 0.132305 579 3.1395 82.9186 0.1728 0.212

681.5 0.782323 0.135889 579.5 3.0145 80.4523 0.1636 0.203
681 0.753751 0.143816 580 2.7424 78.3408 0.1702 0.210

680.5 0.71402 0.154442 580.5 2.4384 82.2198 0.1889 0.228
680 0.71202 0.166826 581 2.1235 85.071 0.217 0.25

679 5 0 738896 0 178591 581 5 1 8645 80 1537 0 2361 0 276
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Giger B-1, Severy 

• Possible coal bed

Figure 63: Log showing presence of possible coal bed in Giger B1 well. 106
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Techumseh
Depth: 745 - 775
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

739.2 - 745.8
745.8 - 750
750 - 756
756 - 765.6
765.6 - 778.8

DEPTH

Davis/Giger GU B-1

Tecumseh (752-756 ft)

• No gas effect, separation 
between density porosity and 
BVW

• Increasing Sw and BVW with 
depth. Upper sand Sw < 80% 
and BVW < 0.16.

• Some chance of gas in 
transition. No show during 
drilling.

Figure 64: Log analysis of Tecumseh Sandstone in Davis-Giger GU B1 well.

747 3.7502 20.9706 0.1269 0.
747.5 3.9393 20.9694 0.1429 0.

748 3.9668 20.9681 0.1713 0.2
748.5 3.9664 23.9078 0.1915 0.2

749 3.9454 30.8082 0.224 0
749.5 3.7816 50.3492 0.2444 0.2

750 3.517 91.5514 0.2623 0.
750.5 3.2518 121.9421 0.2742 0.

751 2.9419 123.3358 0.2794 0.
751.5 2.6547 111.9175 0.2848 0.

752 2.3809 104.7649 0.2928 0.
752.5 2.1116 100.6137 0.3049 0.

753 1.9349 103.3694 0.3074 0.
753.5 1.7857 105.4119 0.295 0

754 1.6608 101.361 0.2851 0.
754.5 1.5292 91.7853 0.277 0

755 1.4558 87.4618 0.2723 0.
755.5 1.3885 86.1457 0.2645 0.

756 1.3448 86.1698 0.2597 0.2
756.5 1.3059 86.3883 0.2567 0.2

757 1.2864 87.0937 0.2603 0.
757 5 1 2895 90 2162 0 2841 0
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Davis/Giger GU B-1

• Georeport indicate sand without gas show

Figure 65: Geo report indicates no gas shows during drilling of Tecumseh Sandstone in Davis/Giger GU B1 well.
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Severy
Depth: 570 - 610
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

563.2 - 575
575 - 579
579 - 589.6
589.6 - 598.4
598.4 - 616

DEPTH

Davis/Giger GU B-1

Severy (579-586 ft)

• Suspect coal to overly the sand

• Little separation between 
density porosity and BVW

• Sw +90%

• Wet sand

Suspect coal bed

Figure 66: Log analysis of Severy Sandstone in Davis-Giger GU B1 well.

572 2.613 116.142 0.2971 0.33
572.5 2.6323 112.2886 0.3094 0.34

573 2.6241 110.3685 0.3205 0.36
573.5 2.6122 112.0829 0.3324 0.37

574 2.6119 118.7534 0.3415 0.38
574.5 2.6116 124.6211 0.3511 0.39

575 2.6113 126.05 0.3578 0.39
575.5 2.6505 126.5389 0.37 0

576 2.6502 124.176 0.3766 0.4
576.5 2.6898 113.3826 0.3774 0.4

577 2.6989 103.2511 0.3618 0.40
577.5 2.73 97.3674 0.3466 0.38

578 2.7501 98.394 0.3276 0.36
578.5 2.7705 109.3829 0.3085 0.34

579 2.7603 115.0111 0.2901 0.33
579.5 2.7239 106.9215 0.2636 0.30

580 2.6878 98.9832 0.2558 0.29
580.5 2.5887 91.5003 0.2569 0.29

581 2.4838 84.6141 0.2648 0.30
581.5 2.3649 74.8088 0.2757 0.3

582 2.2432 69.5916 0.2858 0.32
582 5 2 1454 67 4538 0 291 0 3
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Ireland
Depth: 980 - 1080
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

968 - 990
990 - 1007
1007 - 1016
1016 - 1056
1056 - 1100

DEPTH

few gas bubbles

Marshall A1

Ireland (1007-1026 ft)

• Minor separation between density 
porosity and BVW

• High GR (+100 API) due to 
micacious sand (georeport)

• Some gas show (bubbles) 
observed (georeport)

• Sw + 90%

• Wet Sand

Figure 67: Log analysis of Ireland Sandstone in Marshall A1 well.

982 3.1698 131.3867 0.3086 0.348
982.5 3.2188 129.3491 0.2856 0.325

983 3.1698 126.9712 0.2775 0.317
983.5 3.004 119.9535 0.2703 0.310

984 2.9297 119.9578 0.2597 0.299
984.5 2.8646 113.6934 0.2503 0.290

985 2.8035 106.9182 0.2468 0.286
985.5 2.7608 110.9434 0.246 0.28

986 2.7294 112.4035 0.248 0.28
986.5 2.7187 108.2432 0.2522 0.292

987 2.7187 105.9409 0.2615 0.301
987.5 2.7397 112.2176 0.2748 0.314

988 2.7845 122.7943 0.2817 0.321
988.5 2.8035 130.4371 0.2922 0.332

989 2.8507 132.5496 0.3029 0.342
989.5 2.8909 129.0435 0.3129 0.352

990 2.9496 124.6528 0.3123 0.352
990.5 2.9989 123.6269 0.2994 0.339

991 3.0541 121.026 0.2862 0.326
991.5 3.0976 119.7824 0.2813 0.321

992 3.1698 121.5442 0.2812 0.321
992 5 3 1808 121 5483 0 2831 0 323
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Marshall  A-1

Figure 68: Geo-report showing mention of micacious sand and gas bubbles during 
drilling of Ireland in Marshall A1 well.
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Calhoun
Depth: 600 - 630
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

594 - 600.6
600.6 - 608
608 - 611
611 - 620.4
620.4 - 633.6

DEPTH

Giger A-1

Calhoun (608-611 ft)

• Gas effect on neutron porosity, 
separation between density 
porosity and BVW

• Sw~80% and BVW +0.18

• GR~75 API 

• Probable gas in transition

Figure 69: Log analysis of Calhoun Sandstone in Giger A1 well.

601 1.08432 0.138034 602 2.7455 140.5319 0.2852 0.32
600.5 1.091092 0.139987 602.5 2.6736 146.4573 0.3005 0.34

600 1.146352 0.140772 603 2.6208 149.7602 0.3506 0.39
599.5 1.174014 0.141586 603.5 2.5814 143.4244 0.3692 0.40

599 1.186468 0.14202 604 2.5618 137.6209 0.3621 0.402
598.5 1.166387 0.142299 604.5 2.5615 142.1924 0.344 0.3

598 1.09172 0.144107 605 2.5373 153.6611 0.3275 0.36
597.5 0.984958 0.145774 605.5 2.537 144.9656 0.3176 0.35

597 0.846117 0.148578 606 2.5271 137.8114 0.3144 0.354
596.5 0.766603 0.151327 606.5 2.4938 115.1305 0.3109 0.35

596 0.74392 0.154958 607 2.404 97.9773 0.3061 0.34
595.5 0.76189 0.165102 607.5 2.1345 86.6192 0.2992 0.33

595 0.79474 0.178658 608 1.8363 80.5016 0.29 0.
594.5 0.813645 0.196577 608.5 1.5388 76.1134 0.2699 0.30

594 0.803831 0.214784 609 1.3152 75.0724 0.2364 0.27
593.5 0.831589 0.232013 609.5 1.1369 79.2872 0.2178 0.25

593 0.84526 0.243604 610 1.038 75.7043 0.2013 0.24
592.5 0.869678 0.248554 610.5 0.9954 71.2426 0.2017 0.24

592 0.90078 0.249966 611 0.9784 73.5889 0.2179 0.25
591.5 0.93232 0.246972 611.5 0.993 73.2319 0.2478 0.28

591 1.044518 0.239926 612 1.0226 70.5161 0.2737 0.31
590 5 1 228339 0 228225 612 5 1 0832 92 7133 0 2863 0 32
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Calhoun
Depth: 585 - 615
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

580.8 - 587.4
587.4 - 590
590 - 598
598 - 607.2
607.2 - 620.4

DEPTH

Noble #1 

Calhoun (593-598 ft)

• Gas effect on neutron porosity, 
some separation between 
density porosity and BVW

• High Sw +80% and increasing 
with depth. BVW +0.14 and 
increases with depth. Slight gas 
bubbles on drilling

• Gas in transition

Figure 70: Log analysis of Calhoun Sandstone in Noble 1 well.

587 2.9153 107.1831 0.3545 0.3
587.5 2.8901 115.6428 0.3583 0.3

588 2.8893 120.4154 0.3478 0.3
588.5 2.8885 122.4113 0.341 0.

589 2.8876 122.7451 0.3395 0.3
589.5 2.8642 119.9213 0.3312 0.3

590 2.7891 117.7131 0.3117 0.3
590.5 2.6387 117.4337 0.298 0.

591 2.5316 119.165 0.2956 0.3
591.5 2.3405 114.1557 0.3031 0.34

592 2.1355 111.8829 0.3033 0.34
592.5 1.9916 104.5464 0.2898 0.3

593 1.8437 85.7458 0.2713 0.3
593.5 1.6818 79.2753 0.2451 0.2

594 1.5099 85.2985 0.2241 0.2
594.5 1.3781 92.7741 0.2067 0.24

595 1.3676 96.9465 0.1898 0.2
595.5 1.3774 88.3968 0.1828 0.2

596 1.4263 75.8451 0.1843 0.2
596.5 1.4894 68.156 0.2273 0.2

597 1.5387 66.5403 0.2582 0.2
597 5 1 6001 72 414 0 2932 0 3
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Noble #1 

Figure 71: Geo-report showing observation of gas bubbles during drilling of Calhoun Sandstone in Noble 1 well.
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Calhoun
Depth: 665 - 695
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

660 - 666.6
666.6 - 671
671 - 675
675 - 686.4
686.4 - 699.6

DEPTH

Mushrush 2-26

Calhoun (671-675 ft)

• Appearance of gas effect on 
neutron log, slight separation 
between density log and BVW

• Sw +80%, BVW >0.16

• Poor prospect - gas in 
transition

Figure 72: Log analysis of Calhoun Sandstone in Mushrush 2-26 well.

616 0.866899 0.121539 667 3.6103 104.4728 0.3307
615.5 0.922866 0.126064 667.5 3.3384 105.0912 0.333

615 0.951951 0.129561 668 3.1583 113.4639 0.3362
614.5 0.979229 0.131315 668.5 3.0654 121.6513 0.3445

614 1.023317 0.133134 669 2.9642 123.3663 0.3531
613.5 1.069653 0.13606 669.5 2.8253 120.2412 0.3598

613 1.08502 0.139642 670 2.6885 126.5063 0.3591
612.5 1.025817 0.144435 670.5 2.5586 131.6933 0.3514

612 0.82834 0.152332 671 2.4264 131.2066 0.3304
611.5 0.780698 0.162073 671.5 2.1961 120.7629 0.314

611 0.773142 0.171638 672 1.9846 107.3899 0.3087
610.5 0.772292 0.181025 672.5 1.8036 93.6451 0.3061

610 0.789631 0.1858 673 1.7134 82.7657 0.3054
609.5 0.829623 0.187661 673.5 1.6664 68.5759 0.3065

609 0.908984 0.185796 674 1.6659 73.038 0.3161
608.5 0.941884 0.18395 674.5 1.6841 78.3072 0.3283

608 0.957636 0.180802 675 1.7315 80.122 0.3341
607.5 0.978638 0.178014 675.5 1.7729 86.2036 0.3402

607 1.014591 0.172785 676 1.8572 98.9306 0.3411
606.5 1.056514 0.16619 676.5 1.9759 103.7517 0.3417

606 1.050231 0.15827 677 2.16 105.2808 0.3449
605 5 1 064552 0 150847 677 5 2 3487 109 7281 0 3504

    MUSHRUSH #2-26 - 
Calhoun

665

670

675

680

685

690

695

0 75 150

D
ep

th

GR  .GAPI 

   MUSHRUSH #2-26 - 
Calhoun

665

670

675

680

685

690

695

0.01 0.1 1 10

D
ep

th

RT
RWA

   MUSHRUSH #2-26 - 
Calhoun

665

670

675

680

685

690

695

0.000 0.500 1.000

D
ep

th

SW
PAY

   MUSHRUSH #2-26 - 
Calhoun

665

670

675

680

685

690

695

0.1000.3000.500

D
ep

th PHI
cor N
BVW

115

D-303



    MUSHRUSH #2-26
Sw=20%

Sw=40%

Sw=60%

Sw=80%
Sw=100%

BV
W

=0
.1

BV
W

=.
12

BV
W

=.
14

BV
W

=.
16

BV
W

=.
18

0.010

0.100

1.000

1 10

RESISTIVITY Ohm-m

PO
R

O
SI

TY
 

Severy
Depth: 580 - 625
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

coal on top

574.2 - 584.1
584.1 - 596
596 - 599
599 - 613.7999
613.7999 - 633.6

DEPTH

Mushrush 2-26

Severy (596-599 ft) 

• Thin gas sand, BVW cluster 
~014, Sw 70%

• Appearance of a gas effect on 
the neutron log, separation 
between density log and BVW 

• Gas in transition

• Thin coal on top

Figure 73: Log analysis of Severy Sandstone in Mushrush 2-26 well.

Suspect 
Coal bed

701 0.697038 0.12484 582 3.5937 143.6436 0.4
700.5 0.718861 0.12616 582.5 3.5046 138.4952 0.3879 0.4

700 0.725289 0.127433 583 3.4357 126.4489 0.3788 0.4
699.5 0.709071 0.127775 583.5 3.4347 112.016 0.3812 0.4

699 0.690953 0.128725 584 3.4068 102.5003 0.3886 0.4
698.5 0.647363 0.130249 584.5 3.3791 116.1937 0.3879 0.4

698 0.578887 0.131813 585 3.3821 112.7582 0.387 0
697.5 0.52059 0.132334 585.5 3.4302 110.3624 0.3961 0.4

697 0.491354 0.133206 586 3.4293 113.4114 0.4141 0.4
696.5 0.472952 0.133798 586.5 3.4281 102.5157 0.4278 0.4

696 0.501357 0.133812 587 3.3877 93.1484 0.4293 0.4
695.5 0.569295 0.132874 587.5 3.3448 85.7977 0.4277 0.4

695 0.685081 0.13181 588 3.2702 95.7757 0.4007 0.4
694.5 0.768714 0.132757 588.5 3.1548 104.5881 0.3601 0.4

694 0.83709 0.134186 589 3.0423 103.4037 0.3354 0.
693.5 0.852474 0.135543 589.5 2.9768 101.4244 0.3258 0.

693 0.832929 0.137267 590 2.9234 104.8405 0.3167 0.
692.5 0.7583 0.140589 590.5 2.8533 102.3838 0.3099 0.

692 0.730908 0.142527 591 2.8044 101.6679 0.3074 0.
691.5 0.725384 0.144424 591.5 2.7426 101.0127 0.3064 0.

691 0.732275 0.144624 592 2.7306 91.4033 0.3171 0.
690 5 0 76385 0 144902 592 5 2 6983 87 1785 0 3236 0
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Techumseh
Depth: 800 - 830
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

coal on top

798.6 - 805.2
805.2 - 813
813 - 816
816 - 825
825 - 831.6

DEPTH

Ward Ranch A-1

Tecumseh (808-816 ft)

• Washout 802-806 ft – so 
shale (and not coal) overlies 
the sand 

• BVW > density porosity

• Wet sand

Figure 74: Log analysis of Tecumseh Sandstone in Ward Ranch A1 well.

802 3.1861 48.5009 0.2257 0.26
802.5 2.9245 64.6795 0.291 0.3

803 2.6889 123.0119 0.3281 0.36
803.5 2.4899 125.2755 0.3257 0.36

804 2.363 116.7132 0.3063 0.34
804.5 2.225 108.2231 0.294 0.3

805 2.1351 106.9602 0.2929 0.33
805.5 2.0704 108.9985 0.2911 0.33

806 2.0237 107.8316 0.2907 0.33
806.5 1.9698 105.9996 0.291 0.3

807 1.932 118.298 0.2927 0.33
807.5 1.8735 131.5998 0.2927 0.33

808 1.7476 133.9746 0.2931 0.33
808.5 1.5684 134.3234 0.2947 0.33

809 1.4069 135.8826 0.298 0.3
809.5 1.2465 104.2847 0.3053 0.34

810 1.1938 93.848 0.3174 0.35
810.5 1.1668 88.8424 0.3191 0.35

811 1.1532 86.243 0.3103 0.35
811.5 1.1279 97.2873 0.2961 0.33

812 1.1124 124.3967 0.2873 0.32
812 5 1 0951 142 9029 0 283 0 3
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Ward Ranch A-1

• Wash out coincides with high 
porosity – suggestive of shale bed 
rather than coal.

Figure 75: Log showing washout coincident with porosity high implying presence of shale overlying the
Tecumseh Sandstone in Ward Ranch A1 well. 118
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Severy
Depth: 570 - 610
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

coal

563.2 - 572
572 - 581
581 - 586
586 - 598.4
598.4 - 616

DEPTH

Kohr A-1

Severy (582-86 ft)

• Coal overlying sand

• Gas effect on neutron porosity, 
separation between density 
porosity and BVW

• Sw < 80% and increases with 
depth like BVW (> 0.145)

• Probably gas in transition

Figure 76: Log analysis of Severy Sandstone in Kohr A1 well.

682 2.247269 0.077306 572 6.7377 38.9693 0.0719 0.11
681.5 1.066794 0.089931 572.5 5.9563 61.1268 0.0859 0.125

681 0.734516 0.102318 573 5.0876 95.4084 0.1649 0.204
680.5 0.625692 0.11275 573.5 4.4111 139.8985 0.1929 0.232

680 0.571015 0.120427 574 3.9902 149.5106 0.2337 0.273
679.5 0.509354 0.126575 574.5 3.7325 156.3754 0.281 0.32

679 0.452405 0.132645 575 3.513 154.1232 0.313 0.35
678.5 0.346258 0.14065 575.5 3.335 124.5847 0.3827 0.422

678 0.292713 0.146298 576 3.213 110.8556 0.3881 0.428
677.5 0.273567 0.147808 576.5 3.1971 115.3048 0.3834 0.423

677 0.27356 0.148489 577 3.1708 102.7894 0.3707 0.410
676.5 0.284042 0.147503 577.5 3.185 92.831 0.3531 0.393

676 0.309191 0.146155 578 3.1836 94.8218 0.3306 0.370
675.5 0.358057 0.14444 578.5 3.1579 93.9723 0.3056 0.345

675 0.493856 0.141638 579 3.0675 103.1061 0.2996 0.339
674.5 0.722841 0.139364 579.5 2.9265 118.623 0.2896 0.329

674 0.859241 0.141603 580 2.7471 121.7867 0.2739 0.313
673.5 0.909443 0.143783 580.5 2.6424 116.0268 0.2652 0.305

673 0.776162 0.147937 581 2.5912 107.8395 0.257 0.29
672.5 0.708291 0.151433 581.5 2.5304 93.8109 0.2538 0.293

672 0.673488 0.154633 582 2.4616 77.2522 0.2514 0.29
671 5 0 667695 0 158778 582 5 2 3512 75 7424 0 2514 0 29
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Techumseh
Depth: 720 - 740
X: 
Y: 
a: 1
m: 1.8
n: 2
RW: 0.079

717.2 - 722
722 - 727
727 - 730.4
730.4 - 734.8
734.8 - 743.6

DEPTH

Giger D-1

Tecumseh (722-727 ft)

• BVW and Sw increase with 
depth

• Separation between density 
porosity and BVW

• Poor prospect - gas in 
transition

Figure 77: Log analysis of Tecumseh Sandstone in Giger D1 well.

498 1.052386 0.12355 722 3.3719 29.4781 0.1511 0.
497.5 0.760065 0.125487 722.5 3.4993 33.5663 0.1581 0.

497 0.712859 0.12639 723 3.499 42.5157 0.1863 0.
496.5 0.704185 0.129922 723.5 3.3378 69.7483 0.2248 0.

496 0.750203 0.137587 724 2.9727 83.0453 0.2629 0.
495.5 0.809649 0.148004 724.5 2.5673 87.8066 0.2797 0.

495 0.84048 0.155993 725 2.3181 87.325 0.2885 0.
494.5 0.862474 0.160765 725.5 2.1844 77.3105 0.2928 0.

494 0.881266 0.16321 726 2.1167 70.5422 0.2983 0.
493.5 0.904497 0.164166 726.5 2.0837 70.8865 0.3078 0.

493 0.945918 0.16336 727 2.0835 84.7016 0.3068 0.
492.5 0.993191 0.162486 727.5 2.0833 95.6394 0.3016 0.

492 1.051867 0.161462 728 2.0831 105.0355 0.2946 0.
491.5 1.076859 0.159591 728.5 2.1173 113.608 0.2902 0.

491 1.073942 0.157655 729 2.1655 118.2081 0.2957 0.
490.5 1.020311 0.154985 729.5 2.2561 120.6616 0.3206 0.

490 0.95613 0.152216 730 2.361 122.84 0.3504 0.
489.5 0.919999 0.150236 730.5 2.436 124.9086 0.3535 0.

489 0.922561 0.150193 731 2.4359 127.6532 0.3535 0.
488.5 0.942661 0.149977 731.5 2.4317 130.2197 0.3543 0.

488 0.947228 0.15042 732 2.4165 133.8061 0.3585 0.
487 5 0 94195 0 150524 732 5 2 4162 138 202 0 3698 0
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Figure 80: Plot showing occurrence of low-BTU gas in shallower pay zones.
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Figure 81: Plot showing the increase of hydrocarbon wetness with increasing age and depth of producing formation.
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Figure 82: Plot showing relationship of BTU content with depth of producing zones.
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Figure 83: Plot showing lack of correlation between nitrogen-to-helium ratios with age of pay.
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Figure 84B: Compositional ranges of hydrocarbon and nonhydrocarbon gases – Part 2.
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ABSTRACT 
 
The current Airlift Services International pumping system is capable of moving up to 60 
bbls/day at a depth of 1000 feet.  This pumping capacity and pumping depth significantly 
limit the market potential for this technology.  Market research indicates that the 
available market for this system would grow by 300% if the system were capable of 
producing 100 bbls/day at a depth of 3000 feet. 
 
The purpose of this grant, from the Stripper Well Consortium, was to improve the 
pumping capacity and depth of the existing pumping system.  The target pumping 
capacity is 100 bbls/day at 3000 feet.  The design of the pump allows for the variation of 
major system parameters that alter the pumping capacity.  This grant project determines 
the optimum setting of these parameters to deliver the maximum pumping capacity.  
 
Since the cost to build many systems with varying design parameters is beyond the scope 
of this project a commercial simulation program was employed.  This simulation 
software evaluates pumping performance vs. design parameter.  An optimization 
technique determines the best setting for each of the design parameters to achieve the 
maximum pumping capacity.  To limit some of the design parameters the simulation  
focused on a 1000 foot well.     
 
The simulation program requires validation with actual field test data prior to performing 
system optimization.  Validation requires the development of pump level sensing tools 
and actual in well testing.  The development of the sensing tools was also a part of this 
grant project.  Actual field data was used to correlate to the simulation program.  
Successful validation of this tool cooul allow Airlift Services International to simulate 
well conditions in actual customer’s wells and to develop a pumping system tuned for the 
wells characteristics.  
 
The results of the work on this grant have provided a tool for use in evaluating various 
design parameters along with the prediction of a significant increase in the system 
pumping capacity.  The model indicates that a 114% pumping capacity increase can be 
realized by increasing the length and number of fluid chambers and increasing the size of 
the air lines. 
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EXECUTIVE SUMMARY 
 
This intent of this project was to improve the pumping capacity and depth of an existing 
Airlift Services pump design.  The goal is to achieve 100 barrels per day pumping 
capacity at a depth of 3000’.  The current system performance is in the range of 60 
barrels per day at a depth of 1200 feet.   
 
This report details the steps taken to achieve the goal.  The project included 3 major 
phases.  The first phase of the project was to identify a method for determining the 
optimum system performance.  The design of this pumping system allows for the 
variation of a number of system parameters without creating a major redesign.  For this 
reason the best method for selecting the system with the optimum performance is to use a 
computer modeling system to evaluate numerous design alternatives.  The second phase 
of the project was to validate the computer model.  Validation of the computer model 
included developing a module to record system operating parameters in the test well.  
Actual well data can then be compared to the computer predicted performance.  The final 
phase of the project was to use the computer simulation to predict the optimum 
performance of the system and to build a prototype of that system and measure the 
performance in an operating well. 
 
To better understand the results of this grant project requires an understanding the 
operation of the pumping system.  The current technology uses compressed gas as the 
driving force to move fluid from the well to the surface.  The major components of the 
system are an in hole pump along with a compressor on the surface.  The in hole pump 
consists of a series of fluid chambers connected by line assemblies.  The chambers are 
connected in series with the line assemblies at a spacing of approximately 250 feet.  The 
line assemblies consist of a fluid product line and two gas lines.  The two gas lines 
deliver gas pressure to each of the chambers.  The fluid chamber includes a float to 
control fluid and gas pressure shut off and a number of check valves to control fluid flow.  
The pump is placed in the well such that the bottom chamber is below the static fluid 
level of the well.  The operation of the pump begins with the well fluid filling the bottom 
chamber.  Gas pressure is then applied to the chamber to force the fluid from the bottom 
of the chamber.  The check valve forces the fluid to flow into the line assembly and 
ultimately into the fluid chamber that is directly above.  After the fluid fills the upper 
chamber the gas pressure is applied to this chamber to force the fluid to the next higher 
chamber.  This process continues until the fluid is raised to the surface.  In the system 
operation, all of the even chambers are pressurized at the same time driving the fluid to 
the odd chambers.  All of the odd chambers are then pressurized to drive the fluid to the 
even chambers.  
 
Phase 1 of this project was to identify a method for determining the optimum system 
performance.  The system design allows for variation of the factors listed in the table 
below without creating a major redesign whose costs would be outside of the scope of 
this grant. 
 
 

E-6



 6 

SYSTEM PARAMETER MINIMUM SETTING MAXIMUM SETTING 
Air Line Diameter 0.375 in 0.625 in 
Length of Fluid Chamber 10 ft 20 ft 
Number of Fluid Chambers 4 12 
Fluid Line Diameter 1 ⅜“ 1 ½” 
System Operating Pressure 125 psi 175 psi 
   
Evaluating all of the parameters listed above at their extreme points would require 
building and testing 32 different designs.  The most effective way to evaluate these 
parameters is to use a simulation model to predict the performance of the various designs.  
The AMEsim computer software program was selected to perform this task. 
   
When using any simulation tools to predict performance of actual hardware a validation 
of the tool is required.  This validation of the computer modeling software was 
accomplished in phase 2 of the project.  To validate the computer model certain system 
performance characteristics are measured in physical system operation and compared to 
those same characteristics predicted by the program.  The characteristics to be measured 
were: 

1. Chamber gas pressure 
2. Chamber fluid pressure 

These measurements must be performed at the chamber within the well.  This 
necessitated the development of a data recording module that could be incorporated in the 
pumping system.  The measurement system used pressure transducers for the fluid and 
gas pressures. The recording module was mounted between the top manifold of the 
chamber and the transition adaptor.  The comparison of the computer model to the actual 
test data showed a strong correlation on the exhaust side of the air cycle and a weaker 
correlation on the pressure side.  The error is due to the inability of the computer to 
model supersonic flow.  The initial flow of air from the compressor on the surface is 
supersonic.  This error can be accounted for in the exhaust model but can not be 
addressed in the pressure side of the model.  The fluid flow correlation could also be 
improved by adding significant detail to the model.  This amount of work is beyond the 
scope of this project.  Although the model does not exactly match the test data it has 
shown to be accurate enough to evaluate design alternatives and predict relative 
improvement. 
 
The optimum system performance is predicted by setting the various design parameters at 
the levels listed in the table below. 
SYSTEM PARAMETER CURRENT SETTING OPTIMUM SETTING 
Air Line Diameter ⅜” ⅝” 
Chamber Length 10 ft 20 ft 
Number of Chambers 4 12 
Fluid Line Diameter 1 ¼” NA 
System Operating Pressure 150 psi 175 psi 
The predicted performance of this system is a 114% increase in pumping capacity.   
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The final phase of the project was to build and test the optimized system.  For a number 
of reasons the optimum system tested was not the system defined by the computer model.  
The factors affecting the decision on the pumping system to build included: 

1. Inability to make connections to chambers using ⅝” air lines. 
2. Market viability of a system with 12 chambers for 1000’ 
3. Costs associated with building prototype chambers and line assemblies. 

While attempting to design the prototype using the ⅝” air lines it was determined that a 
major redesign of the transition adaptor and transition shell would be required.  In 
evaluating the total system cost it was determined that a 12 chamber design would 
increase the cost to the point that the system could not be sold.  An evaluation of the 
system cost vs. system performance increase determined that the most cost effective 
system to test would be one that utilized 6 chambers and ½” air lines.  This system did 
achieve a 50% improvement in pumping capacity. 
 
During the test of the optimized system a data logger was used to measure the energy 
usage.  The energy comparison showed a 24% improvement in energy usage for the 
higher volume pumping system.  This is due to the lower number of cycles needed to 
generate the higher pumping capacity along with the lower frictional losses associated 
with the larger air lines.  
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EXPERIMENTAL 
 
This study is performed using the AMEsim software.  This commercial software 
performs a system run simulation based on a model developed by the user.  The model is 
assembled by defining the system components. The computer uses the underlying 
differential equations to come to an iterative solution at each time step.  The computer 
system also has the capability of performing an optimization based on providing variable 
parameters for system components.   
 
The data recording module is a two piece construction made of brass and an acrylic 
cover.  A picture of the module is shown in figure 1.   The module will be located at the 
top of the chamber as shown in figure 2. 
  
The data acquisition system will also be housed in the recording module.  The data 
acquisition system will consist of the following components: 
 

1. Embedded microcontroller – Parallax basic stamp 2p module 
2. Mass storage – Rogue Robotics uMMC serial data module 
3. Power system – Lithium polymer batteries with regulated voltage 
4. Communication system – MaxStream Xbee-Pro 802.15.4 OEM RF module for 

wireless communication 
5. Timing – DS1302 timekeeping chip  
6. Data conversion – Maxim multirange 8-channel serial 12 bit a/d converter 

 
Energy measurements were recorded using an Amprobe DM-2 Pro Data logger. 
 

 
 

Figure 1 – data module 
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Figure 2 – Location of data module in pump 
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RESULTS  
 
System Model 
The phase 1 portion of this project was to use a computer simulation model to predict the 
performance of a pumping system for a 1000’ well.  The current system configuration 
would utilize four pumping chambers for this system.  The system would have to 
following design parameters: 
DESIGN PARAMETER SETTING 
Air Line Size ⅜” 
Fluid Line Size 1 ¼” 
Chamber Length 10’ 
Number of Chambers 4 
Distance Between Chambers 240’ 
Operating Pressure 150 psi 
 
The computer simulation predicted the performance to be 57 barrels of fluid per day.   
 
Actual field performance for this system has been in the range of 45 to 60 Bbls per day.  
The field performance is typically degraded from the predicted performance due to the 
presence of gas in the fluid that is released from the fluid as it is pumped to the surface. 
 
Model Validation 
The correlation of the model data to the field test data is shown in figures 3 and 4.  The 2 
chambers that are shown are the bottom chamber (chamber 4) and the second from the 
bottom chamber (chamber 3).  The data shows excellent correlation between the model 
and the test data for the exhaust portion of the cycle.  This correlation is shown by 
comparing the gas pressure curves.  The gas pressure curve marked as HAL is the field 
test data.  A comparison of the pressure side of the curve shows that there is a difference 
in the fill rate.  The fill rate for the model is approximately 5 psi/sec while the test data 
shows a fill rate of 13.5 psi/sec.  The fill rate difference is due to the fact that in the field 
test the initial fill rate is controlled by supersonic air flow.  The model is not capable of 
modeling that flow.  In the exhaust side of the cycle the supersonic flow is modeled by 
using a large orifice size.  This yields adequate results due to the fact that the system is 
exhausting into atmospheric pressure.  This can not be accomplished with the fill side of 
the cycle.  The data also shows that computer predicts that the fluid will flow at a lower 
pressure differential between the chambers.  This is due to the fact that the model does 
not include the inertia required for the fluid to unseat the check balls.  The overall time 
for the fluid to move between the chambers is within 10% between the model and the test 
data. 
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Figure 3 – Computer simulation vs. field test data for chamber 3 
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Figure 4 – Computer simulation vs. field test data for chamber 4 
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Optimization 
The goal of the optimization study was to determine the best setting for the chosen 
system parameters to achieve the maximum pumping capacity.  Several experiments were 
run to determine the significance of the various design parameters.  The design 
parameters are listed below in their order of importance. 

1. Air line diameter    
2. Length of fluid chambers   
3. Number of fluid chambers   
4. Operation pressure 
5. Fluid line size  

 
Some initial modeling indicated that the fluid line size had no significant effect on the 
pumping capacity.  The remaining factors were studied in a full factorial experiment.  In 
these simulations the factors were set at either their minimum or maximum values. 
 
The optimum system taken from the full factorial experiment is shown in the following 
table. 
SYSTEM PARAMETER BASE SYSTEM OPTIMIZED SYSTEM 
Air Line Diameter 0.375 in 0.625 in 
Length of Fluid Chamber 10 ft 20 ft 
Number of Fluid Chambers 4 12 
Distance Between Chambers 230 feet 63 feet 
Operating Pressure 150 psi 175 psi 
 
The optimized system predicts a maximum fluid capacity of 121.5 Bbls per day.  This 
value is a 114% increase from the performance predicted for the base design. 
 
Due to factors such as design limitation and system economics the system with maximum 
performance was not tested in the final test.  The final test consisted of a system that has 
a much higher commercial viability.  The results of this test in the Energy Inc.’s wells 
yielded a pumping capacity of 91 bbls/day.  This is a 50% increase over the current 
system. 
 
Energy Measurements 
Due to the operator concerns over energy usage with the system, the energy usage was 
measured during the testing for the system validation and the optimum design.  The 
results of the energy measurement showed an energy usage reduction for the higher 
output pumping system.  The current pumping system required 2.48 kwh/bbl compared to 
a 1.89 kwh/bbl for the optimized system.  The actual energy measurements are shown in 
figures 5 and 6. 
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Figure 5 – Power vs. time curve for current system 
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Figure 6 – Power vs. time curve for optimized system 
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CONCLUSIONS 
 
Although the stated goal of achieving 100 bbls/day pumping capacity at a depth of 3000’ 
were not achieved due to design limitations and economic viability the results of this 
grant still provided a 50% increase in pumping capacity.  This increase in capacity will 
allow the market for this product to grow by 75%.  The lowered energy usage while 
generating higher pumping capacity will also add to the sales potential of the product. 
 
The results of the computer modeling show that there is a potential to achieve a 114% 
increase in pumping capacity by increasing the number of chambers from 4 to 12 in a 
1000’ system.  At the current cost for the system that would result in a 200% increase in 
sales price to the customer.  Considerable effort must be made in reducing the system 
cost so that this potential could be achieved.  The optimum system that was tested will 
increase the system sales price by 20%.  The short term plans for cost reductions should 
allow this system to be offered at the current system price within 6 months. 
 
The final analysis indicates that the computer modeling system can be effective at 
evaluating design alternatives prior to building prototype samples.  Additional detail in 
the model are required if it is desired to use the model to accurately predict the final 
performance of a given system design. 
 
The results of this grant project have also provided a direction for future designs of the 
existing product.  Increasing the size of air lines and length of fluid chambers offers the 
potential for significant increases in pumping capacity.  These changes would require a 
major redesign of the pumping system.  These design changes are beyond the scope of 
this grant. 
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ABSTRACT 
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As America's natural gas wells continue to deplete, often increased, associated produced water   
and the natural reservoir pressures eventually reach equilibrium.  
In an effort to enhance continued natural flow, certain chemicals are introduced into the well   
bore to create foam reactions in the water column.  
This process has proven to enhance flow characteristics of the natural gas and water. Thus, 
allowing the wells to continue to produce the associated water along with the natural gas.  
As continued depletion requires stronger chemicals to create foams, these foams become more 
complex and at some point, become so strong, they will no longer collapse back to liquid in the 
surface processing    equipment.  
By maintaining foam characteristics, the chemical residue escapes into the natural gas     
distribution system. The presence of this chemical residue causes problems in measurement 
accuracy, corrosion attack of the transmission systems and mechanical failure of gas 
compressors used to move natural gas to the market.  
Research suggests carryover of this chemical residue costs millions of dollars in poor    
measurement results, aggravated corrosion and equipment damage.  
This funded project represents an effort to design, construct and test an economical system that   
could efficiently neutralize the chemical residues, turning them back into common liquids that are 
captured in the surface processing equipment at the well and to formulate a foaming agent that 
will revert to liquid at the surface and approach a neutral pH to help control subsurface corrosion.  
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The intent of the FOAM CONTROL SYSTEM is to function as an auxiliary system adapted to 
any natural gas well that is being treated with a foaming agent to facilitate the lifting of produced 
water from the well bore. 
The old adage, “If a little does a little good. Then, a lot will do a lot of good” plays a part in the 
need for this system. 
Soap sticks, acid sticks, capillary strings, slip streams all are mechanisms use to remove 
produced water from a natural gas well bore. 
In today’s workplace, everyone is busy, behind in schedule and under pressure to do more and do 
it better. 
In the case of enhanced water removal, many producers “over treat” well in an effort to 
maximize water removal.  This results in production excessive foam at the surface of a well bore. 
Natural gas purchasers are experiencing problems as a result of foams not breaking out in the 
separation equipment at the well site.  
The result is, foam is transported into the gas gathering system and adversely affecting gas 
measurement and in severe cases has caused thousands of dollars in damage to compression 
equipment. 
This system addresses this problem by treating any foam that reaches the surface of a well   bore. 
By utilizing timers and chemical pumps, the system can be integrated into a plunger lift system 
to only treat foams that reach the surface and yet, not over treat or waste chemical by pumping 
more than is needed.  This system can be installed on a naturally producing well, also. 
The entire concept is to prevent any excess foam from entering the gas gathering system. 
In areas where this is a chronic problem, some purchasers have actually closed in the sales valve 
on a well and refused to buy the gas that is being treated with a foaming agent.   This system will 
be economical to purchase and operate, insuring the continued sales of natural gas without the 
fear of being shut in where foaming agents are necessary to continue gas production. 
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As the scope of this project was to create a chemical control system to enhance the 
performance    of our depleting natural gas wells, certain setbacks were encountered during the 
efforts. 
Creating an economical system to reduce foamed produced water as it reaches the surface in a 
well appeared to be basic and straight forward.   
As basic electronic circuit designs began to develop, commercially available electronic 
components proved to be elusive.  Efforts to adapt, modify, re-configure led to less than 
favorable results.  Original concepts failed to mesh seamlessly creating incompatibilities 
between certain components.  Although, more complex, more expensive industrial computers 
were available, it was decided that incorporating them into the original concept was not 
economically acceptable.  Research led efforts away from totally electronic designs and toward 
electro/pneumatic concepts.    
While attempting to find solutions to the electronic problems, the electro/pneumatic concept 
began to look more feasible within the budget constraints of the funding. 
Sharing this information with key people and failure of the original timeline led to the 
suggestion additional, supplemental funding and additional time be applied for. 
More research and extra effort led to scrapping the original design. But, it was decided the 
original timeline could not be achieved.  The timeline was extended by six months without 
additional funding. 
As the electro/pneumatic design prototype began to evolve, the footprint grew to an 
unacceptable size. An acceptable footprint was achieved and lab tests showed promise.  
However, the creation of extremely small flow paths led to a whole new set of problems.  
When clean supply air was replaced with wet, contaminated field gas,  plugging caused 
unacceptable failures in the system.  Cold weather also added to the problems in the field as 
moisture in the field gas froze during field trials. 
This led to re-evaluating the totally electronic system.  Time consumed in searching for more 
economical components was costly.  But, the totally electronic system did evolve at a lesser 
cost than originally thought.   
The electronic design had its merits in dependability but, was costly.  The electro/pneumatic 
system was more economical to produce but, would require protection from the elements or 
select applications where colder weather was not a factor. 
At that point, it was decided both systems would be field tested. 
The second focus of the research was to formulate a de-foaming agent that could be 
economical at the surface and not be corrosive to the point well bore damage occurred. 
Commercial formulations and basic chemistry formulations were tested in the lab and in the 
field.  This process did not prove custom formularies to be beneficial over the commercial 
products already available.  Certain commercial versions proved to perform as well and even 
better than some basic chemical formulations generated.  The results of the research have 
produced two different foam control systems capable of correcting the problems posed in the 
application for the funding.  The research did not produce a custom formulary capable if 
performance above what is already commercially available. 
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The scope of the research was in two distinct fields of search.   
One plan was to design and field prove an economical system capable of dispensing a chemical 
to reduce back to liquid, chemically foamed produced water at the well head of natural gas 
wells. 
The other plan was to formulate a chemical compound capable of reducing the chemically 
foamed produced water, economically and limit corrosion induced by  produced water and/or 
the chemical attack used to foam that water. 
Research into components to be incorporated into the de-foaming system was vigorous trying 
to keep overall system costs at an acceptable level. 
At the same time, basic designs were applied to various applications that would require the 
system to function with minimum re-configuration for any one process. 
The main focus was to develop a design that would adapt to plunger lift systems, automatic 
soap stick launchers and capillary systems being the three most common processes currently in 
place. 
Since the plunger lift system required coordination between that system and the foam control 
system would prove the most difficult, Focus was directed toward plunger lift knowing the 
other systems were less complicated and could be adapted. 
The system design, component selection and prototyping was implemented first since it was 
believed that would require more time than developing a custom chemical formula acceptable 
to the scope of the research. 
Many of the electronic components were available, commercially. Circuit design, function and       
adaptation to existing systems consumed more time than expected. By coordinating the 
interaction of plunger lift and the foam control system, the most difficult task was to find a way 
to limit the foam control system to one cycle while the plunger lift cycle exceeded the time 
cycle than the foam control system.  Numerous timers, cycle controllers and time delay relays 
were studied and novel circuit designs were attempted without acceptable results.   
At this point in the research, thoughts of a simple, less complex electro/pneumatic system 
began to evolve.  The electronic system was set aside and work began on the electro/pneumatic 
concept.  Major components were identified and those that were available, commercially were 
acquired.  Those that were not available, were designed, prototyped tested in the lab.  It was 
determined early that the physical size of these components posed a problem in relation to 
desired footprints.   
Research evolved into a trade off between physical size and dependability.   
As that effort continued, work was directed to the formulation of an acceptable chemical 
capable of collapsing chemically foamed produced water efficiently and economically.  
Formulations began with basic components known to collapse aqueous foams.  As this 
progressed, commercially available foam control agents were acquired for comparison (see 
results in appendix).   

 
 
 

Page 6 of 24 
 
 

DOE Award Number DE-FC26-04NT42098 

ery2
Text Box
E-23



 
Once maximum results were achieved in 100% produced water, condensate was added in 
small increments to determine if the compounds created could maintain favorable results 
with the introduction of condensates at increasing volumes.  This proved to show 
negatives effects as the condensate percentages increased.  New compounds were created 
based on known chemicals capable of collapsing foams in the presence of hydrocarbons.  
Acceptable results were limited in the beginning.  After numerous attempts to vary 
components in the compounds, it was decided to begin in a differrent direction with a 
completely different chemical base and work back to the introduction of hydrocarbons 
into the produced water.  This proved to be a slow process that cost valuable time and 
money.  The results eventually showed promise and efforts finally revealed acceptable 
results in collapsing aqueous foams containing hydrocarbons.  But, pH levels became 
unacceptable in controlling corrosion attack.   
Work was continued in an effort to create a compound capable of results in both arenas.  
In the end, it was determined custom formularies did not perform any better than 
commercially available chemicals.  
The electro/pneumatic design of the foam control system was eventually completed 
knowing the reduced component size posed a problem when energized with contaminated 
field gas as an operating medium. 
Long discussions about the two different systems led to re-investigating the electronic 
system.   
This system proved to be much more reliable than the electro/pneumatic system.  Both 
had merits and problems.  Both systems were tested in the lab and in the field (see 
appendix). 
Both systems functioned as expected. By adapting certain environments for these 
systems, both performed in an acceptable manner and commercialization has merit. Both 
these systems (schematics in Appendix) are available from Composite Engineers, Inc. 
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                     July 31, 2008 
 

The overall results of the research has created two distinct foam control systems primarily 
designed to effectively correct the problems associated with the use of foaming agents used in 
flowing natural gas wells.  The use of foaming agents is necessary to remove formation fluids in 
depleted wells and maintain flow of natural gas in commercial quantities. 
These systems function seamlessly with plunger lift systems and with minimal changes can 
function with automatic soap stick launchers, capillary systems and soap sticks dropped by hand. 
These systems, once adjusted to well parameters can function automatically with minimum time 
required by operations personnel. 
The electronic version of the system costs approximately 30% more than the electro/pneumatic 
version.  However, the application of the later version is limited to installations on wells that 
have protection from the weather and/or a clean supply of air or natural gas. 
Both functioned in the field trials (see Appendix) in a very acceptable capacity and were 
successful in controlling foam carry over from the well, through the surface process system and 
prevented contamination of the gas measurement/gathering systems. 
The costs of either system is less than the revenue of lost production if a well is shut in by the 
gas purchaser because of foam carry over or the cost to repair a compressor caused by carry over. 
Efforts continue to improve and reduce the production costs and the physical size of the    
systems. 
Composite offers both systems and make them available to any producing location in the lower 
48 states. 
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                         Foam Control System 
                          DOE Award Number DE-FC26-04NT42098 

                       July 31, 2008 
 

The conclusion of the research and development of a foam control system for our aging natural 
gas wells has produced two different systems that are available, commercially. 
The end results were not as simple as the original concept of producing a single system that 
could be installed on any and all wells requiring a foaming agent to keep the natural gas flowing. 
The electronic version is smaller but, more expensive to produce by approximately 30% over the 
electro/pneumatic version being approximately twice the size. 
Producers utilizing either version of this foam control system need to understand these systems 
are more susceptible to poor operating environments than some field equipment used in the 
production of natural gas.  A clean supply air/gas is critical due to the small flow paths of certain 
components used in the systems.  With care and attention to proper installation and careful 
selection of operating supplies will pay off in continued problem free operations. 
The research directed toward developing a custom formula for a de-foaming chemical that is 
more economical to use and improve corrosion attack by the produced liquids, chemicals used or 
the mixture of the liquids and chemicals did not produce anticipated results.  Formulations were 
successful in controlling foam carry over.  But, as hydrocarbon volumes increased in the 
produced fluids the pH was not controlled to the point expected.   
It was determined commercially available foam control chemicals performed as  good as custom 
formulations. 
Research will continue in the improved operations and reduction in physical size of the systems 
to make them more appealing and economical to be installed on the wells.   
Reduced size is not expected to have a great impact on the production costs of the units.  
Improved component function and production volume will be the greatest factor in the reduced 
costs of either system. 
Support by BP America personnel in Durango, Colorado and Houston, Texas is appreciated and 
was vital in the positive results of this research.  
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                           July 31 ,2008 

 
 

During testing of spray nozzle performance, a small volume (7.5 gal.) of chemical laden 
produced salt water was generated. 
Research suggests the volume came under the classification of “small volume generator” and 
required no special handling to dispose of.  Further research into the proper disposal of subject 
waste was initiated. 
The United States Environmental Protection Agency, Region VI in Dallas, Texas was contacted.  
The details were discussed with a Ms. Margaret Olden (214 665-7200).  She transferred me to 
Mr. Matt Rudolf (241 665-6434).  He advised it be taken back to the oil and gas lease of origin.  
That solution was acceptable to Composite except for lack of documentation verifying such 
action. 
Mr. Ron Smith with the Oklahoma Corporation Commission, Oil and Gas Division, Duncan 
District contacted Composite Engineers, Inc. and explained that Ms. Nancy Dorsey, US EPA, 
UIC (214 665-2210) had contacted him in reference to Composite’s inquiry, since the State of 
Oklahoma had primacy over such issues.  Her suggestion to Mr. Smith was to advise Composite 
to “just flush it down the commode”. 
Mr. Smith explained that since she was representing the Environmental Protection Agency 
concerning a formal inquiry, it could be considered a “Soft Approval”.  Mr. Smith (OCC, O&G) 
agreed with Mr. Rudolf’s (EPA- Dallas) assessment and suggested it be taken back to the point 
of origin, the oil and gas lease.  I again explained the need for documentation for such action.  
Mr. Smith and Composite came to the conclusion the subject waste should be delivered to a 
commercial waste disposal facility.   
Seven and one-half gallons of chemical laden produced salt water was delivered to the Briggett 
Inc. Disposals, Marlow facility in Dewey County, Oklahoma where it was disposed of in a State 
of Oklahoma approved commercial UIC well.  Documentation is attached. 
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Defoamers tested from Commercial Chemical Companies 

 
Gemini Technologies                            Surfynd MD 20  (aqueous systems) 
Belame Chemicals, LTD                      Strata Foam ON 65  (aqueous systems) 
Hebei Chemicals                                   PRS 688   (systems w/ hydrocarbons present) 

                            
Defoamers tested from custom blends- 
(All mixed in a diesel base) 

 
Aluminum stearate                               (aqueous systems) 
Triethylene glycol                                 (aqueous systems) 
Octyl alcohol                                         (aqueous systems) 
Aluminum hydroxide + stearic acid   (systems w/ hydrocarbons present) 

 
All chemicals were tested in 10ml glass bottles containing 7ml of foamed produced water with a 
chloride level of 150,000. 
1 ml of 56 gravity condensate replaced 1 ml of produced water when testing chemicals intended 
for elevated hydrocarbon content. 
10 drops of each chemical was added with eye dropper and shaken by hand for 10 seconds. 
Bottles were observed for foam collapse. 

 
The 5 best defoamers tested were- 
Beleme Chemicals, LTD’s   Strata Foam ON65 
Aluminum stearate 
Triethylene glycol 
Octyl Alcohol 
Aluminum hydroxide + stearic acid 
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The FOAM CONTROL SYSTEM is intended to correct the problem of foam carry over in gas 
gathering systems. 
This is accomplished by injecting a chemical into the natural gas stream as it exits the wellhead. 
By collapsing the foam and turning it back into liquid it can be separated from the gas stream and 
prevented from entering the gas gathering system. 
It is accomplished by assembling a selection of components, electrical wire and a housing in 
such a way the foam induced by the well operator injecting foaming agents into the well bore in 
an effort to foam the produced water in the bottom of the well bore.  This action will cause a 
chemical reaction in the water causing it to foam. In a foamed state, the bottom hole reservoir 
pressure exerts enough energy to lift the foamed water out of the well.   
Upon arriving at the surface, the Foam Control System energizes a chemical pump, dispensing a 
de-foaming chemical into the gas/foam stream.  
The chemical reaction of the de-foaming chemical upon the foamed water causes the foamed 
water to return to a liquid state. Thus, allowing the water to be separated from the gas stream.  
The Foam Control System will cease injecting de-foaming chemical once the foamed column 
completely reaches the surface.   
At that point, the Foam Control System ends the cycle and automatically resets to await the next 
foam flow to the surface. 
All the various components work as a system whereby the well operator has corrected the 
problem of foam carryover. 
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Small quantity tests were conducted to determine maximum foam volumes.   
Test equipment consisted of a typical 1 quart food blender to generate foam.   
Volumes of produced water, foaming agent and de-foamer were added to the blender  

based on suggested concentrations from chemical supplier.     

Blender- Kitchen Aid Mod. 2125, 120V AC, 1200 RPM    

Water  Chemical  Mix  RPM  Foam Height    Defoamer        Mix  Collapse  
Volume  Volume  Time   Generated  Volume   Time        Time  
360 ml  2.5 ml  20 sec  1200  17cm  3.0ml  A 10 sec  3.0 sec  
360 ml  2.5 ml  20 sec  1200  17cm  3.1ml  A    10 sec           3.0 sec  
360 ml  2.5 ml  20 sec  1200  17cm  3.2ml  A 10 sec  3.0 sec  
360 ml  2.5 ml  20 sec  1200  17cm  3.3ml  A 10 sec  2.8 sec  
360 ml  2.5 ml  20 sec  1200  17cm  3.4ml  A  10 sec  2.8 sec  
360 ml  2.5 ml  20 sec  1200  18cm  3.5ml  A 10 sec  2.8 sec  
360 ml  2.5 ml  20 sec  1200  l7cm  3.6ml  A 10 sec  3.1 sec  
360 ml  2.5 ml  20 sec  1200  17cm  3.6ml  A 10 sec  3.1 sec  

       -  360 ml  2.5 ml  20 sec  1200  17cm  3.7ml  A 10 sec  3.7 sec.  
360 ml  2.6ml  20 sec  1200                  2l cm  3.0ml  B 10 sec  3.4 sec.  
360 ml  2.6 ml  20 sec  1200  21cm  3.1ml  B 10 sec  3.4 sec.  
360 ml  2.6ml  20 sec  1200  22cm  3.2ml  B 10 sec  3.0 sec.  
360 ml  2.6ml  20 sec  1200  21cm  3.3ml  B 10 sec  2.9 sec.  
360 ml  2.6 ml  20 sec  1200  21cm  3.4ml  B 10 sec  2.5 sec.  
360 ml  2.6 ml  20 sec  1200  21cm  3.5ml  B 10 sec  3.4 sec.  
360 ml  2.6 ml  20 sec  1200  21cm  3.5ml  B 10 sec  3.4 sec.  

 
Foaming agent used in this exercise was BJ Chemical Services TECHNI-FOAMTM 5820 
De-foamer “A” was octyl alcohol 
De-foamer “B” was aluminum stearate 
 
 
The results of this test was used to- 
 
Determine chemical pump requirements based on total liquids produced by well. 
 
Determine estimated chemical volumes required for Flow Loop Tests 
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A.  SOLAR PANEL 

B.  CHEMICAL SUPPLY 

C.  WELL HEAD 

D.  GAS/LIQUIDS SEPARATOR 

E.  CHEMICAL PUMP 

F.  PRESSURE REGULATOR 

G.  PLUNGER CONVEYED 
CHEMICAL SYSTEM 

H.  SPRAY NOZZLE 

               12VDC POSITIVE 

COMPONENT LEGEND FOR SOLAR POWERED                              
FOAM CONTROL SYSTEM 

1.  GAS WELL FLOW CONTROLLER 

2.  FLOW CONTROL VALVE 

3.  BATTERY- 12 VDC DEEP CYCLE 

4.  SYSTEM ON/OFF SWITCH 

5.  SYSTEM TIME DELAY PROGRAMMABLE RELAY (Signaline 
#368-12VDC-1min) (no) 

11.  CHEMICAL DISPENSE PROGRAMMABLE RELAY (Signaline 
#368-12VDC-1min) (no) 

12.  SYSTEM CYCLE PROGRAMMABLE       RELAY (Potter Brumfield 
CHD-38-30001) (no)  

13.  SOLENOID-12 VDC (Streamline #3454K1 (nc)(mc)                                                       

14.  PRESSURE ACTUATOR (Streamline #3196K1 (no)(mc) 

15.  TEMPERATURE SENSOR (Therma Coil #3626K87 (nc)(mc) 

21.  Plunger Arrival Sensor 

12VDC NEGATIVE 
60 PSI SUPPLY 

TEMP. SENSOR 
DEFOAMER 

PLUNGER ARRIVAL SENSOR 
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FLOW PATH OF SOLAR POWERED 

FOAM CONTROL SYSTEM 

Solar panel(11) keeps battery(3) charged.  Battery powers system.   

Controller(7) is NC, Time Delay.  

Well Controller (1) senses well pressure and energizes Flow Control Valve (2) NC with gas pressure 
(60psi) from Pressure Regulator (F) allowing well to flow.   

Gas Supply (60psi) also energizes Foam Control System by closing Diaphragm Switch (9) (NO) if 
Temperature Sensor (10) is closed (above 34 degrees F). 

Assuming 10 is closed,  Programmable Timer (5) (NO) begins it’s time delay cycle (set to allow foam 
to arrive at surface). 

Upon timeout of 5, (adjusted to delay closing until foam reaches surface) it closes, energizing a 
second Programmable Timer (6) (NC). 

6 closes thus, energizing 12VDC solenoid (8) (NO) allowing Supply Gas (60psi) from F to power 
Chemical Pump (E). 

E pumps chemical to spray nozzle (H) until Plunger arrives, energizing Plunger Arrival Sensor (12) 
(NO). 

12 being energized by Plunger Arrival opens Programmable Timer (7).   

7 is adjusted to stay de-energized for a selected time interval that exceeds total well flow time before 
it re-energizes allowing the Flow Control System to begin a new cycle. 

PAGE 16 OF 24  
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PNEUMATIC POWERED FOAM CONTROL SYSTEM SCHEMATIC 
LEGEND 

A.  WELL HEAD 

C.  COMPUTERIZED CONTROLLER 

E.  FLOW CONTROL VALVE 

D.   GAS/LIQUID SEPARATOR 

E.  PLUNGER CONVEYED CHEMICAL 
SYSTEM 

G.  FOAM CONTROL NOZZLE 

H.  CHEMICAL SUPPLY 

I.  CHEMICAL PUMP 

N.  CONTROL GAS SUPPLY 

O.  ISOLATION VALVE 

1.  6 VDC SEALED LEAD ACID BATTERY 

2.  POSITIVE TERMINAL STRIP 

3.  NEGATIVE TERMINAL STRIP 

4.  ON/OFF SWITCH 

5.  6 VDC SOLENOID (energizes system) (NC) 

6.  VALVE-AIR-VALVE  

7.  TIME DELAY CYLINDER (diaphragm  is in upper most 
position) 

8.  ADJUSTABLE ORIFICE ( REGULATES TIME DELAY) 

9.  VENT TO ATMOSPHERE 

10.  VALVE-AIR-VALVE  

11.  CHEMICAL PUMP TIME SEQUENCE CYLINDER 
(diaphragm in upper most position) 

12.  VENT TO ATOMSPHERE 

13.  ADJUSTABLE ORIFICE (REGULATES PUMP TIME 
SEQUENCE) 

14.  DIAPHRAGM ACTUATED PUMP CONTROLLER (NC) 

15.  PLUNGER ARRIVAL SIGNAL GENERATOR (NO) 

16    MASTER CYCLE- TIME DELAY CONTROLLER (NC) 

17.  MASTER SOLENOID  

18.  MASTER FUSE LINK 

21.  MAIN CONTROL SUPPLY GAS SOLENOID 

22.  PRESSURE REDUCER SET @ 5 psi PAGE 18 OF 24 
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FLOW PATH OF 

PNEUMATIC 

FOAM CONTROL SYSTEM 

Closing ON/OFF SWITCH (4) that opens 6 VDC SOLENOID(5) and opening ISOLATION VALVE (K) prepares the 
FOAM CONTROL SYSTEM for operation. The well COMPUTER (B) sends pressure signal (30-60psi)(J) to FLOW 
CONTROL VALVE (C) and FOAM CONTROL SYSTEM through ISOLATION VALVE (K)(NO). 

SUPPLY GAS flows through 6 VDC SOLENOID VALVE (5) (NO) and through MASTER SOLENOID (17) (NC). 

SUPPLY GAS flows through ADJUSTABLE ORIFICE (8) into TIME DELAY CYLINER (7). ADJUSTABLE ORIFICE 
is adjusted to limit SUPPLY GAS entry based on time required for free fluids to almost reach surface.  Once 
diaphragm in TIME DELAY CYLINDER* (7) reaches bottom, stem shifts VALVE-AIR-VALVE (6) allowing SUPPLY 
GAS to continue on in two (2) directions. One reaches second VALVE-AIR-VALVE (10) and also enters 
CHEMICAL PUMP TIME SEQUENCE CYLINDER* (11) through ADJUSTABLE ORIFICE (13) adjusted to limit 
SUPPLY GAS entering CHEMICAL PUMP TIME SEQUENCE CYLINDER (11). As with cylinder (7),diaphragm is at 
opposite end from VALVE-AIR-VALVE (10). The time required to displace diaphragm to the point the attached 
stem shifts VALVE-AIR-VALVE (10) allowing SUPPLY GAS to continue to DIAPHRAGM ACTUATED PUMP 
CONTROLLER (14) (NC).  This allows SUPPLY GAS from (J) to energize CHEMICAL PUMP (H).   

The CHEMICAL PUMP continues to operate until the PLUNGER arrives at the surface, tripping the PLUNGER 
ARRIVAL SIGNAL GENERATOR. This energizes the MASTER SOLENOID CONTROLLER (16)(NC).  

MASTER SOLENOID CONTROLLER begins it’s time sequence exceeding well controller flow cycle preventing 
FOAM CONTROL SYSTEM from re-starting. 

  Once the MASTER SOLENOID CONTROLLER (16) Times out, the entire system is closed in and awaits the 
next plunger cycle initiated by the well COMPUTER. 

* Both cylinders contain a return springs below the diaphragms.     
PAGE 19 OF 24 
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Each of the five chemicals selected from the lab tests were to be tested in the field during the 30 day 
field trials.  It was decided the chemicals should function in the field much the way they did in the lab 
as long as the well parameters stayed fairly constant. 

In the preceding chart- 

STRATA FOAM ON65 SHOWN IN RED 

ALUMINUM STEARATE SHOWN IN BLUE 

TEG SHOWN IN GREEN 

OCTYL ALCOHOL SHOWN IN YELLOW 

ALUMINUM HYDROXIDE + STEARIC ACID SHOWN IN RUST 

All chemicals performed as expected based on lab findings.   

The conclusion derived from this field test suggests there are a number of chemical formulations 
capable of suppressing foam in a process system with favorable pH control which is a leading factor in  
corrosion control. 

Therefore, commercial formularies with proprietary components may well be simple compounds that 
can be applied to a wide spectrum of produced fluids. 

With the pH of produced fluids from each well constant and no observed changes in the pH with de-
foamer changes, corrosion coupons were not utilized in either well.  The interior of the piping systems 
indicated no presence of corrosion activity.  Although, some paraffin deposition was noted near the 
well head of the Hefner 19-4.   
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Weaver 24-1 Foam Control System Test Results w/ solar powered system 
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Comments 

1    
2    
3    
4    
5    
6    
7    
8                
9  
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33 

68  36K      .2       8%      147      .3        .7       60       4        5.5       .5       13       6        11 

C
yc

le
s 

/d
ay

 

67     35K       .3       8%      144      .3        .7       60       4        5.5       .5       14       5        11 
54     38K       .5       6%      149      .3        .7       60       4        5.5       .5       14       6        10 

53     37K       .4       7%      153      .5        .7       59       4        5.5       .5       13       5        12 

55     37K       .5       6%      147      .5        .7       60       4        5.5       .5       13       6        11 
57     38K       .6       8%      150      .5        .7       60       4        5.5       .5       11       7        12 

NO DATA AVAILABLE  
NO DATA AVAILABLE  SOLAR PANEL, BATTERY STOLEN  

SOLAR PANEL, BATTERY STOLEN  

61     35K       .4       7%      151      .5        .7       60       4        5.5       .5       13       8        11 

( 1 event / D ) 

54     38K       .5       6%      149      .3        .7       60       4        5.5       .5       14       7          9 

63     36K       .4       8%      148      .5        .7       58       4        5.5       .5       14       8          8 
66     39K       .5       6%      151      .5        .7       60       4        5.5       .5       12      10         8 
66     38K       .6       8%      150      .5        .7       60       4        5.5       .5       13      10        11  
67     39K       .5       7%      149      .5        .7       60       4        5.5       .5       11      10          9  
67     39K       .5       7%      149      .5        .7       60       4        5.5       .5       12      10          8  

NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  

NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  

NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  

50     43K       .9       5%      145      .5        .7       60       4        5.5       .5       13      10          7  NO FOAM AT SEPARATOR  

50     40K       .5       7%      151      .5        .7       60       4        5.5       .5       11      10          9  
NO FOAM AT SEPARATOR  45     37K       .6       5%      149      .5        .7       60       4        5.5       .5       12      10          8  

45     37K       .6       5%      149      .5        .7       60       4        5.5       .5       12      10          8  
45     37K       .6       5%      149      .5        .7       60       4        5.5       .5       12      11          9  

NO FOAM AT SEPARATOR  

NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  

44     37K       .5       5%      148      .3        .7       60       4        5.5       .5       14       7           9 

NO DATA AVAILABLE 

39     36K       .4       8%      148      .5        .7       58       4        5.5       .5       14       8           8 
40     39K       .5       7%      149      .5        .7       60       4        5.5       .5       11      10          9  

26     38K       .6       8%      150      .5        .7       60       4        5.5       .5       13      10        11  
33     36K       .4       8%      148      .5        .7       58       4        5.5       .5       14       8           8 

25     37K       .6       5%      149      .5        .7       60       4        5.5       .5       12      10          8  

SYSTEM LOST POWER- CLOUDY  

23     43K       .9       5%      145      .5        .7       60       4        5.5       .5       13      10          7  
24     38K       .5       6%      149      .3        .7       60       4        5.5       .5       14        7          9 
24     39K       .5       7%      149      .5        .7       60       4        5.5       .5       11      10          9  
24     38K       .5       6%      149      .3        .7       60       4        5.5       .5       14        7          9 
23     36K       .4       8%      148      .5        .7       58       4        5.5       .5       14       8           8 
26     35K       .4       7%      151      .5        .7       60       4        5.5       .5       13       8        11 

NO FOAM AT SEPARATOR  

NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  

NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  
NO FOAM AT SEPARATOR  

NO FOAM AT SEPARATOR  
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Weaver 24-1 Foam Control System Test Results w/ pneumatic system 
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Comments 

1    
2    
3    
4    
5    
6    
7    
8                
9  
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33 

C
yc

le
s 

/d
ay

 ( 1 event / D ) 

40   39K         .5        8%    149      .7        .5       59        4         5.5      .5        12      10        8        PROBLEMS WITH SYSTEM PLUGGING 
42   40K         .4        7%    148      .7        .5       60        4         5.5      .5        13      11        8        NO FOAM AT SEPARATOR 
42   38K         .5        7%    151      .7        .5       60        4         5.5      .5        13      10        7        NO FOAM AT SEPARATOR 
45   44K         .3        0%    147      .7        .5       60        4         5.5      .5        14      19        7        NO FOAM AT SEPARATOR 
33   38K         .7        6%    149      .7        .5       60        4         5.5      .5        12        8      10        NO FOAM AT SEPARATOR 
31   39K         .5        4%    148      .7        .5       60        4         5.5      .5        11        8      11        NO FOAM AT SEPARATOR 
24   40K         .6        7%    149      .7        .5       60        4         5.5      .5        12        9        9        NO FOAM AT SEPARATOR 
22   38K         .5        7%    149      .7        .5       60        4         5.5      .5        12      10        8        NO FOAM AT SEPARATOR 

18   38K         .4        9%    147      .7        .5       60        4         5.5      .5        13       11       8        NO FOAM AT SEPARATOR 

19   39K         .6        5%    148      .7        .5       60        4         5.5      .5        13      10        7        NO FOAM AT SEPARATOR 

19   39K         .5        8%    149      .7        .5       60        4         5.5      .5        12      13        5        NO FOAM AT SEPARATOR 

21   40K         .3        8%    149      .7        .5       60        4         5.5      .5        11       13       6        NO FOAM AT SEPARATOR 

23   38K         .6        0%    145      .7        .5       60        4         5.5      .5        12      12        6        NO FOAM AT SEPARATOR 

25   38K         .7        7%    149      .7        .5       60        4         5.5      .5        13       11       6        NO FOAM AT SEPARATOR 

25   39K         .8        5%    148      .7        .5       60        4         5.5      .5        13       10       7        NO FOAM AT SEPARATOR 
26   39K         .5        0%    151      .7        .5       60        4         5.5      .5        13       11       6        NO FOAM AT SEPARATOR 

30   40K         .2        5%    150      .7        .5       60        4         5.5      .5        12       10       8        NO FOAM AT SEPARATOR 
31   37K         .5        6%    150      .7        .5       60        4         5.5      .5        12         9       9        NO FOAM AT SEPARATOR 
30   39K         .8        5%    151      .7        .5       60        4         5.5      .5        11       10        9        NO FOAM AT SEPARATOR 
37   39K         .4        7%    151     .7        .5       60         4         5.5      .5        11          9       9        NO FOAM AT SEPARATOR 
38   41K         .0        0%    150      .7        .5       60        4         5.5      .5        10       10      10       NO FOAM AT SEPARATOR 

34   38K         .9        6%    150      .7        .5       60        4         5.5      .5        12      10        8        NO FOAM AT SEPARATOR 

34   35K         .6        0%    147     .7        .5       60        4         5.5      .5        12        10        8       NO FOAM AT SEPARATOR 

35   38K         .7        4%    149     .7        .5       60        4         5.5      .5        11        10        9       NO FOAM AT SEPARATOR 
40   38K         .5        8%    147     .7        .5       60        4         5.5      .5        11        11        8       NO FOAM AT SEPARATOR 
37   39K         .4        0%    149     .7        .5       60        4         5.5      .5        12        11        7       NO FOAM AT SEPARATOR 

34   39K         .7        5%    148      .7        .5       60        4         5.5      .5        12       10        8       NO FOAM AT SEPARATOR 

19   37K         .0        0%    148     .7        .5       60        4         5.5      .5        12        11        7       SEPARATOR DUMP LINE FROZE-NO FLUID 
15   39K         .0        0%    N/A     .7        .5       60        4         5.5      .5        11        11        8       SEPARATOR DUMP LINE FROZE-NO FLUID 
18   36K       2.7        0%    148     .7        .5       60        4         5.5      .5        12        10        8       NO FOAM AT SEPARATOR 

22   36K        .5         9%    149     .7        .5       60        4         5.5      .5        12        10        8       NO FOAM AT SEPARATOR 
25   37K        .7         4%    148     .7        .5       60        4         5.5      .5        12          9        9       NO FOAM AT SEPARATOR 
27   39K        .5         6%    149     .7        .5       60        4         5.5      .5        12          8      10       NO FOAM AT SEPARATOR 
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HEFNER 19-4 Foam Control System Test Results w/ pneumatic system 
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Comments 

1    
2    
3    
4    
5    
6    
7    
8                
9  
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23  
24  
25  
26  
27  
28  
29  
30  
31  
32  
33 

C
yc

le
s 

/d
ay

 ( 1 event / D ) 

44   19K        1 .5     12%   169      .8        .6       55        6          3        1        24      10       26        PROBLEMS WITH SYSTEM PLUGGING 
42   18K        1.4      11%   171      .8        .6       55        6          3        1        22      13       25         NO FOAM AT SEPARATOR 
45   20K        1 .3     10%   167      .8        .6       55        6          3        1        24      12       24        NO FOAM AT SEPARATOR 
44   18K        1 .7     12%   169      .8        .6       60        6         `3      ` 1        26     14        20        NO FOAM AT SEPARATOR 
32   19K        1 .5     14%   168      .8        .6       55        6          3        1        21       13      26        SOLENOID PLUGGED UP, INSTALL 
FILTER 32   18K        1 .6     18%   164      .8        .6       55        6          3        1        23       14      23        PLUGGED AGAIN, INSTALLED DRIP POT 
22   20K        1 .8     14%   168      .8        .6       55        6          3        1        22       17      21        NO FOAM AT SEPARATOR 
20   17K        1 .5     16%   168      .8        .6       55        6          3        1        22       18      20        NO FOAM AT SEPARATOR 
17   16K        1 .8     13%   166      .8        .6       55        6          3        1        26       16      18        NO FOAM AT SEPARATOR 
29   16K        1 .2     10%   169      .8        .6       55        6          3        1        26       18      16        NO FOAM AT SEPARATOR 
20   17K        1 .4     13%   168      .8        .6       55        6          3        1        24       19      17        NO FOAM AT SEPARATOR 
25   17K        1 .3     13%   168      .8        .6       55        6          3        1        23       20      17        NO FOAM AT SEPARATOR 
26   16K        1 .5     14%   165      .8        .6       55        6          3        1        23       21      16        NO FOAM AT SEPARATOR 
26   16K        1 .5     14%   165      .8        .6       55        6          3        1        22       22      16        MADE MINOR ADJ. TO FLOW CYCLE 
23   19K        2 .5     10%   167      .8        .6       55        6          3        1        20       25      15        NO FOAM AT SEPARATOR 
26   19K        1 .5     11%   163      .8        .6       55        6          3        1        23       26      11        NO FOAM AT SEPARATOR 
28   18K        1 .0     17%   169      .8        .6       55        6          3        1        24       26      10        NO FOAM AT SEPARATOR 
30   18K        1 .4     16%   169      .8        .6       55        6          3        1        25       24      11        NO FOAM AT SEPARATOR 
32   17K        1 .3     14%   169      .8        .6       55        6          3        1        24       24      12        NO FOAM AT SEPARATOR 
39   19K        1 .4     13%   169      .8        .6       55        6          3        1        22       26      12        SUPPLY GAS FROZEN- SYSTEM DOWN 
40   15K        1 .9     11%   167      .8        .6       55        6          3        1        23       25      12        NO FOAM AT SEPARATOR 
21   16K        1 .4     15%   167      .8        .6       55        6          3        1        24       25      11        NO FOAM AT SEPARATOR 
30   17K        1 .5     14%   168      .8        .6       55        6          3        1        27       22      11        NO FOAM AT SEPARATOR 
34   19K        1 .1     13%   164      .8        .6       55        6          3        1        24       23      13        NO FOAM AT SEPARATOR 
36   19K        1 .4     11%   167      .8        .6       55        6          3        1        23       23      14        NO FOAM AT SEPARATOR 
36   18K        1 .5     16%   168      .8        .6       55        6          3        1        24       24      12        MADE ADJ. TO SUPPLY GAS REGULATOR 
20   18K        1 .3     14%   168      .8        .6       55        6          3        1        25       23      12        RE-ADJUSTED SUPPLY GAS 
17   15K        1 .9     15%   169      .8        .6       55        6          3        1        25       24      11        NO FOAM AT SEPARATOR 
16   16K        1 .3     13%   169      .8        .6       55        6          3        1        23       23      14        NO FOAM AT SEPARATOR 
26   17K        1 .4     15%   169      .8        .6       55        6          3        1        24       23      13        NO FOAM AT SEPARATOR 
20   19K        1 .0     13%   168      .8        .6       55        6          3        1        23       23      14        NO FOAM AT SEPARATOR 
23   19K        1 .3     12%   169      .8        .6       55        6          3        1        24       26      10        NO FOAM AT SEPARATOR 
25   16K        1 .9     10%   169      .8        .6       55        6          3        1        23       25      12        NO FOAM AT SEPARATOR 
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HEFNER 19-4 Foam Control System Test Results w/ SOLAR SYSTEM 
D

AY
 

A
m

b.
 T

em
p.

 

C
hl

or
id

es
 (K

) 

G
as

 P
ro

du
ce

d 

Li
qu

id
s 

Pr
od

uc
ed

 

%
 h

yd
ro

ca
rb

on
s 

Fo
am

in
g 

ag
en

t  

D
e-

Fo
am

er
 u

se
d 

G
as

 S
up

pl
y 

 

S.
 I.

 C
yc

le
 

Fl
ow

 C
yc

le
 

Fo
am

 A
rr

iv
al

 

Pl
un

ge
r A

rr
iv

al
 

A
fte

r F
lo

w
 

Comments 

1    
2    
3    
4    
5    
6    
7    
8                
9  
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23  
24  
25  
26  
27  
28  
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 ( 1 event / D ) 

40   39K         .5        8%    149      .7        .5       59        4         5.5      .5        12      10        8        PROBLEMS WITH SYSTEM PLUGGING 
42   40K         .4        7%    148      .7        .5       60        4         5.5      .5        13      11        8        NO FOAM AT SEPARATOR 
42   38K         .5        7%    151      .7        .5       60        4         5.5      .5        13      10        7        NO FOAM AT SEPARATOR 
45   44K         .3        0%    147      .7        .5       60        4         5.5      .5        14      19        7        NO FOAM AT SEPARATOR 
33   38K         .7        6%    149      .7        .5       60        4         5.5      .5        12        8      10        NO FOAM AT SEPARATOR 
31   39K         .5        4%    148      .7        .5       60        4         5.5      .5        11        8      11        NO FOAM AT SEPARATOR 
24   40K         .6        7%    149      .7        .5       60        4         5.5      .5        12        9        9        NO FOAM AT SEPARATOR 
22   38K         .5        7%    149      .7        .5       60        4         5.5      .5        12      10        8        NO FOAM AT SEPARATOR 

18   38K         .4        9%    147      .7        .5       60        4         5.5      .5        13       11       8        NO FOAM AT SEPARATOR 

19   39K         .6        5%    148      .7        .5       60        4         5.5      .5        13      10        7        NO FOAM AT SEPARATOR 

19   39K         .5        8%    149      .7        .5       60        4         5.5      .5        12      13        5        NO FOAM AT SEPARATOR 

21   40K         .3        8%    149      .7        .5       60        4         5.5      .5        11       13       6        NO FOAM AT SEPARATOR 

23   38K         .6        0%    145      .7        .5       60        4         5.5      .5        12      12        6        NO FOAM AT SEPARATOR 

25   38K         .7        7%    149      .7        .5       60        4         5.5      .5        13       11       6        NO FOAM AT SEPARATOR 

25   39K         .8        5%    148      .7        .5       60        4         5.5      .5        13       10       7        NO FOAM AT SEPARATOR 
26   39K         .5        0%    151      .7        .5       60        4         5.5      .5        13       11       6        NO FOAM AT SEPARATOR 

30   40K         .2        5%    150      .7        .5       60        4         5.5      .5        12       10       8        NO FOAM AT SEPARATOR 
31   37K         .5        6%    150      .7        .5       60        4         5.5      .5        12         9       9        NO FOAM AT SEPARATOR 
30   39K         .8        5%    151      .7        .5       60        4         5.5      .5        11       10        9        NO FOAM AT SEPARATOR 
37   39K         .4        7%    151     .7        .5       60         4         5.5      .5        11          9       9        NO FOAM AT SEPARATOR 
38   41K         .0        0%    150      .7        .5       60        4         5.5      .5        10       10      10       NO FOAM AT SEPARATOR 

34   38K         .9        6%    150      .7        .5       60        4         5.5      .5        12      10        8        NO FOAM AT SEPARATOR 

34   35K         .6        0%    147     .7        .5       60        4         5.5      .5        12        10        8       NO FOAM AT SEPARATOR 

35   38K         .7        4%    149     .7        .5       60        4         5.5      .5        11        10        9       NO FOAM AT SEPARATOR 
40   38K         .5        8%    147     .7        .5       60        4         5.5      .5        11        11        8       NO FOAM AT SEPARATOR 
37   39K         .4        0%    149     .7        .5       60        4         5.5      .5        12        11        7       NO FOAM AT SEPARATOR 

34   39K         .7        5%    148      .7        .5       60        4         5.5      .5        12       10        8       NO FOAM AT SEPARATOR 

19   37K         .0        0%    148     .7        .5       60        4         5.5      .5        12        11        7       SEPARATOR DUMP LINE FROZE-NO FLUID 
15   39K         .0        0%    N/A     .7        .5       60        4         5.5      .5        11        11        8       SEPARATOR DUMP LINE FROZE-NO FLUID 
18   36K       2.7        0%    148     .7        .5       60        4         5.5      .5        12        10        8       NO FOAM AT SEPARATOR 

22   36K        .5         9%    149     .7        .5       60        4         5.5      .5        12        10        8       NO FOAM AT SEPARATOR 
25   37K        .7         4%    148     .7        .5       60        4         5.5      .5        12          9        9       NO FOAM AT SEPARATOR 
27   39K        .5         6%    149     .7        .5       60        4         5.5      .5        12          8      10       NO FOAM AT SEPARATOR 
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Disclaimer Page: 
 
This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor 
any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe 
privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any 
agency thereof. 
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ABSTRACT:  
 
Major components of a new drilling system utilizing abrasive slurry jetting 
(ASJ) have been designed, many built and bench tested. This new system 
can be used for vertical and directional drilling in many industries.  These 
major components developed were a high pressure, hydraulic driven, dual 
cylinder, slurry piston pump (HPSP) that can pump up to 30 gallons per 
minute (gpm) at up to 15,000 psi. It was modified for Impact’s FLASH ASJ 
drilling system. 
 
A patented downhole Inverted Motor (IM) in a gerotor hydraulic version 
was designed in several versions, but none built.  It was replaced with an 
ASJ swivel that was designed and built for rotational force and little torque 
for mechanical drilling.  A new bearing (thrust and journal) and seal 
assembly was designed for the Inverted Motors (IMs), but not built due to 
the swivel use. A new downhole separator was designed for IM-hydraulic 
and CFD studied, but not built again due to the swivel use. 
 
A near bit directional control tool as a ten (10) degree bent sub in a 1.25” 
tubing size was designed, built and bench tested for ASJ drilling. It would be 
installed immediately above the cutting tip assembly for immediate hole 
direction control. 
 
A concentric pipe directional control device was patented, designed, built 
and bench tested. This is a two part device with an outer and an inner pipe. 
The outer pipe provides torque and orientation to the inner pipe as needed.  
 
This technology has been encompassed into and accepted for a DOE SBIR 
Phase I (completed) and Phase II (ongoing) project. That project is to drill a 
2000 foot well to install geophone seismic sensors for CO2 monitoring.   
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EXPERIMENTAL WORK:  
The High Pressure Slurry Pump (HPSP) in the hydraulic piston version was designed in 
SolidWorks. It was studied by Finite Element Analysis (FEA) in three (3) passes.  It was 
tested at Impact’s shop for performance and operation.  That work horse pump operated 
very well in the optimization steps, generating up to 15,000 psi and 20 wt/wt% solids in 
the outlet stream.  Rock slabs were cut on a moving target rail.  Problems with the inlet 
mixing tank, resulting in unstable solids concentration and entrained air, prevented 
additional testing until those side issues were resolved.   
 
The Inverted Motor was designed in SolidWorks in two (2) gerotor versions, single stage 
and multiple stages. Parker Hanniffin also designed two (2) more versions and built one 
of those versions.  None were tested. 
 
To replace the IM-h motors that were not built, Impact designed a swivel in SolidWorks 
and built a prototype off that swivel design. It has not been tested since we are awaiting 
additional coatings.  Similar swivels have been built and tested for waterjetting, thus no 
test surprises are anticipated. 
 
For the Inverted Motors, an inverted bearing and seal assembly was designed, but not 
built due to no need.   
  
The downhole separator was designed in two (2) versions, FEA studied in one (1) and 
Computed Fluid Dynamic (CFD) studied in one (1) version. None were built since the 
new ASJ Swivel does not need downhole separation.  
 
The concentric tubing directional control (CTD) device was designed in SolidWorks, 
prototyped and tested in Impact’s shop. It provided at least 125 foot lbs of torque per one 
foot, based on a 4” long lobe holding 50 ft-lbs of torque. A US patent has been applied 
for this technology. 
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EXECUTIVE SUMMARY: 
 
Major components of a new abrasive slurry jet (ASJ) cutting and drilling system were 
developed, for vertical and directional drilling. Additional work is required, but no 
impediments were found to prevent this system from providing significant benefit to the 
industry. Selected components of this project were used in a DOE SBIR Phase I 
(completed) and Phase II (ongoing) project (DE-FG02-07ER84670).  Specifically from 
this project, the high pressure (up to 15,000 psi), hydraulic driven, dual cylinder, slurry 
piston pump (HPSP) was designed in SolidWorks (a computer 3D graphical design 
program), FEA studied, manufactured and tested.  This pump was de-rated to 10,000 psi 
due to component limitations. It was redesigned for Impact’s FLASH ASJ drilling system 
as well.  
 
A gamma ray densitometer was purchased and set up to analyze, control and optimize the 
HPSP performance on the outlet leg.  
 
A new inlet mixer is being built instead of the mixer tanks used in this testing. 
 
The downhole inverted configured hydraulic motor was modeled in both single stage and 
multiple stage using Solidworks designs. Those designs were sent to Parker-Hannifin, an 
international gerotor manufacturer, for prototyping. Parker lost interest due to a lack of 
existing markets.  A new rotational ASJ swivel device was designed, manufactured and 
will be tested at Impact and Missouri University of Science and Technology.  
 
A new sealed bearing assembly was designed for these (and other) inverted motors. A 
bearing manufacturer will be found to make these bearings, but this is not critical since 
the Parker motor does not need them.  An alternate swivel also does not need the bearing/ 
seal system. 
 
A Computed Fluid Dynamic (CFD) model of the one version of the downhole 
concentrator / separator /filter was made.  Fully 100% separation was obtained of the 
liquid and solids at 20gpm and 10% solids.  However, erosion concerns and inlet/outlet 
boundary conditions are of concern with this version.  A new version was designed, but 
not built nor tested. This work was abandoned as un-needed since the new swivel 
rotational device with FLASH ASJ does not need separation. 
 
One of the patent pending downhole directional control tools was modeled in 
SolidWorks.  This tool was prototyped and bench tested. A near bit bent sub for 
directional initiation was designed for ASJ, built and tested. 
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INTRODUCTION: 
The oil and gas industry, particularly stripper well operators, need a new drilling system 
to lower the cost of vertical and horizontal drilling. Unless commodity product pricing is 
high, no one would intentionally drill a low volume/ rate stripper well. However, not all 
wells, and especially in mature areas like the US, are high volume wells.  Such a new 
drilling system must deploy new technologies to drill and complete wells in conventional/ 
unconventional reservoirs and/or in installing lateral drain holes or extended perforations. 
Maurer (4) and others identified many of these new technologies back in the 1950s.  They 
showed that high pressure jetting and abrasive slurry jetting plus mechanical action will 
significantly improve drilling penetration rates.  They showed that abrasive slurry jetting 
and high pressure jetting can greatly improve drilling penetration rates by factors up to 20 
times conventional rates.  Powered rotation by a motor with this pre-cutting (kerfing) will 
provide the mechanical action to grind cuttings to smaller sizes to ensure that particles are 
small enough to be swept out of the hole for good hole cleaning.  This project proposed 
the use of abrasive slurry jetting (ASJ) systems with traditional mechanical cutting. This 
combination can provide very fast erosive cutting of the rock ahead of the bit and 
mechanical action for good hole cleaning. It should also provide trimming of the hole 
wall for full hole boring (i.e. no obstructions) for advancement of the bottom-hole 
assembly (BHA, includes the cutting tip/ nozzle); provide a known base for directional 
drilling; and, if desired, rotate the nozzle(s) for a larger cut hole diameter. 
 
Current methods for drilling most wells utilize 1950s and earlier technologies that have 
been updated on the edges.  Most of these rigs are getting very old, require a lot of man 
power to setup/teardown/mobilize, operate and have a lot of downtime for repairs- just to 
drill a conventional 6-1/2 to 8-1/2 inch wellbore.  They also require a large land site, 
large fluid volumes and mud system.  Predominately weight on the bit and less hydraulic 
power is used to break/crush the rock and make new hole.   Directional drilling with such 
a rig is expensive since the rig hands do not know the technology, the rig is not 
specifically designed for that activity and the repair downtime drives the directional 
charges to the sky.  But they are worth it to increase productivity, injectivity or to prevent 
water coning in oil or gas reservoirs.  Figure 1 shows water coning in a gas reservoir or 
gas storage zone. Such coning increases water production which increases cost or stops 
oil or gas production.  Figure 2 shows how laterals can reduce the pressure drawdown 
that causes the water to be produced.  Typical cost to directionally drill a well runs from 
$150,000 up to $500,000.  Multilaterals are even more expensive, but are beneficial to 
injectivity and productivity.  A specialty rig for deepening and directional work is needed 
to drive the cost down.    
 
Current technology utilizes jointed pipe, mostly rotated from the surface, although motors 
are used in more wells now.  Coiled tubing drilling (6) is rapidly growing in Alaska, 
Canada and in Kansas (Tom Gipson’s rig for Rosewood).  This technology provides 
better well control (no joints to make up) and faster tripping for more time on bottom 
actually drilling.  The disadvantages are that the pipe is not as strong as conventional pipe 
and it cannot be rotated from the surface.    
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Los Alamos National Laboratory was the pioneer in developing a small 1” coiled tubing 
rig for drilling microholes (about 2” hole) Figure 4 (2).  The PI went out to see this rig in 
about 2001 and was impressed by its small size and capability. Figure 3 shows the 
relative size of conventional wells, Slimholes (less than 4-3/4” holes) and Microholes 
(less than 3.75” holes, by DOE definition).  The US Department of Energy has had a 
Microhole Technology Initiative to push microhole technology development. Several 
projects were being developed for the DOE, including 2 projects by Impact and the PI 
(1).    Advantages of microhole drilling is that a smaller rig is possible with lower cost to 
build  and maintain, fewer people to operate, can be automated further, less site footprint 
and less environmental impact. These factors result in less of everything including steel 
to build, energy to run and cuttings/ mud disposal. Faster drilling may be possible due to 
the smaller hole size.  Disadvantages are few tools for such small holes- motors, bits, 
fishing tools, etc…(2)(3). 
 
High pressure jetting and/or slurry drilling would allow more hydraulics and cutting 
energy to be put at the bit for faster cutting of the hole, i.e., faster drilling penetration 
rate.  With coiled tubing and microholes, this additional energy would make up for the 
small amount of force (as weight) that can be put on the bit. 
 
High pressure jetting (HPJ, 15,000-30,000 psi) has been proven (4) to be effective in 
cutting a variety of materials and rocks.  Pressures in excess of a given material’s critical 
pressure are required for cutting.  For rocks, this is in the range of 12,000- 18,000psi (4). 
Penetration rates with HPJ are greater than mechanical means only, but not impressive 
due to the added expense and limited coverage. Abrasive jetting has also proven effective 
in cutting even faster than HPJ for most materials and rocks, but 20,000+ psi systems are 
required for existing air induced systems and such induced air abrasive systems are not 
conducive to downhole applications. Newer abrasive slurry jetting systems (ASJ) use no 
induced air and are more efficient in generating sufficient cutting forces at lower 
pressures (5000psi+) while still yielding very high penetration rates.  That power can be 
transmitted downhole.  Pumping systems for ASJ are the limiting factor due to high 
erosion on critical parts.  As a note of interest- the SWC had earlier funded a slurry 
slotting method for well casings (ie., Hydroslotters). 
 
The business end of the ASJ system is the nozzle.   Conventional abrasive nozzles are 
available in the industry and can be utilized in this project.  However, a new nozzle 
design has been developed, and now is being optimized, by the Missouri University of 
Science and Technology (MST), with exclusive licensing rights held by Impact, which 
will drill a hole larger than itself (0.45” nozzle cutting up to 2” hole) without rotation. 
Rotation will be required for larger hole sizes using a motor or rotational device that can 
operate with such high pressure slurries. 
 
Pumping systems for such abrasive slurries include conventional high pressure triplexes 
(with shortened life and high repair costs), batch systems (cumbersome) and a new patent 
pending High Pressure Slurry Piston Pump (HPSP) by Impact.  This new HPSP has been 
developed for pumping high pressure abrasive slurries with minimal wear.  Development 
of a larger (or multiple) version (required oilfield manufacturer and higher rate 350+gpm) 
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HPSP is being performed under a DOE microhole grant; however,  lower cost, lower rate 
(0-50 gpm) and more compact versions are needed and are specifically proposed for this 
ASJ project. Pressure capability to 20,000+ psi is possible with this pump, but only 5000 
to 7500 psi is targeted and required in this project. 
 
A patented electric motor and a patented hydraulic/ pneumatic motor configuration (IM) 
allow operation at high pressures and with acids, bases and slurries.  Inverted Motors 
(IMs) will allow full use of advanced and smart drilling methods, such as HPJ, ASJ, 
MWD (measurement of drilling parameters) at the bit, LWD (measurement of reservoir 
rock properties) at the bit, multiple motors in series and other advanced technologies.  
IMs can be in electric, gerotor, roller-vane, moyno (mud) and other versions. Two IM 
electric versions were designed by Impact and the University of Texas-Arlington (UTA) 
under a US Department of Energy (DOE) grant for development of ultra-high speed 
motors.  A third, low speed, IMe prototype was made by Impact and UTA/ Dr. Fahimi.  
A hydraulic/ pneumatic gerotor IM (IM-h) version was proposed for design and 
development in this project.  
 
Conventional motors have the housing connected to the drillstring, an internal radial 
motor that turns an internal shaft onto which is attached a drilling tool/bit.  Inverted 
motors have the internal shaft connected to the drillstring, an internal radial motor turns 
the external housing and the tool/ bit is attached to the housing.  The key benefit of this 
design is that internal channels in the non-rotating shaft now allow fluid flow and wires 
to bypass the motor power section.   Several large hydraulic motor/ pump manufacturers 
have been contacted for design and manufacturing of the proposed IM-hydraulic motors 
for drilling.  
 
Tools that will be used with a IM-h motor are:  rotating nozzle(s) for hole enlargement, 
bit/mill to grind and trim, fins for pipe movement and counter rotation. Also a downhole 
separator/ filter will be needed to provide clean fluids to the motor(s). The concentrated 
solids will be further used for the cutting process. 
 
Microhole sized drilling (3) is the direction the industry must go to allow the use of 
smaller rig (in cost, materials, volumes to dispose, surface foot print), faster drilling due 
to less rock to remove and less environmental impact (3). The Principal Investigator has 
used jointed 1.25” high pressure pipe and 2.125”- 2.75” bits in his field directional work.  
CTD has grown significantly over the last few years and is the method of choice for 
Canadian shallow gas and heavy oil drilling and on the north slope of Alaska (6). Use of 
CTD allows faster tripping, faster drilling, better well control, easier use of gasified, 
underbalanced or managed pressure drilling.   
 
Ultra-short radius (less than 30 ft) directional drilling allows the wellbore to kick-off in 
and stay in the top of the producing formation.  This allows less drilling footage and 
forgoes the need to install liners in overlying problem or unstable shales. It also allows 
the drain hole lateral to remain high in the reservoir, avoiding water coning problems or 
other bottom water concerns even at high production rates, however, it requires a short 
powerful drilling system to make such tight turns. 
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Specifically not included in this project are: Zero Discharge Mud or cuttings processing 
equipment; managed pressure (MPD) or Under Balanced Drilling; or ‘Smart’ or 
electrified drilling systems. This project only proposes key components for a ‘dumb’ 
system, but the developed motor/ rotational device will later allow MWD and LWD 
capabilities ad be applicable with coiled tubing. 
 
Current drilling rigs and drilling technology rely on the ‘weight-on-bit, crush and grind’ 
method and are big, slow and expensive in performing vertical and/ or horizontal drilling 
tasks. Specialized rigs are needed to perform some of these tasks much faster and better.  
New technologies are available or can be developed and deployed to drill faster at lower 
costs and provide environmental benefits.  This proposal targets the first level of 
development toward an ultimate very fast, highly portable, highly automated and 
controlled, ‘smart’, electrified, environmentally friendly, Abrasive Slurry Jet (ASJ) 
drilling system.  This ultimate drilling system includes the proven rapid cutting abilities 
of abrasive slurry jetting (ASJ) using standard ASJ nozzles or a newly developed ASJ 
nozzle by the MST; a new patented high pressure abrasive slurry piston pump (HPSP); 
US patented Inverted Motors (IM); microhole size boreholes (less than 3.875”OD); 
forward and reverse traction near the bit; electrified downhole tools for MWD and LWD 
at the bit; patent pending advanced directional steering; and full automation.  This 
ultimate system would also utilize coiled tubing, provide very long and multiple laterals 
(significantly higher production and injection capabilities) and be highly compact and 
light weight for quick mobility. While stripper well operators do not need this ultimate 
system, this first level of development is ideally suited for marginal and shallow, low 
volume wells.  The new drilling process will be extremely mobile, compact, light and 
very fast.  It will provide 25 to 50% lower cost than current drilling methods (2)(3). We 
will now be able to drill wells where we have not been able to before including tight 
locations, hard rock locations and deepening below 3.5”, 2.875”, 2.375” and smaller 
casing. 
 
The beneficiaries of this technology will be the end users of the technology – stripper 
well operators of the fields that now need low-cost drilling and horizontal laterals/ 
drainholes/ extended perforations.  Secondary beneficiaries include the service 
companies, who can deliver this new product more cheaply and efficiently than in the 
past.  Landowners will benefit from less surface damage and space needed for drilling. 
The environment will benefit from less materials and energy needed to construct and 
maintain these rigs, including steel, muds, chemicals and mud disposal. 
 
If applied to only 5000 wells drilled per year where the drilling cost is $90,000, this 
results in savings to the stripper well operators of about $150 million each year.   This 
does not take into account the environmental benefits of smaller unit, the savings from 
less water production due to avoidance of water coning due to lateral drainholes installed 
or the increase in oil and gas production due to new wells drilled and lateral drainholes 
installed.   
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This particular SWC project began in July 2006 and concluded in December 2008 to 
further the design and prototyping of a new abrasive slurry drilling system for directional 
laterals. Such a drilling system will provide a very fast and low cost method to drill 
microhole and full sized well bores for multiple industries.  This work is based on 
multiple patents, patents pending and proprietary designs of the Principal Investigator. 
This includes US and international patents on the High Pressure Slurry Pump and the 
Inverted Motor for Drilling.  In addition a new patent was filed for the Concentric Tubing 
Directional Controller. New applications of this new drilling method have been found in 
Ground Sourced Heat Pumps, Geothermal wells and in Energy Storage- all besides the 
original targeted oil and gas vertical and directional wells.  
 
To meet that goal the key original tasks and descriptions of the project were set as:  
 
Original Task 1- High Pressure Slurry Piston Pump 
This task redesigned and developed the hydraulic piston prototype version of the patent 
pending High Pressure Slurry Piston Pump (HPSP) that will drive the high pressure 
slurry system.  This is primarily a modification of the direct drive hydraulic pump with 
modified fluid head for introduction of clean fluids.  
  
Original Task 2 – Hydraulic Inverted Motor 
This task was to design, develop the prototype and test the new gerotor hydraulic version 
of the patented Inverted Motor.  Internal modeling using SolidWorks was to be done as 
an initial design for the manufacturers.  Several existing hydraulic motor manufacturers 
were contacted and, since this potential market was considered small, it’s design was 
expected to be by fee design.  
 
Original Task 3-Downhole Separator/ Concentrator 
This task was to acquire and/or modify existing or design / develop and test a down hole 
separator/ filter.  This was felt needed for the downhole Hydraulic Inverted Motor. 
 
Original Task 4 – ASJ Nozzle 
This task was to take the MST specialty nozzle (developed under another DOE project) 
for use with the Inverted Motor-ASJ system. This task included mounting of such nozzles 
for ASJ drilling. 
 
 
Original Task 5 –Related ASJ Tools 
This task was to build additional tools as needed for the ASJ drilling operation- surface 
and downhole. This included the bits, swivels and other tools. It included threading and 
other issues. 
 
Original Task 6 –Kickoff and Build Angle Tools 
This task was to design and build a whipstock and near bit tools for initiating an angle 
and exit out of the vertical casing. Extent of work to be controlled by time and budget. 
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Original Task 7 –Directional Control 
Methods to control the direction of the bore were to be developed and prototyped. Extent 
of work to be controlled by time and budget. 
 
Original Task 8- Bench Tests 
Bench testing of individual sections and the combined assembly were to be performed. 
 
Original Tasks 9- Combined Vertical Field Test (optional) 
A combined assembly field test in a vertical orientated well was to be performed, as 
possible by time and budget. 
 
Original Tasks 10- - Combined Horizontal Extension Field Test (optional) 
A combined assembly field test in a directional or horizontal well was to be performed, as 
possible by time and budget. 
 
Original Task 11- Reporting 
Technology transfer as it becomes ready for marketing was to be performed. 
Presentations and publications considered are to the Society of Petroleum Engineers, 
World Oil, American Oil and Gas Reporter, Petroleum Technology Transfer Council 
(PTTC) website and newsletters, and the Oklahoma Marginal Well Commission 
newletters and workshops. SWC will be credited for its support of this project. 
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RESULTS AND DISCUSSION:  
 
A discussion of the status of each task follows.  
 
Task 1- High Pressure Slurry Piston Pump 
The HPSP in the dual cylinder, hydraulically driven version has been designed by D. 
Whitehead, 3D modeled in Solidworks, three FEA studies performed by EngATech and a 
second designer.  It was manufactured by Danco Pump and Supply and assembled by 
Impact. Two cylinders of a dual hydraulic pump system (plus extra parts) were built.   
Delays occurred due to warping of some components during the heat treating process.  
Some parts were modified and remade for retreating. Other parts required grinding out 
the warped section.  This pump will be rated for pumping slurries (solids in water) at 
15,000 psi- all parts must fit precisely due to the pressure and the fluidized slurries 
utilized.  
 
Testing of the HPSP at Impact’s shop began in January 2008. The goal of testing was to 
prove the abrasive cutting of the pump and the life expectancy under these extreme 
conditions.  A stand for linking the tandem pumps and shielding was built based on the 
patent pending design.  Tanks, abrasive solids, targets and polymer were onsite. Nozzles 
were ordered and nozzle holders built. Testing of the prime mover (Cumming 180 Hp 
diesel powered the FMC 20,000 psi water pump) for the HPSP testing was successfully 
accomplished.   
 
A gamma ray densitometer was purchased to analyze the flow density and optimize the 
performance of the HPSP.  
 
 
In that testing, the HPSP performed as expected and was considered successful. 
However, the commercially available control valves utilized were not reliable and a new 
CV was needed.  Several new control valves have been build and the last version is now 
being assembled. New linkages for the CV and new clean fluid valving for the new fluid 
systems are required as well.  
 
In addition, the cable linkage between the cylinder pistons came undone repeatedly with 
each CV problem.  It has been replaced with a rack and pinion gear for greater reliability. 
 
Lastly, the inlet mixing of the slurry was insufficient and allowed air to be induced into 
the pump suction at times.  This limited the maximum pressure obtainable.  A new inlet 
mixer has been designed and construction continues to date.  
 
Adding to these factors is the development of the Impact FLASH ASJ drilling system.  
This specialized fluid, pumping and nozzle system has required upgrading of the pump, 
inlet mixer and other components for safety and operation efficiency. That concurrent 
upgrade is currently ongoing. 
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Task 2 – Hydraulic Inverted Motor 
An agreement with Parker-Hannifin, an international gerotor motor and pump 
manufacturer, was made for the final designing and prototyping of a version of the 
Inverted Motor in a hydraulic version. Solidworks models were made by Impact of single 
stage and multiple stage hydraulic/ pneumatic motors in the patented inverted 
configuration. The SolidWorks program is a graphical 3 Dimenional computer program 
for designing equipment.  These base computer models or designs were sent to Parker-
Hannifin for their redesign and upgrade based on their expertise. However, due to 
internal Parker problems, this work was transferred to another Parker division.  Four 
prototype designs or models were made and one has been built.  This hydraulic motor 
will need a downhole separator for operation under these high pressure slurry drilling 
conditions. 
 
Due to the delays with Parker and the final outcome of their work, as well as the 
development of the new FLASH ASJ drilling system, a new rotational device was 
designed and built.  This rotational device is a redesigned Inverted configured, self 
propelled swivel that does not need a downhole separator. It was designed and 
prototyped, but not tested in its current configuration. Similar models have been lab, 
bench and field tested at the MST in earlier studies. 
 
 
Task 3-Downhole Separator/ Concentrator 
An industry and patent search found no existing designs for downhole solids-liquids 
filtering/ separation and thus a new design was made and flow model tested utilizing 
Computed Fluid Dynamic (CFD) modeling. That model showed 100% separation of the 
10% 250 micron sized solids out of 20 centipoise liquid flowing at 20 gpm rate. 
However, erosion concerns and inlet/out boundary concerns necessitate a design change. 
That new design was made, but still needs CFD analysis, prototyping and testing.  With 
the development of FLASH ASJ systems and the delay and termination of the Parker 
design, this work was put on hold since the inverted swivel built does not need this 
component for downhole separation.  
 
Task 4 – ASJ Nozzle 
Off-the-shelf abrasive slurry jet nozzles were utilized for testing the pump and testing of 
the ASJ cutting capabilities. This was done in January 2008 at Impact’s Testing Facilities 
near Tulsa, Oklahoma.  The Impact’s FLASH ASJ fluids and the Missouri University’s 
specialty nozzles, part of the DOE Microhole project, were not yet adopted for this 
project due to safety and limited pumping capabilities.  These nozzles require special 
fluids and special handling in the HPSP pumps. 
 
Task 5 –Related ASJ Tools 
Multiple other components were researched, purchased or rejected. Different threads 
were studied and the tapered National Pipe Thread was found to provide sufficient 
strength and sealing for 15,000 psi since little torque or side bending is expected  with 
ASJ systems.  An alternate CS Hydril connection was suitable for 15,000 psi under more 
demanding conditions.   
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Surface and downhole swivels were researched and were found to be commercially 
available for a price.  With no field test looming, none were purchased. 
 
High pressure 10,000 psi hoses for slurries were found commercially available. Designs 
for the rates considered required 1” hoses. Lower rates could use ¾” hoses. The mixture 
velocity must be kept less than 1 meter per second to prevent erosion.    
 
Task 6 – Kickoff and Build Angle Tools 
Impact has a 5-1/4” OD whipstock with a hardened face and a 2-1/8” bore. It is similar to 
the system shown in Figures 13 and 14. Figure 13 shows the basic whipstock assembly 
with tubing attached.  Figure 14 shows the smaller drill tube and drill tip extending 
through the whipstock, exiting the casing and cutting the rock.  Impact’s whipstock will 
be used with the ASJ directional drilling assembly in 5-1/2” and larger casings. 
 
A bent sub of 1.25” pipe was made for the near bit directional control.  The prototyped 
bent sub is shown in Figure 15. This bent sub provides a continuous, inline 10 degree 
build angle that is compatible with high pressure slurries.   It will be positioned 
immediately above the Drill Tip (nozzle assembly) for immediate impact on the hole 
direction.  
 
A directionally orienting sub above the bent sub was designed, but not built, for use with 
Impact’s Topari and Microsync 1” directional measurement tools.  The orientation prong 
must be hardened to withstand the erosive nature of the abrasive fluids.  Since the flow 
area at this point can be maintained large enough to minimize erosion, this should not be 
a problem.  
 
Task 7 –Directional Control  
A new method to control coiled tubing was designed, prototype built and tested.  A new 
US patent application(s) was submitted for this design and method of control. 
Components of the downhole directional control tools were modeled in Solidworks, built 
and bench tested. These two major components (in one version) are seen in Figures 16, 
17 and 18.  The basic operation is that an outer tube (silver in the Figures) extends from 
the surface down to some depth.  That depth can be down to the whipstock, but that is not 
required. A section of this outer tube or the full length, has a ‘restrictor” (red interior line 
in the Figures) installed that prevents full rotation of the inner drill string (black in the 
Figure). The outer tube must be allowed to be rotated at the surface and downhole. This 
can be by swivels on both ends or by no attachments. The inner string has lobes (yellow 
in the Figures) which are free to the full Internal Diameter (ID) of the outer tube, but 
contact the ‘restrictor’ when rotated. These lobes are installed for the length of control 
that is desired.  During operation, and only when the need to control the top-dead-center 
line of the inner string exists, the outer tube can be turned to apply torque and rotation to 
the inner string. This torque must be held until the section is finished.  Based on bench 
tests this assembly can provide up to 125 ft-lbs of torque per foot.  
 
 

16 
 

E-57



Task 8- Bench Tests 
Testing of the HPSP at Impact’s shop was performed using the diesel driven FMC pump 
as the prime mover and a gamma ray densitometer to measure output density. Rock 
blocks and other targeted materials were used for targets of the extended testing. Testing 
of the Concentric Tubing Directional Control components were made to confirm a 125 
foot-lbs torque per foot of length. This should be sufficient for twisting long lengths of 
tubing (especially coiled tubing) for aligning the cutting tip.  The bent sub was bench 
tested for strength and for angle control. 
 
Tasks 9-  Combined Vertical Field Test (optional) 
Time and budget gave out before this test could be performed. 
 
Tasks 10-  Combined Horizontal Extension Field Test (optional) 
Time and budget gave out before this test could be performed. 
 
Task 11- Reporting 
A presentation was given to the University of Kansas- Lawrence’s Tertiary Oil Recovery 
Projects (TORP) meeting in Wichita, Kansas on 5 April 2007. Another talk was given to 
the Rocky Mountain Oilfield Testing Center Open House meeting in Casper Wyoming on 
20 August 2007.  A presentation to the Oklahoma i2E group was made in Tulsa, OK on 
17 September 2007.  A presentation in Wichita, Kansas for the SWC was made on 30 
October 2007.  A booth was manned at the Oklahoma Marginal Well Commission’s 
Trade Fair in Oklahoma City, OK on 16 October 2008.  Quarterly progress reports were 
submitted as required. 
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CONCLUSIONS: 
Progress on this project was delayed by a lack of qualified and available vendors. That 
problem was partially resolved by finding a part time pump designer.  Once designed, the 
high pressure slurry piston pump (HPSP) was designed manufactured by Danco Pump 
and Supply.  Testing of that pump at Impact’s shop began in January 2008.  New control 
valves had to be designed to replace unreliable commercially available ones.  
Modifications to the piston connector, originally a cable-sheave, were made to a linear 
gear setup.  The pump frame and the inlet suction manifold were modified for FLASH 
ASJ systems and ease in operation and maintenance.   
 
The downhole hydraulic Inverted Motor was modeled in four designs for prototyping by 
Parker-Hannifin, an international motor and pump manufacturer. One prototype version 
was designed and built by Parker.  Further prototyping and testing was delayed until the 
work was transferred to another Parker division. That new division considered the market 
too small to pursue unless Impact committed to a large purchase. That work was dropped.  
An Inverted Swivel was designed and built for FLASH ASJ systems to replace the IM-
hydraulic motor. The swivel does not need a downhole separator and, thus, work on that 
additional component was discontinued.  
 
A new directional control methodology was designed, patent applied and built. It was 
then bench tested to provide sufficient torque for control of the ASJ cutting tip direction. 
A bent sub specifically designed for microhole drilling and abrasive slurry systems was 
designed, built and bench tested.  
 
Overall, nothing stands in the way for ASJ drilling and FLASH ASJ drilling to make 
significant contributions to drilling in the oil and gas industry.  It also has applications in 
several other industries including tunneling, trenchless drilling for utilities and pipelines, 
earth sourced heat pump installations, and many other applications. 
 
This technology has been encompassed into and accepted for a DOE SBIR Phase I 
(completed) and II project. That project is to drill a 2000 foot well to install geophone 
sensors for CO2 monitoring.   
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Figure 1    Water Coning Problem in Gas Reservoirs 
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Figure 2    Horizontal Lateral Solution to Water Coning 
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Figure 3  Current Industry Wellbore versus Microbore Sizes (after DOE) 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4   US DOE Microhole Rig at Los Alamos National Laboratory 
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Figure 5   Abrasive Slurry Jet Drilling  Bench Tests 
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Figure 6  Proposed ASJ Drilling Rig  
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Figure 7    HPSP Hydraulic Piston Version under Test at Impact’s shop. 
 
 

 
 
 
 
 
 
 
 
 
 

26 
 

E-67



 
 
Figure 8       HPSP Hydraulic Piston Version under Test at Impact‘s Test 
Facility  
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Figure 9    Impact Shop Test Facility for ASJ Drilling 
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Figure 10   HPSP Hydraulic Piston Version upgraded in Impact Shop  
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Figure 11  Second View of upgraded HPSP Hydraulic Piston Version 
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Figure 12   Downhole FLASH ASJ Swivel and Test Hex Nozzle Holder 
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Figure 13   Typical Whipstock Casing Exit Strategy 
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Figure 14    Standard Whipstock Assembly with Bent Sub & Cutting Tool 
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Figure 15  Bent Sub for Directional FLASH ASJ Drilling 
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Figure 16   Outer and Inner Concentric Tubing Directional Control 
Prototypes 
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Figure 17  Top View of Combined Concentric Tubing Directional Control 
Prototype 
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Figure 18   Isochronal View of combined Concentric Tubing Directional 
Control Prototype 
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Figure 19   Related Equipment and Tools for CTD and FLASH ASJ Drilling 
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DISCLAIMER PAGE: 
 
This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor 
any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe 
privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any 
agency thereof. 
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ABSTRACT:  
This project is a continuation of a SWC project (sub-contract #3022-IT-
DOE-2098) entitled “Field Application of a Low-Cost Water Mitigation 
Treatment”.  That first project discovered and began lab development of a 
new gel system that is now the patent-pending SPI gel system.  The SPI 
technology is a silicate based, multi-component gel system that can have 
controlled delayed gelation of minutes to days and form hard, “ringing” to 
soft, weak gels.  The pre-gelled SPI system has a low viscosity for deep 
penetration of leaks and tight formations.  It can be designed for special 
applications.   
 
This second SWC project performed well over 1000 lab tests and finalized 
the lab matrix, developed a strong understanding of the gelation process 
chemistry mechanism, developed sufficient data to control the gelation 
process (timing and type gel), developed field support lab tests, constructed 
a pre-mixing facility, constructed a portable trailer mounted onsite mixing 
and pumping system, contracted for preliminary 3rd party lab testing at the 
University of Kansas- Tertiary Oil Recovery Project and began field testing.   
 
Nine (9) in-depth water mitigation field treatments in two (2) Bartlesville 
fields were performed for a technical success rate of 100% - defined as the 
ability to inject and place the gel. Half the in-depth treatments showed 
immediate pressure and rate responses with only 200 barrels of SPI gel 
utilized. All treatments’ economic successes were unknown due to the small 
volumes of treatment and the short time period of evaluation.  Normal such 
conventional treatments are 5000 – 10,000 barrels in size.   
 
Twelve (12) casing repair treatments in 5 fields (Oklahoma and Kansas) 
were performed under this project for a success rate of 57%, which  included 
one partial success (reduced 300+ down to 50 BPD) and did not count one 
well with downhole problems. SPI gel volumes as little as 6.25 barrels were 
successfully utilized and multiple formulations were tested. 
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EXECUTIVE SUMMARY: 
This project is a continuation of a SWC project (sub-contract #3022-IT-
DOE-2098) entitled “Field Application of a Low-Cost Water Mitigation 
Treatment”.  That first project discovered and began lab development of a 
new patent-pending SPI gel system.  The SPI technology is a silicate based, 
multi-component gel system that can have controlled delayed gelation from 
minutes to days of hard, “ringing” to soft, weak gels.   

This second SWC project further developed the SPI gel technology and 
finalized the lab matrix (over 1000 lab tests) by testing combinations of 
different silicates (2), polymers (28) and initiators (24), understanding of the 
gel mechanism, developed sufficient data to control the gelation process 
(timing and type gel), developed field support lab tests, constructed a pre-
mixing facility, constructed a portable trailer mounted onsite mixing and 
pumping system, and performed  field tests for in-depth water conformance 
(9 treatments) for a 100 % success rate (defined as ability to inject and place 
gels into the formation, economic success not determinable in treatment size 
and time) and casing repair (12 treatments) for a 57% success rate. Third 
party laboratory testing (continuing) was contracted to University of Kansas-
Tertiary Oil Recovery Projects.  

All tasks proposed have been completed. Those tasks were- 
• Task 1  Development of Laboratory Matrix Formulation
• Task 2  Gel Characterization in the Laboratory Matrix

(only continuing for new avenues and field support) 
• Task 3  Static Brine and multivalent impact
• Task 4  Dynamic Laboratory Simulation Modeling (optional)
• Task 5  Development of Field Application Techniques
• Task 6  Perform Field Tests (6) and Evaluations
• Task 7  Reporting and Tech Transfer

A Society of Petroleum Engineers (SPE) technical paper (SPE 113490) of 
the laboratory testing has been prepared, shown as Draft 5 in Attachment A.  
This final paper will be presented at the April 2008 SPE Improved Oil 
Recovery (IOR) Symposium in Tulsa, Oklahoma and published in the SPE 
records. A later paper will be prepared for the field testing results. 
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INTRODUCTION: 
Permeability and reservoir heterogeneity variations significantly affect the 
sweep efficiency or reservoir conformance of oil recovery processes.  Over 
the last 40 years, several methods1-4 were proposed for improving reservoir 
conformance using crosslinked polymers to mitigate the problems associated 
with reservoir heterogeneity.  Two methods are commercially used to 
crosslink polyacrylamides based on the controlled availability of multivalent 
metal ions (generally chromium) resulting in the crosslinked 
polyacrylamide.  Key issues with the crosslinked polyacrylamide systems 
include-  

(1) Environmental and safety issues over the heavy metal crosslinking 
agent chromium,   

(2) Limited penetration depth,  
(3) Polymer shear degradation,  
(4) Polymer absorption on the reservoir surface,   
(4) Polymer gel time, 
(5) Polymer precipitation under harsh reservoir conditions. 

 
Application of silicates in different industrial areas is enormous and well 
documented.  Injection of silicate solutions into reservoirs with the aim at 
enhancing the recovery factor through a diverting effect was first proposed 
in 1922 (5). Acidic gel systems are the oldest and most commonly employed 
techniques that employ silicates.  These gels are more accurately described 
as precipitation type gels since they are extremely brittle with no elasticity.  
In the early 1960’s, sodium silicate and glyoxal were combined to make 
various hard cement-like coatings on substrates. At low concentrations, a 
firm gel was obtained that lacked cohesiveness and was not as hard as 
cement.  In 1964, Gandon (6) took the mission one step further citing 
sodium silicate reactions with other organic compounds to make cement like 
substances used to create very hard consolidated soils for constructing 
bridge and dam structures.  In the last 50 years, numerous inventors (7-9) 
patented various sodium silicate systems to make gels for use in plugging 
high permeability areas of oil and gas producing reservoirs. Krumrine and 
Boyce’s paper (10) compiles numerous papers and patents on sodium 
silicate chemistry as applied to oil field and grouting applications.  They also 
drew attention to a controversial fact that the silicate use was inequitably 
neglected in commercial applications in favor of polymer treatments in 
practice at the time.   
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Many chemicals can serve as sodium silicate initiators. An initiator can be 
defined as a chemical that causes a sodium silicate solution to gel in a 
delayed fashion. It should be noted that the gel is not simply a precipitate. 
Metal ions such as calcium, can cause immediate precipitation of a water-
insoluble metal silicate.  Many initiators are acidic, water-soluble chemicals 
which lower the pH of the silicate solution to a point at least below about 
(11).  Most ammonium salts of strong acids such as ammonium sulfate are 
effective gelants (11, 12).  Methods of delaying rapid reactions in the prior 
art involve multiple stage treatments such as pumping alternating slugs of 
sodium silicate and the initiator separated with inactive slugs of fresh water 
when the initiator reacts rapidly. This complexity allows for delayed gelation 
in the formation after the placement of the two reactants; however, this does 
not allow for full control of  the in-depth placement of the silicate gels.  
 
Although the sodium silicate technology was the first plugging and 
permeability modification technology largely put to practice, the use of 
gelled polymers based on polyacrylamide and chromium VI salts with 
reducing agents or organochromium compounds became more popular in the 
1970’s and 1980’s because of their unique versatility to make hard and soft 
elastic gels rather than the inelastic gels formed using the original sodium 
silicate chemistry.  Phillips Petroleum Company was the pioneer in this area 
and later followed by Marathon Oil Company with similar technology using 
polyacrylamide-chromium gelled systems.  For example, Clampitt, Hessert, 
and Gall (13-16) are among the many inventors proposing various gelled 
cellulose and acrylamide polymers that could be placed in a high 
permeability formation and crosslinked into a chromium gel. Mumallah (17 ) 
patented the concept of chromium proprionate as a delayed gel complexing 
agent for polyacrylamide.  Later, Falk (18) at Marathon patented chromium 
acetate for use in gelling polyacrylamides.   
 
Casing repairs and water reduction are important because they can save well 
profitability, prevent premature well plugging, loss of oil and gas reserves 
and allow regulatory compliance.  Casing leaks occur primarily over time 
from steel casing exposed to corrosive formation waters.  In wells with bad 
casing, water influx through casing leaks can cause scale formation and 
excess water production possibly leading to abandonment or premature 
plugging of the well.  As our oil and gas wells continue to age, casing leaks 
will become more of a problem.   
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Competitive polymer gel systems are used successfully as an alternative to 
cement, or in combination with cement, to squeeze casing leaks and improve 
mechanical well integrity.  They also are used instead of mechanical 
methods of cupped packers.  Hard gels are used to hold a solid pressure in 
the casing or to block encroachment of foreign water into a producing well 
or block pressure leak off into the formation. Advantages of using gels are 
two-fold. They can be washed out of the wellbore after a leak is squeezed, 
preventing the costly rig time necessary to drill out cement. Second, since 
such solutions exert a much lower hydrostatic pressure than a cement slurry, 
there is less possibility of breaking down the formation and losing the 
squeeze seal.  
 
In this work, sodium silicate gels made with an organic initiator in the 
presence of a polymer, such as a polyacrylamide derivative, were evaluated 
for conformance control and casing leak plugging.  Historically, uniform 
silicate gels were almost impossible to prepare because the reaction is rapid 
between sodium silicate and an acidic setting agent. Therefore, most silicates 
form very rigid, non-uniform gels subject to fracturing or syneresis with 
concomitant shrinkage.  
 
Certain organic initiators can form delayed gels with sodium silicate as an 
improvement, but the gels are brittle without elasticity and the gels require 
high material concentrations.  Sodium silicate is a complicated system of 
various molecular weight silica polymers in an alkaline solution.  Aside 
from requiring a certain minimum amount of buffered alkalinity, sodium 
silicate has no definite chemical combining numbers.  When sodium silicate 
is acidified to a pH of less than about 10, then the sodium silicate is 
converted partially to silicic acid.  Silicic acid exists at these alkaline pH’s as 
it is such a weak acid.  Instead of precipitating and making silica, SiO2, the 
silicic acid remains hydrated and forms a three-dimensional network in 
trapping the solvent water.  This network is a gel since both phases are 
continuous.  A slight lowering of the pH brings about radical changes in gel 
time.  Consequently, gel times are difficult to control, and lumping from 
local acid concentrations during large scale mixing frequently occurs.   
 
On the other hand polyacrylamide gels with the dichromate ion and a 
reducing agent such as sodium hydrosulfite form an elastic gel without the 
brittleness and other disadvantages of the early silicate systems. 
Polyacrylamide and certain organic initiators such as aldehydes are known 
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to form gels at low pH and high concentrations of the reagents, but as 
reported, gels do not form at neutral pH and above.  
 
In the laboratory, when very low concentrations of a partially hydrolyzed 
polyacrylamide was added to sodium silicate in the presence of an organic 
initiator, varying types of gels were formed ranging from soft gels to very 
hard, ringing gels with gel times of minutes to days.  The Silica Polymer 
Initiator (SPI) gels formed in this manner are more elastic in behavior like a 
polyacrylamide gel instead of possessing the characteristic brittleness of 
sodium silicate gels with the same initiator.  In the absence of sodium 
silicate, neutral pH polyacrylamide solutions do not react with the organic 
substrates.  In the absence of an organic initiator, sodium silicate does not 
react with polyacrylamide.   
 
The presence of the polyacrylamide in the formulation is unique and novel 
resulting in a more elastic gel.  Without polyacrylamide in the SPI 
formulation, a delayed silica precipitation occurs to generate a very opaque 
brittle gel.  Silica precipitations of this type have been known for years.  The 
Initiator does not appreciably react with the polyacrylamide.  The Initiator 
serves as a source of protons allowing the silica to form a silica hydrogel 
that may be weakly bound by hydrostatic forces to the polyacrylamide 
molecules.  These hydrostatic forces between the silicate hydrogel and the 
polymer tend to wrap around the polyacrylamide and also bind two or more 
polymer chains together in a weak crosslink.  As gelation occurs, the pH 
drops from approximately 12 to the 10 – 7 range.  Although a considerable 
amount of effort has been directed at the SPI gels to determine the proper 
balance between the components, component concentrations, gel time, and 
the gel strengths, there is still a significant amount of work to be completed 
to fully commercialize these SPI systems.   
 
The original Glass silicate treatment has been utilized since the 1970’s in the 
oilfield.  The first SWC funded project (sub-contract #3022-IT-DOE-2098) 
entitled “Field Application of a Low-Cost Water Mitigation Treatment” 
discovered a new gel system and concentrated on lab development. That 
system is now the new patent-pending SPI gel system.  Lab tests were 
conducted on the matrix parameters outlined and further defining the 
benefits and limitations of SPI gels for water mitigation. The Oklahoma 
Center for Advancement of Science and Technology (OCAST) approved 
additional funding for evaluating SPI gels toward casing repair applications.   
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EXPERIMENTAL WORK:  
 
The original proposed tasks were:  

• Task 1  Development of Laboratory Matrix Formulation  
• Task 2  Gel Characterization in the Laboratory Matrix  
• Task 3  Static Brine and multivalent impact  
• Task 4  Dynamic Laboratory Simulation Modeling  (optional)  
• Task 5  Development of Field Application Techniques  
• Task 6  Perform Field Tests (6) and Evaluations  
• Task 7  Reporting and Tech Transfer 

 
Over 1,000 gel tests were performed evaluating silicate types and 
concentrations, polymer types and concentrations, initiator types and 
concentrations, temperature, mixing methods, shear, gelation times and gel 
types.  
 
Two silicates were evaluated for gel testing:  N-Sodium silicate, the most 
common and cost effective silicate and potassium silicate. The plan is to 
focus on N-sodium silicate since potassium silicate is more expensive and 
provides little gain in oilfield applications.  This effort is complete. 
 
Twenty eight different commercial water soluble polymers were screened, 
but focused mostly around polyacrylamide (PAM) of varying levels of 
hydrolysis. Some of these polymers were blended demonstrating 
performance improvements.  Four cellulose polymers, EC, HPC, HEC, 
CMC, and Xanthan biopolymer were evaluated as well as a PAM-cellulose 
blends.  They did not contribute to gel performance as much as the non-ionic 
PAM’s.  Polyethyleneimine (PEI) was not impressive.  One particular 
polymer (confidential), when added to a PAM based SPI gel system 
unexpectedly reduced syneresis of the weaker gels for permeability control 
and provided more “ringing” to the hard, yet semi-elastic casing leak gels. 
Polymer screening is complete. 
 
Over 24 Initiators were screened.  Six Initiators were tested at length and 
three are the main focus but their identity is withheld for patent protection 
purposes.  Initiator screening is complete. 
 
A very consistent temperature relationship was discovered across the SPI 
concentration matrix . For every 10 oF above 70 oF the gel is aged, a 
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corresponding multiple factor can be used to accurately estimate the gel 
time.  This is a linear relationship whether at 150 or 200 oF.  For example, 
after aging at 150 oF for one hour and the SPI mixture gels, this corresponds 
to an 8 hour gel time at 70 oF.  
 
A finding that exposing the pre-gelled materials to high regimes of shear 
only slightly decreases the gel time, but does affect the quality of the final 
gel. Once gelled, the gels are stable to crude oils, connate water, strong acids 
and bases over a wide temperature range.  
 
Pressure extrusion rheometer tests were performed as a measure of gel 
strength.  The tests were performed in a pressurized cylinder with air 
pressure used to push a piston to force the gel through a 3/16th inch hole at 
the other end.  While is it not an industry standard, it is felt that it strongly 
represents gel behavior in large fractures and fissures in the rocks. SPI gels 
were found to be approximately three (3) times stronger than commercial 
chromium crosslinked gels. 
 
Preliminary shear tests were done to determine shear forces required to 
release equipment from strongly formed SPI gels left in the annulus (space 
between the inner tubing and outer casing).  Brine and CO2 testing are 
continuing. 
 
A laboratory testing agreement with Kansas University in Lawrence, Kansas 
at the Tertiary Oil Recovery Project lab has been signed and the beaker 
testing work begun.   
 

Materials 
The sodium silicate used in this study was N-Sodium Silicate available from 
PQ Corporation.  N-Sodium Silicate has 37.85% solids as SiO2 and Na2O 
and 28.90% as SiO2.  The pH is approximately 11.3.  N-Sodium silicate has 
a molar ratio of silicon dioxide to alkali metal oxide of 3.22.    For the 
purpose of this paper, the composition of the initiators will remain 
confidential, although numerous initiators were tested.  Polyacrylamide 
polymers were evaluated ranging between high and low molecular weights 
and varying amounts of levels of hydrolysis ranging from 0 – 50%.  
Polymers used were: Alcoflood 254S (AC 254S) , a 250,000 molecular 
weight polyacrylamide with 7 percent hydrolysis; Goodrite® polymers that 
are polyacrylates; HE® polymers, where  HE 100® is a copolymer of 
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AMPS (Sodium salt of 2-Acrylamido-2-Methyl Propane Sulfonic acid) and 
acrylamide and  HE 300® polymer is a  copolymer of VP (Vinyl 
Pyrrolidone) and Acrylamide;  Drispac®  polymer,  a 0.9 degree of 
substitution CMC (carboxymethylcellulose) polymer;  Natrosol 250HHR®, 
a non-ionic HEC (hydroxyethylcellulose) polymer; and Kelzan® XC 
polymer, a Xanthan gum polymer.  Salts of NaCl, KCl and CaCl2⋅H2O were 
also utilized. 
 

Preparative Methods 
The initial matrix screening experiments were performed at RTA Systems, 
Inc.  The polymer solutions were prepared by forming a water vortex in a 
container using a magnetic stirrer and dropping the dry polymer granules on 
the shoulder of the vortex. The solutions were then slowly stirred overnight 
to complete the dissolution. Polymers were prepared at a concentration of 
0.5 weight percent.  
 
The standard order of mixing of the SPI components to form a gel are: 1) 
Bartlesville city Tap Water (BTW), 2) Polymer master batch (5000 ppm 
solution), 3) Sodium silicate (concentrated), and 4) the Initiator.  The jar was 
sealed with a lid and it was shaken for about 20 – 30 seconds to thoroughly 
mix the components.  For the shorter gel times, the samples were observed at 
room temperature (RT) for the time of gelation.   
 
For extended gel times beyond 8 hours, the bottles were placed in an oven 
for accelerated gelation and extrapolated back to a room temperature gel 
time.  From these lab tests, approximately 1-hour gelation time in an oven at 
150oF is equivalent to 8 hours gelation time at room temperature.  In doing a 
series of tests, it was determined best to pre-weigh the components in all the 
jars in a series except for the initiator.  Then add the initiator last to all of the 
jars and place in the oven at the same time. 
 

Results of Matrix Studies 
A gel time matrix was developed over the total weight percent range of SPI 
components as follows: 
 Sodium silicate: 4.0, 3.0, 2.0, 1.0, and 0.56 weight percent. 
 Polymer: 0.05, 0.10, 0.15, and 0.20 weight percent 
 Initiator: 1.8, 2.3, 2.8, and 3.3 weight percent 
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This screening study was performed for numerous initiators and polymer 
types.  Generally, SPI gels with sodium silicate levels less than 1.0 weight 
percent are probably too weak to be of value.  SPI gels with silicate levels 
greater than 4.0 weight percent tend to plateau on a cost-benefit basis.  Gels 
with sodium silicate less than 4.0 weight percent have ample gel strength for 
casing leak applications.  SPI gels with polyacrylamide concentrations 
below 0.10 weight percent are not as stable often resulting in more syneresis 
than gels at or above 0.10 weight percent.  Polyacrylamide levels up to 0.20 
weigh percent are useful, particularly for the weaker gels for conformance 
control. Whereas, very nice hard ringing gels for casing leaks may be 
produced at polyacrylamide levels in the 0.10 to 0.20 wt percent range.  
Polyacrylamides are very economical at this concentration.  Weak gels for 
conformance control are produced at a sodium silicate to initiator ratio of 0.5 
– 1.10 producing a pH in the range of 7 – 8 and a gel time in the range of 30 
– 65 hours.  Firm ringing gels for casing leak applications are produced at a 
silicate/initiator ratio of approximately 1.10 – 2.0 for a pH in the range of 8 – 
10 and a gel time of 4 – 29 hours. 
 
Early screening tests focused on the type of polymer incorporated into the 
SPI system. These tests were run at high concentrations of sodium silicate 
resulting in rapid gel times.  The formulations in Table 1 had 14.9 weight 
percent sodium silicate, 3.7 weight percent initiator, 0.11 weight percent of 
polymer and 88.78 weight percent water.  Although this initial polymer 
screening data is far from optimum in sodium silicate and initiator 
concentrations, it demonstrates that there may not be an impact of the 
polymer on the gel time, but suggests that most polymers can be used in the 
system to impart  elasticity.  Only Drispac polymer provided a brittle gel 
with severe syneresis.   
 
Table 2 shows the effect on the level of polyacrylamide hydrolysis and 
molecular weight at different sodium silicate and initiator concentrations.  
The low and high molecular weight polymers have relative molecular 
weights of 5 and 12 million respectively.  At the respective silicate/initiator 
concentrations in Table 2, the non-hydrolyzed polyacrylamide gels were the 
only ones to exhibit a ringing sensation in the gel suggesting this is a 
reflection of polymer hydrolysis in this data set.  In other formulations using 
an anionic polymer, ringing gels have been observed, i.e. Table 1, Sample 
No. 5. The actual gel times and perhaps to some extent, syneresis levels are 
believed to be a reflection of the ratio of sodium silicate to initiator 
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concentration.  From the data in Table 2, the effect of the hydrolysis level on 
syneresis is inconsistent.  Entries with the higher initiator concentration (4.4 
%) may show an up-tick in gel time at higher levels of polymer hydrolysis.   
However, this trend does not hold for the other initiator concentrations 
where a peak in gel time appears at 20% hydrolysis.  The data suggests that 
lower gel times occur with non-ionic polymer with minimal syneresis.  The 
molecular weight (5 MM vs. 12 MM) of these polyacrylamides  did not 
seem to effect gel time.   
 
Table 1.  Effect of Polymer Type on the Silica-Polymer-Initiator Gel System. 
Sample 

No. 
Polymer Polymer Type GelTime, 

Min. 
Comments 

      1 Drispac® 
polymer 

CMC-9 10  Very Brittle Gel, 
Severe Syneresis 

      2   HE® 100 
polymer 

AMPS/AM 13  Hard Elastic Gel. 

      3 Natrosol® 250 
HHR 

HEC 4  Hard Elastic Gel. 

      4 HE® 300 
polymer 

VP/AM 10  Hard Elastic Gel. 

      5 AC 254S PAM, 7% Hydrolysis 12  Hard Elastic Ringing 
Gel 

      6 Kelzan XC 
polymer 

Xanthan Gum 9  Hard Elastic Gel 

      7 Goodrite 732 Polyacrylic Acid, pH= 
2.6* 

10  Very Hard Elastic Gel 

      8 Goodrite 766 Polymethacrylate, pH= 
8.5* 

10  Very Hard Elastic Gel 

* Mwt 5000 
 
Gel time is most affected by the sodium silicate concentration and at higher 
concentrations, shorter gel times were observed along with stronger gels.  At 
lower sodium silicate concentrations, longer gel times were observed with 
weaker gels being formed.  The initiator serves to provide a source of 
hydrogen ions to the gel system. There is an optimum initiator/sodium 
silicate mass ratio that provides optimum gel.   
 
The formulation in Table 3 is an example of a weak gel with a 64 hour gel 
time.  The BTW added was pre-calculated to arrive at the above weight 
percentage of the components.  The water components of the additives were 
taken into account to arrive at a total water weight percent as shown in Table 
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3.  Table 4 is an example of a firm ringing gel for casing leak correction 
applications. 
 
Table 2.  Effect of Polyacrylamide Anionicity on Gel Formation with SPI Gels. 
Sample 
Number 

Sodium 
Silicate, Wt. 

% 

Initiator
, 

Wt. % 

PAM*, 
Wt. % 

Gel 
Time, 
Mins 

Description 
of Gel 
Type 

Syneresis 

   0% Hydrolysis, 
HMwt 

   

1 8.7 4.4 0.22 34 Hard Ring Slight 
2 8.9 2.2 0.22 66 Hard Ring Slight 
3 7.3 1.8 0.18 121 Hard Ring No 
   7% Hydrolysis, 

HMwt 
   

4 8.7 4.4 0.22 31 Hard No 
Ring 

Yes 

5 8.9 2.2 0.22 84 Hard No 
Ring 

Yes 

6 7.3 1.8 0.18 224 Hard No 
Ring 

Yes 

   16% Hydrolysis, 
HMwt 

   

7 8.7 4.4 0.22 34 Hard No 
Ring 

No 

8 8.9 2.2 0.22 63 Hard No 
Ring 

No 

9 7.3 1.8 0.18 150 Hard No 
Ring 

No 

   20% Hydrolysis, 
HMwt 

   

10 8.7 4.4 0.22 32 Hard No 
Ring 

Yes 

11 8.9 2.2 0.22 67 Hard No 
Ring 

Yes 

12 7.3 1.8 0.18 200 Hard No 
Ring 

Yes 

   33% Hydrolysis, 
LMwt 

   

13 8.7 4.4 0.22 40 Hard No 
Ring 

Yes 

14 8.9 2.2 0.22 53 Hard No 
Ring 

Slight 

15 7.3 1.8 0.18 128 Hard No 
Ring 

Slight 

   33% Hydrolysis,    
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HMwt 
16 8.7 4.4 0.22 42 Hard No 

Ring 
Yes 

17 8.9 2.2 0.22 50 Hard No 
Ring 

Slight 

18 7.3 1.8 0.18 144 Hard No 
Ring 

Slight 

   50% Hydrolysis, 
LMwt 

   

19 8.7 4.4 0.22 56 Hard No 
Ring 

Yes 

20 8.9 2.2 0.22 51 Hard No 
Ring 

Slight 

21 7.3 1.8 0.18 160 Hard No 
Ring 

Slight 

*  Superflock polyacrylamide  
 
 
Table 3.  Example SPI  Weak Gel For Permeability Correction. 
SPI Component Concentration 

Factor, % 
Component 
Added, g 

Component  
Conc., g 

Weight  
Percent,  

N-Sodium 
Silicate, 
Concentrated 

37.60 0.81 0.30 0.95

Polymer (5000 ppm 
solution) 

0.050 13.00 0.065 0.203 

Initiator 100.00 0.57 0.57 1.78 
Water from Sodium 
Silicate 

62.40 0.81 0.505 1.58 

Water from Polymer 99.50 13.00 12.94 40.45 
Additional BTW 100.00 17.60 17.60 55.03 
Totals   31.98 100.00 
Total Water    97.06 
Gel Time:  64 Hours; Weak gel, holds shape, No syneresis. 
 
The graphical results of a concentration study where sodium silicate is 
varied from 0.57 to 4.0 over the range of initiator concentrations from 1.8 to 
3.3 weight percent and at constant PAM concentration of 0.10 wt. % are 
shown in Figure 1.  Generally, the lower concentrations of SPI components 
and particularly the lower concentration of sodium silicate relate to longer 
gel times and weaker gels.  At these low concentrations, the gels result in a 
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lower quality fit of a power algorithmic law pattern.  This is largely due to 
increased error in establishing an exact gel time since the rate of viscosity 
increase is slower.  Contrast this data with the higher SPI concentrations 
correlating to a shorter gel time and firmer ringing gel.  The power law 
relationship provided higher R2 values for the algorithms and makes more 
logical sense than an exponential or logarithmic fit both of which intercepted 
the x or y axis.   
 
  
Table 4.  Example SPI  Firm Ringing Gel For Casing Leak Correction. 
SPI Component Concentration 

Factor, % 
Component 
Added, g 

Component  
Conc., g 

Weight  
Percent, 

N-Sodium Silicate, 
Concentrated 

37.60 3.20 1.20 2.96 

Polymer (5000 ppm 
solution) 

0.050 8.50 0.043 0.105 

Initiator 100.00 0.96 0.96 2.36 
Water from Sodium 
Silicate 

62.40 3.20 1.997 4.91 

Water from Polymer 99.50 8.50 8.46 20.80 
Additional BTW 100.00 28.00 28.00 68.86 
Totals   40.66. 100.00 
Total Water    94.58 
Gel Time:  24 Hours; Hard Ringing Gel 
 
This pattern of curves is unique showing dependency on the concentrations 
of the silicate and the initiator. The curves may suggest there is an optimum 
ratio of the sodium silicate to initiator concentration.   The concentration of 
polymer is independent, although at lowest polymer concentration, the gels 
were of slightly poorer quality.  The graphical dependence on polymer 
concentration is not shown, although for the most part they are constant 
relationships outside of the lower concentrations of the silicate and the 
initiator. Most of the R2 values are above 0.95 suggesting a very good data 
fit. 
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F ig ure  1 .   In ita to r C o nc e ntra tio n  vs  G e l T im e  a t [P o ly] =  0 .1 0 % .

S ilic a t e = 4.0% , P o ly = 0.10
f(x)= 120.12049* x^ (-1 .8914059);  R ²= 0.9558
S ilic a t e = 3.0% ;  P o ly = 0.10%
f(x)= 124.76553* x^ (-1 .7272324);  R ²= 0.936
S ilic a t e = 2.00% , P o ly = 0.10%
f(x)= 118.66076* x^ (-1 .3770467);  R ²= 0.9801
S ilic a t e = 1.0% ;  P o ly = 0.10%
f(x)= 99.891388* x^ (-0 .90669755);  R ²= 0.6816
S ilic a t e  =  0.57% , P o ly = 0.10%  N o  Co rre la t io n

1 2 3 4 5 6
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20
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G e l T im e , H o urs

Initia to r C o nce ntra tio n, W e ig ht Pe rce nt  
 
 
Pressure Extrusion Tests  
Early pressure extrusion tests were performed to provide a measure of gel 
strength of the SPI gels. These tests were compared to standard crosslinked 
polyacryalmide gels.  The tests were performed in a heavy plastic cylinder 
fitted with screw caps on each end.  Air pressure was used against a piston at 
the upper end to push the gel through a small 3/16 inch hole at the exit end 
whereby the gel was extruded. A piston in the upper end was fitted with an 
o-ring located inside the cylinder and a guide rod extending through a 
pressure tight hole in the cylinder cap that connects to the piston on one end. 
The piston moves freely in the cylinder.  The 3/16 inch hole was plugged 
prior to filling with the pre-gelled solution. 
 
The cylinder was filled with the SPI gel components and left for 48 hours to 
form a hard rigid gel.  After 48 hours, the cylinder was mounted with the 
3/16 inch hole supported over a beaker to collect the extruded gel.  The 
pressure inlet was connected to a source of compressed air. The pressure was 
slowly increased to the point whereby the piston started to push against the 
gelled system and extrude through the 3/16 inch hole.  At that point, the 
pressure was held constant and recorded.   
 
The SPI gels were at 14.7 weight percent sodium silicate, 2.45 weight 
percent initiator and 0.18 weight percent polymer and the remainder water. 
The second gel was a standard polyacrylamide/CMC (0.30% PAM/0.7% 
CMC) blended gel at 10,000 ppm total polymer concentration crosslinked 
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with Cr+3 ions as per a Phillips Petroleum19 patent using 0.15 weight 
percent sodium dichromate and 0.20 weight percent sodium bisulfite. 

Table 5. Gel Strength of SPI Gel Compared With 
Chromium Gel. 

            Gel Type 
Pressure to Initiate 

Extrusion 

Polyacrylamide-Cr 
8 

Polyacrylamide-Cr 
7 

SPI 25 
SPI 20 

In this particular test, the SPI system with comparable raw material cost to 
the standard polyacrylamide gel was stronger and more resistant to extrusion 
by a factor of 2.5 – 3 times as shown in Table 5. 

Long-Term Aging of SPI Gels
Two SPI gels with different initiators were placed in a 150oF static oven for 
accelerated oven aging on 13 February 2007.     They were sealed in the 
standard screw cap jar.  Unfortunately, the screw cap seal was not 
sufficiently tight enough to hold water and any other volatiles in the vessel at 
this temperature, thus tainting this data. Both gels shrank loosing 
approximately 55 weight percent water over a 7.5 year accelerated aging 
time.  The gels shrank away from the jar wall into a consolidated, very firm 
gel.  If the water loss from the container had not occurred, the results may 
have been different.  The tests will be repeated. 

Third Party Testing- Confirmation of Matrix Tests at University of 
Kansas-Tertiary Oil Recovery Projects 
In support of rapid commercialization, tests on selected formulations will be 
verified by the University of Kansas at Lawrence (TORP laboratory) under 
the direction of Dr. G. Paul Willhite and Dr. Stan McCool.  A legal 
agreement and the lab procedure has been made and the work has begun but 
not completed.  The early part of this work has been included in the SPE 
113490 technical paper and as Appendix C.  Additional lab tests are 
anticipated with a new gel system in the near future.  
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KU-TORP Matrix Sample Preparation 
Amounts of lab water, salt solutions, polymer solution and sodium silicate 
solution were weighed into a vial.  The solutions were mixed by shaking and 
the vial placed in a 40°C water bath for a minimum of one hour. Initiator 
was then weighed into the vials.  The gelant vial was shaken well to mix and 
returned to the water bath. Total sample weight was about 30 grams. The 
samples were observed every eight hours or so to determine the formation of 
gel and gel quality by tilting the vial about 45° from the vertical. The 
samples were photographed and pH values were measured at about 1 week 
after mixing. 
 

KU-TORP Matrix Results 
Two series of samples were prepared. Series 1-9 were prepared without 
added chloride salts. Sodium silicate and initiator concentrations were varied 
about the original preferred formulation.  The polymer concentration was 
0.20 weight percent.  Similar gel solutions were prepared with added 
concentrations of between 0.1 and 1.0 weight percent sodium chloride 
(NaCl) and between 0.01 to 0.10 weight percent calcium chloride (CaCl2) 
salts. The results are provided in Table 6.   
 
The polymer concentration was chosen to be 0.20 weight percent because 
previous experiments suggest polymer concentration is independent of gel 
time.  Samples 1 and 2 appear to be the best candidates from the point of 
stoichiometry as they are firmer with low syneresis.  The “best” samples had 
initiator concentration above 1.2 weight percent.  The preferred initiator 
concentrations between 1.5 and 1.8 weight percent gave gel times between 
70 and 48 hours, possibly a good range for Arbuckle treatments. Sample 1 
(G710) only had 2% syneresis.  Sample 9 (G63) had the lowest sodium 
silicate concentration (0.78%) and the most syneresis (20%).  There is no 
trend with the level of syneresis with the initiator concentration.  However, 
the silicate/initiator ratio was kept between 0.5 – 0.8 for the samples in Table 
6 with the exception of Sample 9 (G63). 
 
The best formulations were mixed in a saline environment (Table 6, Samples 
G7 Series) by first adding increasing levels of NaCl, then CaCl2 and finally 
both salts together.  Gel times decrease substantially as sodium chloride 
concentration approaches 1 percent.  Syneresis increased to 10 weight 
percent with increased NaCl concentration.  Low levels of divalent calcium 
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ion did not reduce gel time as much and syneresis results were mixed, but 
calcium ion does significantly affect the gelation process.  Immediate 
cloudiness appeared upon addition of sodium silicate solution to 
polymer/brine solutions containing CaCl2 concentrations of 0.04% and 
0.08%.  When both ions were introduced, the gel syneresed badly and it was 
very weak and unstable.  As the gelation process proceeds, the solution pH 
decreased averaging 6.9 in Samples 1 – 9 (G710 – G61).   These results in a 
saline environment may indicate that a fresh-water pre-flush is needed in 
field treatments to minimize mixing with the field brine.  Once the gel is 
formed in fresh water, adding a saline solution on top of the gel has no 
deleterious effect.   
 
Table 6.  Gelant Composition and Properties of Water Shutoff Systems.     

Sample 
No. (Test 

No.) 

Sodium 
Silicate, 

% 

Initiator, 
% 

NaCl, 
% 

CaCl2, 
% 

Gel 
Time, 
hours* 

Silicate/ 
Initiator 

Ratio 

Syneres
is, % 

1 (G710) 1.10 1.75 0 0 48 0.63 1.7 
2 G62 1.53 1.77 0 0 48 0.86 3.3 
3 G66 0.99 1.53 0 0 70.8 0.65 5.0 
4 G64 1.01 2.03 0 0 38.6 0.50 6.7 

5 G65A 0.97 1.70 0 0 55.4 0.57 6.7 
6 G610 0.98 1.8 0 0 48 0.57 6.7 
7 G61 1.00 1.8 0 0 48.1 0.56 10.0 
8 G67 1.01 1.2 0 0 146.3 0.84 10.0 
9 G63 0.78 1.77 0 0 55.4 0.44 20.0 

        
10 G73 0.99 1.83 0.11 0 40.5 0.54 3.3 
11 G72 1.02 1.8 0.50 0 15.5 0.57 3.3 
12 G71 0.98 1.78 1.01 0 8.7 0.55 9.9 
13 G76 0.97 1.73 0 0.008 48.8 0.56 1.7 
14 G75 1.00 1.74 0 0.038 40.5 0.57 6.7 
15 G74 1.02 1.78 0 0.075 33.3 0.57 3.3 
16 G79 1.00 1.76 1.00 0.008 Syn/Brok

en 
0.57 - 

17 G78 1.06 1.79 1.01 0.038 Syn/Brok
en 

0.59 - 

18 G77 0.97 1.80 1.02 0.076 Syn/Brok
en 

0.54 - 

* Gel times were +/- 4 hours.  
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Third Party Gel Time, Gel Quality, pH and Viscosity - University 
of Kansas-Tertiary Oil Recovery Projects 
Additional tests were conducted with the SPI gel system to determine gel 
time, gel quality, pH and viscosity values as a function of time.  Initial runs 
of gelation under continuous shear were also conducted. 
 

KU-TORP  Sample Preparation 
Lab water, polymer solution and sodium silicate solution were weighed into 
a 4 ounce jar.  The solution was mixed by shaking prior to placing the jar in 
a 40°C water bath for a minimum of one hour.  Initiator was then weighed 
into the jar. The gel solution was mixed again by shaking the jar well. Total 
sample weight was about 90 grams. Approximate 30 grams of the sample 
was poured into a 40 ml vial. The vial and jar were placed in the 40°C water 
bath. The samples were observed every 5 to 6 hours to determine the 
formation of gel and gel quality. The vials were handled carefully (not tilted) 
and were observed for cloudiness and expelled solvent after gelation 
(syneresis). The presence of gel was determined in the 4 ounce jars and the 
pH was determined in selected samples by inserting the pH electrode in the 
jar and swirling.  
 
Runs were conducted where the sample was continuously sheared during the 
gelation process. This was accomplished with a Bohlin rheometer equipped 
with a double gap geometry (DG 40/50).  The rheometer was allowed to 
equilibrate at 40 °C for a couple of hours before use. Thirty ml of sample 
was placed in the DG 40/50 geometry immediately after mixing. About 1 ml 
of 5 cp oil was placed on top of the sample in each gap to reduce/eliminate 
sample evaporation. The sample was then continuously sheared and 
viscosity readings were recorded every three minutes. It is suspected that the 
initiator, being an organic liquid, could partition into the oil used to 
eliminate evaporation, reducing the sample concentration. The DG 40/50 
was selected due to the low ratio of oil-to-sample volumes as compared to 
other available geometries. 
 

KU-TORP  In-Depth Water Conformance Gel System Results 
Series 21 gels are for in-depth water conformance (WC) applications. Tests 
were conducted to determine the effect of the initiator and sodium silicate 
concentrations on gelation performance. Data on the composition, gel times, 
pH just before gelling, the level of syneresis and the Sodium 
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Silicate/Initiator ratio for the G21 samples are presented in Table 7.  The 
properties of pH and viscosity were followed for the samples with the 
starred numbers in Table 7 and plotted. 
 
A portion of the G21 samples were placed in 40 ml vials immediately after 
mixing. The vials were not tilted or otherwise disturbed until 11 days after 
mixing in order to determine the amount of expelled solvent (syneresis) and 
to photograph the samples. The amount of expelled solvent is given in Table 
7 as a percentage. Although not measured, the percentage amount of 
syneresis in the 4oz bottles was greater as was the measured values in 
similar samples of the G6 Series reported earlier. This suggests that periodic, 
mild shear during gelation enhances syneresis of these typical WC systems. 
 
Table 7. Gel Composition and Properties of Water Conformance Systems. 

Sample 
No. 

Sodium 
Silicate, % 

Initiator, 
% 

Gel Time, 
hours 

pH at 
Gel 

Time 

Syneresis, 
% 

Silicate/ 
Initiator 

Ratio 
G21-1* 1.00 1.21 100 7.6 ~ 1.9 0.83 
G21-2 1.00 1.39 82 - ~1.25 0.72 
G21-3 1.00 1.60 58 - ~1.25 0.63 
G21-4* 1.00 1.80 48 7.46 ~1.25 0.56 
G21-5* 1.25 1.19 No Gel 8.93 - 1.05 
G21-6 1.25 1.39 100 - ~1.25 0.90 
G21-7 1.25 1.60 58 - <1.25 0.78 
G21-8* 1.25 1.80 46 7.74 <1.25 0.69 
G21-9* 1.50 1.19 No Gel 10.1 - 1.25 
G21-10 1.50 1.40 230 - - 1.07 
G21-11 1.50 1.59 100 - <1.25 0.94 
G21-12* 1.50 1.80 46 8.13 <1.25 0.83 

 
The gel times for the G6 data (Table 6) and the G21 data (Table 7) are plotted 
in Figure 2.  This is the same plot as shown in Figure 1 except the KU data has 
been added.  The data overlap fairly well with excellent R2 values.  The two 
KU lines are in the left x-y axis coordinates.  Since they were run at slightly 
higher temperature than previous tests, one would expect that when corrected 
for temperature the data set would shift closer to the 1.0% silicate line located 
to the right.  
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F igure  2 .  Inita to r C oncentra tion vs  G e l T ime  a t [P o ly] =  0 .10 %.

Silica te=4.0% , Po ly =0.10
f(x)=120.12049* x^(-1.8914059); R²=0.9558
Silica te=3.0% ; Po ly =0.10%
f(x)=124.76553* x^(-1.7272324); R²=0.936
Silica te=2.00% , Po ly =0.10%
f(x)=118.66076* x^(-1.3770467); R²=0.9801
Silica te=1.0% ; Po ly =0.10%
f(x)=99.891388* x^(-0.90669755); R²=0.6816
G21 Series  Silica te  = 1.0% , Po ly  = 0.20%
f(x)=147.08962* x^(-1.9145638); R²=0.987
G60 Series  Silica te  = 1.0% , Po ly  = 0.20%
f(x)=223.36934* x^(-2.5716841); R²=0.9908
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The graphic results are shown in Figure 3 plot the pH as a function of time.  
The three samples containing 1.80% Initiator at sodium silicate 
concentrations of 1.0, 1.25 and 1.5 weight percent sodium silicate gelled at 
about 48 hours.  Sample G-21-1 gelled at approximately 100 hours because 
the silicate/initator ratio of 0.83 was low in comparison to the two gels 
(G21-5 and G21-9).  These gels had silicate/initiator ratios that were higher 
but the pH drop was not significant enough (pH at 9 – 10) to form a gel at 
these low concentrations of silicate and initiator.   
 
The pH values of samples with the same initiator concentration decreased 
slower with increased sodium silicate concentration. For samples containing 
1.80% Initiator, pH values at the gel time were higher at higher sodium 
silicate concentrations, resulting in the similar gel times.  
 
The graphic results are shown in Figure 4 for the viscosity data in Table 7 as 
a function of time.  Viscosity of the samples that gelled increased 
moderately before gelation and rapidly increased at the point of gelation.  
The viscosity was higher than 1000 cp, the highest value that can be 
measured on the viscometer.  The viscosity increased slightly for the two 
samples that did not gel in the 120 hour time frame. 
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Figure 3 – pH Values as a Function of Time for Selected G21 Samples. 
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Figure 4 – Viscosity as a Function of Time for Selected G21 Samples. 
 

KU-TORP  Casing Leak System Results 
Series 25 gel are for casing leak applications. Tests were conducted to 
determine the effect of initiator concentration on gelation performance of 
samples containing 3.0% sodium silicate and 0.10% polymer. Sample 
compositions and gel times are presented in Table 8. The polymer 
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concentration for these samples was 0.10 weight percent.  The short gel 
times for this series result in less precise values.  Viscosity and pH values 
were measured for the G21-3 sample. The sample had a pH of about 10.2 at 
the gel time, a much higher pH value than for the WC samples described 
above. 
 
Table 8 – Gel Composition of SPI Systems for Casing Leak. 

Sample 
No. 

Sodium 
Silicate, % 

Initiator, % Gel Time, 
hours 

pH at Gel 
Time 

Silicate/ 
Initiator 

Ratio 
G25-1 2.99 2.01 24.2  1.49 
G25-2 2.99 2.20 10.1  1.36 
G25-3 2.99 2.39 6.1 10.24 1.25 
G25-4 3.00 2.62 6.1  1.15 
G25-5 3.01 2.79 6.1  1.08 

 
Viscosity as a function of time was measured for samples subjected to 
constant shearing conditions in the Bohlin rheometer. Compositions, shear 
rate and gel time for the runs are given in Table 9. Viscosity readings as a 
function of time are shown in Figure 5. Gel times were selected as the time 
when the viscosity reading increased above 10 cp due the erratic behavior 
above that reading.  
 
Table 9. Gel Composition of SPI Systems for Casing Leak – Steady Shear Tests. 
Sample No. Shear Rate,  

(1/sec) 
Sodium 
Silicate, % 

Initiator, % Gel Time, 
hours 

G25-3 10 2.99 2.39 8.1 
G32-1 100 3.00 2.40 9.0 
G35-1 1 3.00 2.39 9.4 
G37-1 10 2.99 2.40 8.7 

 
Samples G35-1 and G37-1 were removed from the rheometer the following 
day and placed in vials for observation. Sample G35-1 was sheared for 15.4 
hours and was removed shortly after the run was stopped. The sample was 
about 25% gel and 75% cloudy fluid. The sample was next observed after 
two days and the fluid portion had gelled and was still gelled 6 days later. 
This behavior after continuous shearing of the sample appears to be different 
than the syneresis behavior after mild, periodic shear of the WC samples.  
Therefore, at higher concentrations of SPI components, the gels may not be 
as shear sensitive as the lower concentrations. 
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For unknown reasons, the experiment with Sample G37 was aborted due to 
excessive speed by the Bohlin software after 9.2 hours. The sample was 
removed about 9 hours later. The sample was completely gelled with less 
than 1 ml of solvent. No change in the sample was observed 6 days later. 
Samples G25 and G32 were not collected and observed after the constant 
shear experiments. 
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Figure 5 – Viscosity Readings as a Function of Time for Gel Containing  
3.0% Sodium Silicate, 2.4% Initiator and 0.10% Polymer. 
Gel times for G21 samples containing 1.0% sodium silicate and 0.2% 
polymer are compared with similar G6 (Table 6) samples from earlier runs 
in Figure 6 as a function of the initiator concentration. Gel times are 
comparable and reproducible.  
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Figure 6 – Gel Time as a Function of Initiator Concentration for Samples  
Containing a Fixed 1.0% Sodium Silicate and 0.20% Polymer. 
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RESULTS AND DISCUSSION:  
The SPI chemistry formulation is proprietary and in patent-pending status, 
thus little hard data can be provided until the patent is published. The patent 
filing disclosed that the SPI formulation is a silicate-polymer based system 
that has a wide variety of applications and control methodologies.   This gel 
is seen in Figure 3 below.  Laboratory work is mostly completed after 
analyzing different chemicals, elevated temperatures, different mixing

 

 
 
 

Figure 7- 
SPI Gel Technology 

 
options and testing other variables to fully define the matrix of control 
variables of the gels. Nothing has been found that would eliminate these SPI 
gels from success in a variety of field applications, although we have found 
limits to the chemistry. Chemicals have been purchased for these field 
pressure tests.   The original tasks proposed were: 

• Task 1  Development of Laboratory Matrix Formulation 
• Task 2  Gel Characterization in the Laboratory Matrix 
• Task 3  Static Brine and multivalent impact  
• Task 4  Dynamic Laboratory Simulation Modeling  (optional)  
• Task 5  Development of Field Application Techniques 
• Task 6  Perform Field Tests (6) and Evaluations  
• Task 7  Reporting and Tech Transfer 

 
The original purpose of the project was to answer two key questions for the 
patent pending SPI (Silica, Polymer and Initiator) Gel Technology 
development and commercialization. Technical objectives were formed to 
answer those two questions and Tasks were assigned to meet those 
Technical Objectives. 

 
Question #1:  What are the primary variables for hard gel performance and 
stability for oil and gas production and injection wells to be considered to 
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impact the efficiency and effectiveness?   Technical Objective #1:  
Research, test, and confirm product efficiency and product application 
variables in the laboratory for SPI technology.  Tasks 1,2,3 and 4 were 
assigned for this objective . 
 
Question # 2:  What type of physical application models can be developed 
from the lab data to simulate field performance and how close will this 
model correlate with the field tests?  Technical Objective #2:  For laboratory 
and field evaluations, develop a physical simulation model to predict the 
optimum field treatments and verify the results with 12 field treatments.   
Tasks 5 and 6 were assigned for this objective.   
 
Task 1  Develop Laboratory Matrix Formulation 
The key components of the SPI “green chemistry” are:  Silica, Polymer and 
an Initiator. Task 1 lab effort focused on identifying and preliminarily 
evaluating the variety of SPI compositions and methodologies that can form 
hard and soft gels and other variables (temperature, brines, divalent ions, pH, 
gel time, gel types, etc…).  Hard gels are candidates for casing leak plugging 
applications (targeted in the OCAST OARS project ) and soft gels are 
candidates for permeability modification/ deep penetrating applications 
(targeted in this Stripper Well Consortium project).  Task 1 is complete with 
over 1,000 gel tests performed, although it will continue at a low effort level 
to support field testing and identify any new chemistry avenues.  
 
The matrix study was a thorough concentration analysis with all three SPI 
variables to find the sweet spots and elucidate mathematical relationships 
between SPI concentrations and gel times.  One of the most Significant 
Technical Achievements is the evolved elucidation of a possible gelation 
mechanism for the SPI system.  Knowledge and understanding of the 
gelation mechanism is a very powerful tool useful for further design 
improvements.  The best mathematical curve fits SPI concentration verses 
gel times are logarithmic (R2 > 0.9).  Of Notable Technical Achievement is 
the finding that a given SPI Gel’s gelation time can be increased or 
decreased by controlling the initial pH of the gelling fluid, and/or by dilution 
with water.     
 
Two silicates were evaluated for gel testing:  N-Sodium silicate, the most 
common and cost effective silicate and potassium silicate. The plan is to 
focus on N-sodium silicate since potassium silicate is more expensive and 
provides little gain in oilfield applications.  This effort is complete. 
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Twenty eight different commercial water soluble polymers were screened, 
but focused mostly around polyacrylamide (PAM) of varying levels of 
hydrolysis. Some of these polymers were blended demonstrating 
performance improvements.  Non-ionic PAM’s appear to provide the best 
gels, a Notable Technical Achievement since it simplified the work.  
Hydrolyzed PAM and polyacrylates provide less than spectacular 
performance.  Of Notable Technical Achievement, the HE polymers (PAM 
co-polymers) work well with the SPI gel system suggesting high 
temperature utility which will be addressed more in the coming year.  Four 
cellulose polymers, EC, HPC, HEC, CMC, and Xanthan biopolymer were 
evaluated as well as PAM-cellulose blends.  They did not contribute to gel 
performance as much as the non-ionic PAM’s.  Polyethyleneimine (PEI) was 
not impressive.  Of Significant Technical Achievement, one particular 
polymer (confidential), when added to a PAM based SPI gel system 
unexpectedly reduced syneresis of the weaker gels for permeability control 
and provided more “ringing” to the hard, yet semi-elastic casing leak gels. 
Ringing gels are very desirable because “ringing” implies gel stability and a 
significant level of elasticity as opposed to brittle low stability gels.  
Polymer screening is complete. 
 
Over 24 Initiators were screened.  Effectiveness of some Initiators was a 
function of their insolubility in the system and those were not tested further. 
Some solubility enhancers have been identified.  Six Initiators were tested at 
length and three are the main focus but their identity is withheld for patent 
protection purposes.  Initiator screening is complete. All proposed work in 
this task have been accomplished, however additional testing will occur as 
new SPI systems are identified. 
 
Task 2  Laboratory Matrix Characterization 
The purpose of Task 2 was to evaluate the preferred SPI gels in further 
detail.  All work in this task has been completed, however residual effort 
remains as new SPI systems are identified. 
 
Of  Notable Technical Achievement in conjunction with Task 1, a very 
consistent temperature relationship was discovered across the SPI 
concentration matrix of Task 1. For every 10 oF above 70 oF the gel is aged, 
a corresponding multiple factor can be used to accurately estimate the gel 
time.  This is a linear relationship whether at 150 or 200 oF.  For example, 
after aging at 150 oF for one hour and the SPI mixture gels, this corresponds 
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to an 8 hour gel time at 70 oF. This discovery has significantly accelerated 
the matrix gel study and to estimate long term gel stability to satisfy 
regulatory requirements.   
 
A finding that exposing the pre-gelled materials to high regimes of shear 
only slightly decreases the gel time but does effect the quality of the final 
gel. Once gelled, the gels are stable to crude oils, connate water, strong acids 
and bases over a wide temperature range. Alternate non-chemical cleanup 
methods (when gels form where not desired) have been identified and will 
be further explored. 
 
Pressure extrusion rheometer tests were performed as a measure of gel 
strength.  The tests were performed in a pressurized cylinder with air 
pressure used to push a piston to force the gel through a 3/16 inch hole at the 
other end.  While is it not an industry standard, it is felt that it strongly 
represents gel behavior in large factures and fissures in the rocks. Of 
Significant Technical Achievement, the SPI gel strengths are 
approximately 3 times stronger than commercial chromium cross-linked 
gels. 
 
Preliminary shear tests were done to determine shear forces required to 
release equipment from strongly formed SPI gels left in the annulus (space 
between the inner tubing and outer casing).  These preliminary tests indicate 
that up to 300 feet of SPI gel can still allow critical well equipment to be 
actuated for release and removal through the gel. This is a Significant 
Technical Achievement since it indicates a lesser and minimal risk to 
existing wellbores during treatment. Of Significant Achievement is that the 
SPI gel can be initiated by carbon dioxide. 
 
Tasks 5-  Development of Field Application Techniques 
The findings in Tasks 1 and 2 were significant enough to accelerate field 
testing ahead of schedule. Lab and field pre-treatment testing procedures 
were made;  treatment procedures including recommended preflush 
volumes, treatment sizes, post flush, and emergency response were made; 
prepared a Well Information form and a Confidentiality and Liability 
Release Agreement for all operators and treatments (shown in Attachment 
B); designed and constructed a mixing and pump trailer with the necessary 
pumps, tanks and piping system to deliver the SPI gel mixture to the well 
head; and incorporated the design, fabrication, and use of a pre-mixing 
station in the Bartlesville laboratory to minimize field mixing.  Prepared 
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trailer mounted tank, pump and piping for onsite mixing and pumping the 
SPI gel system into wells for in-depth treatments and casing repairs.    
 
Task  6-  Field Test 
 
Field testing began as the SPI gel formulation was evolving.  Early 
formulations had short gel times in the summer heat. Later formulations had 
extended gel times and more apparent control and better gels. 
  
Nine (9) in-depth water conformance field treatments were made with one 
SPI gel formulation in two (2) different fields-all in the Bartlesville 
formation, which has a history of low oil recoveries due to water channeling. 
The treatments in one field were considered a success in diverting water into 
new zones, as evidenced by pressure changes, for a technical success; 
however, it is too early to determine economic success of increased oil 
production.  It is important to note that only a total of 200 bbls of SPI gel 
was used in this field and normal treatments are 5,000- 10,000 bbls.  
Discussions with the operator will occur for further field treatments.  The 
second field for in-depth treatments utilized less than 200 bbls with no 
pressure or rate response seen. Much larger treatments are expected to be 
needed for an optimum economic response.       
 
Twelve (12) casing repair treatments were made with three (3) different SPI 
gel formulation systems in five (5) fields.  Several well casing repair 
treatments were terminated due to unknown/ unanticipated downhole well 
problems or surface equipment problems.  More tests would have been done 
except for the very high rainfall that has occurred in the mid-west plains in 
the spring and summer.  The success rate overall was 57%, which included 
one partial success (300+ BPD down to less than 50 BPD ).  Gel treatment 
sizes ranged from 6.25 bbls up to 96 bbls.  
 
Task 7 - Reporting 
A technical presentation on the SPI Technology was made to the University 
of Kansas’ annual Tertiary Oil Recovery Projects (TORP) meeting, on April 
5, 2007 in Wichita, Kansas.  Title of the talk by Ken Oglesby (PI) was 
“Innovative Technologies for Stripper Well Operators”.  
 
Contact was also made with key end users, customers and service operators 
at both the Society of Petroleum Engineers’ Advanced Technology 
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Workshop on “Chemical Methods for Water Control” that was held in San 
Antonio, Texas on March 4-7, 2007. 

A talk was given at the Rocky Mountain Oilfield Testing Center in Casper, 
Wyoming on 20 August 2007. 

A talk to the SWC meeting in Wichita, Kansas was given on 30 October 
2007. 

A talk to i2E, a private organization contracted by Oklahoma state, in Tulsa, 
Oklahoma, was given on 19 September 2007. 

A talk to the Engineering Society of Tulsa (EST) was given on 28 January 
2008. 

A Society of Petroleum Engineers (SPE) technical paper (SPE 113490) has 
been prepared (draft 5 as Appendix A) and will be presented in April 2008 at 
the SPE Improved Oil Recovery Symposium in Tulsa, Oklahoma. 

Copies of these presentations can be obtained upon request. 
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CONCLUSIONS:  
Basic matrix bottle, extrusion and sand pack flow tests and laboratory work 
are completed.  Several SPI gel system and multiple additives have been 
identified, each possesses different gel times, gel strengths, gel life 
expectancy and costs.  This versatility provides potential fit in multiple 
industries and applications. Multiple applications have been identified for 
commercialization- casing repair, water conformance, CO2 conformance, air 
drilling (water influx), mud drilling (lost circulation), utility (sewer, 
pipeline), construction (basement/ foundation sealing) and other targeted 
applications.   Significant field tests have been accomplished to 
commercialize the in-depth water conformance and casing repair 
applications.  A detailed patent and literature review was performed prior to 
patent submittal, which ensures a strong patent position.  The investigators 
wish to thank to the Stripper Well Consortium (SWC), Oklahoma Center for 
Science and Technology (OCAST) and the US Department of Energy 
(DOE) for their support of this project. 
 
The following conclusions were derived from the results of the different lab 
experiments: 

1. Controlled gels with delayed gel time are made from the combination 
of sodium silicate, an initiator and a polyacrylamide.  These new gels, 
known as SPI gels demonstrate a new type of silicate gel possessing 
more elasticity than earlier silicate gels.  Initial testing suggests these 
gels can be designed for in-depth conformance control treatments and 
casing leak repair.  Although a considerable amount of research effort 
has been directed at the SPI gels to determine the proper balance 
between the components, component concentrations, gel time, and 
the gel strengths, there is still a significant amount of research work 
to be completed before these systems are ready for commercial 
applications.   

 
2. The gels solutions have the advantage of being pumped as a single 

stage treatment in contrast to the earlier silicate gels that required 
alternate fluid stages to form a precipitate gel.   

 
3. The SPI gels may be from a number of different initiators and 

polymers to fit the particular application.  The polymers may be 
hydrolyzed or non-ionic polyacrylamide, polyacrylamide derivatives, 
cellulose derivatives, or biopolymer.   
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4. Weaker gels for conformance control are produced at a sodium 
silicate to initiator ratio of 0.5 – 1.10 producing a pH in the range of 7 
– 8 and a gel time in the range of 30 – 65 hours.  Firm ringing gels for 
casing leak applications are produced at a silicate/initiator ratio of 
approximately 1.10 – 2.0 for a pH in the range of 8 – 10 and a gel 
time of 4 – 29 hours. 

 
5. The gels have low initial viscosity and show a rapid increase in 

viscosity just before the gel forms. 
 

6. At higher concentrations of SPI components, the stronger gels are not 
as shear sensitive as the weaker gels. 

 
7. As the gel forms, the pH of the gel solution is reduced from 11 to 7 or 

8. 
 

8. The SPI gels are sensitive to higher brine (particularily sodium 
chloride) concentrations and require a pre-flush. Contact with such 
ions can be beneficial in generated gel strength . 

 
9. Extrusion testing showed that SPI gels have 4+ times the shear 

strength as conventional standard polyacrylamide gels. These tests 
need to be expanded and correlated to sand pack tests. 

 
10. Sand pack tests are required for the optimized formulations and long 

term stability testing is required for treatment design. 
 
 
The following conclusions were derived from the casing repair and shutoff 
field testing: 

11. Surface temperatures can affect gel times for shallow placement and 
small treatment sizes. 

 
12.  Larger treatment sizes are beneficial for success, but does not ensure 

success. 
 
13.  Diverting solids agents can be useful in aiding placement and better 

coverage. 
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14.   Eighty (80) bbl Bobtail tanks & truck arrangements would be more 
efficient in field testing. 

 
15. Additional field and lab testing is required to optimize the 

formulation and treatment process. 
 

The following conclusions were derived from the in-depth water 
conformance field testing: 
 

16.  Additional field testing, larger overall SPI gel volumes and 
additional time for evaluation are required to optimize these 
treatments. 

 
17.  Operator controlled batch tank (220+ bbls) SPI treatments are 

required to improve economics of large field treatments. 
 
18. Additional laboratory and field tests are required to optimize the SPI 

formulation for gel times and strength 
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SPI Gel System Development 2-Feb-08  

SWC   &   OCAST Projects    
Summary of Field Tests

   Date Depth Well SPI Max PreTreatment Post Treatment LCM? Comments
Test Operator Well County State Range Treatment Type Formation SPI  Gel Volume Press Rate/ Press Rate/ Press Success

Number Code Code dd/ mm/ yy feet Type Prod/ Inj/ SWD Name Formulation BBLs psi BPD/  psi gpm/  psi

1 A a Coal OK 30/05/07 586-606 Shut-off Old perfs Producer AAA 23.6 450 1131 / 395 shutoff No Yes gas zone below

2 B b Chautauqua KS 24/5/2007 18-60 Casing Repair Producer surface AAA 6.25 ?? shutoff No Yes very shallow

3 C c Creek OK 6/9/2007 1474-1497 in-depth Injector Bartlesville BBB 48 450 1600+ /  560 1600+ /  561 No unknown cum 48 bbls SPI

4 C c Creek OK 12/9/2007 1474-1497 in-depth Injector Bartlesville BBB 48 1600+ /  560 1600+ /  561 No unknown cum 96 bbls SPI

5 D d Payne OK 14/09/07 2116-2146 Casing Repair Producer Mississippi BBB 12.5 290 500 /  250 ??? No No too small, too little set time

6 D e Payne OK 14/09/07 1489-1546 Casing Repair Producer Mississippi BBB 6.25 290 720/  200 ??? No No too small, too little set time

7 E f Osage OK 17/09/07 2092-2110 In-depth Injector Bartlesville BBB 50 400 900/  320 800/  320 No Yes

8 F g Okmulgee OK 18/09/07 500-600?? Casing Repair SWD BBB 6.25 100 600/  250 failed press tst No not valid Prior 300psi treatment, unknown very shallow leak

9 E f Osage OK 21/09/07 2092-2110 In-depth Injector Bartlesville BBB 50 400 800/  320 ???? No Yes cum 100 bbls SPI

10 G h Kay OK 02/10/07 1997-2246 Casing Repair Producer BBB 16 150 7000+/  40 shut off No Yes held 1500 psi

11 G h Kay OK 04/10/07 3404 Casing Repair Producer BBB 0 0 1440/  75 no treatment No not valid well problem

11a G h Kay OK 08/10/07 3404 Casing Repair Producer BBB 0 0 1440/  150 no treatment No not valid bad water

12 C c Creek OK 10/10/07 1474-1497 In-depth Inejctor Bartlesville BBB 48 450 1600+ /  560 1600+ /  561 No unknown cum 144 bbls SPI

13 C c Creek OK 15/10/07 1474-1497 In-depth Injector Bartlesville BBB 48 500 1600+ /  560 1600+ /  561 No unknown cum 192 bbls SPI

14 E f Osage OK 17/10/07 2092-2110 In-depth Injector Bartlesville BBB 50 425 ????? ???? No Yes cum 150 bbls SPI

15 C c Creek OK 19/10/07 1474-1497 In-depth Injector Bartlesville CCC 48 475 1600+ /  560 1600+ /  561 No unknown cum 240 bbls SPI

16 E f Osage OK 23/10/07 2092-2110 In-depth Injector Bartlesville CCC 50 450 ???? ???? No Yes cum 200 bbls SPI

17 F g Okmulgee OK 24/10/07 500-600?? Casing Repair SWD CCC 20 90 no MIT failed press tst Yes not valid repeat treatment, unknown very shallow leak

18 G h Osage OK 20/12/07 1000-1500 Casing Repair Producer CCC 25 375 300 /  0 70 /  0 Yes Partial prior cement sq
 

19 G h Osage OK 27/12/07 1000-1500 Casing Repair Producer CCC 25 300 70 /  0 50/  0 Yes Partial repeat, cum 50 bbls SPI, prior cement sq

20 G h Osage OK ????? 1000-1500 Casing Repair Producer DDD 46 300 50/  0 unknown yes Partial repeat, cum 96 bbls SPI, prior cmt sq
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Performance of SPI Gel System 
Impact Technologies, LLC 
19 Sept. 2007 
 
Report 
Flow Experiments I 
 
 
The objectives of the flow experiments are to determine the amount of permeability reduction in 
a sandpack produced by treatments with SPI gel systems, to determine the persistence of the 
permeability reduction and to compare the performance of SPI gel systems with that of a 
polyacrylamide-chromium acetate gel system. The gel systems were prepared and quickly 
flowed through the sandpack, the pack was shut-in to allow the system to gel and then water or 
brine was injected to determine the permeability of the treated pack over time. 
 
The SPI gel system is composed of sodium silicate, propylene glycol monomethyl ether acetate 
(PGMEA) and polyacrylamide. Sodium silicate solutions have high pH values to avoid 
precipitation/ gelation. The pH of the gelant is reduced as PGMEA hydrolyzes which causes the 
sodium silicate to gel. Polyacrylamide stabilizes the gel by making it more elastic and may also 
reduce the amount of syneresis. 
 
Experimental Details 
Gel systems.  SPI gel systems are aqueous solutions of sodium silicate (N Clear, PQ 
Corp.,37.85% solution, free sample), propylene glycol monomethyl ether acetate (PGMEA; 
DOWANOL PMA, Dow Chemical, ≥99% purity, purchased from Aldrich) and polyacrylamide 
(Super Floc N300 HMW and Super Floc N300 LMW; Kemira, obtained from Lyle Burns). 
Sodium silicate and PGMEA were used as obtained. Aqueous stock solutions of both polymers 
were prepared at concentrations of 0.500%. Water was stirred at sufficient speed with a magnetic 
stir bar to produce a deep vortex. Polymer granules were dropped onto the shoulder of vortex to 
individually wet each granule. The mixture was stirred at a slow speed over night. A few “fish 
eyes” were observed so the solutions were filtered through a 12 µm screen filter. Filtration did 
not significantly change the viscosity. Equal amounts of each polymer solution were used to 
prepare gelants. Purified laboratory water (18 mΩ) was used for all preparations. 
 
SPI gelants were prepared by first mixing well appropriate amounts of water, polymer solutions 
and sodium silicate solution. PGMEA was added last and the solution well mixed by swirling 
and shaking the container. Gelants were prepared at room temperature for the flow experiments 
and then quickly injected into sandpacks maintained at 40°C by a water bath.  
 
Stock polymer and chromium acetate solutions were combined at a 3:1 weight ratio and stirred 
with a magnetic stirrer to prepare the polyacrylamide-chromium gelant. The polymer solution 
contained 0.6666% Alcoflood 935 polyacrylamide (Ciba, Lot # A2287BOV), 1.33% KCl and 
0.00135% NaN3 (bactericide) and was prepared and filtered as described above. A stock 
chromium acetate solution was prepared from a 50% chromium acetate solution (McGean) just 
prior to mixing with the polymer solution. The stock solution contained 0.040% chromium.  
 

E-138



Concentrations of components in the gelants are given in Table 1. The polyacrylamide-
chromium gelant is a typical formulation (except for the biocide) for treatments in the Arbuckle 
formation in Kansas. 
 
Table 1 – Concentration of components in gelants. 
 
Run 

Sodium 
silicate 
(wt.%) 

PGMEA 
(wt.%) 

Polyacrylamide 
(wt.%) 

Chromium
(wt%) 

KCl 
(wt%) 

Gel time 
(hours) 

SP1 1.25 1.60 0.20 - - 59 
SP2   0.50 0.0102 1.0 5.1 
SP3 3.00 2.40 0.10 - - 8.7 
 
 
Sandpacks.  Sandpack holders were fabricated from acrylic or PVC tubing and stock. The 
packed volume was 1.5 inches in diameter and one foot long. Pressure ports along the length 
divided the pack into six 2-inch long sections. Sections were labeled 1 through 6 starting from 
the injection end. Pressure drops across the sections and the total length were measured with 
transducers and recorded by data-acquisition systems. Endplates on the pack were grooved to 
provide radial distribution of fluids from the centered inlet fitting and an O-ring provided the seal 
to the tube. Fine and course screens were placed adjacent to the endplates. 
 
Ottawa F-110 unground, ASTM-Graded silica sand (U.S. Silica) was the primary medium in the 
middle 10-inch length of the pack. Course silica sand (Ottawa 20-30 mesh, Fisher Scientific) was 
packed in approximately 1-inch length next to the screens at each end of the pack. Both sands 
were soaked in concentrated hydrochloric acid overnight and then rinsed with copious amounts 
of water. Dry sands were packed manually in the holder using a vibrator. The pack was saturated 
with water and water was flowed through the pack at high flow rates while using a vibrator to 
pack the wet sand. Additional amounts of the course sand were added to the inlet as needed to 
eliminate void space that developed.  
 
A tracer run was conducted to determine the pore volume of the sandpack. A 1% KNO3 solution 
was injected to displace the resident water. KNO3 concentration in the effluent was measured 
using an inline UV detector at a wavelength of 302 nm. Flow rate was measured using a balance. 
Integration of the normalized concentration as a function of grams of fluid produced from the 
pack gives the pore volume in grams of water which is converted to milliliters. Permeabilities of 
each section and for the overall length of the pack were determined by measuring pressure drops 
across the sections and the effluent flow rate using a balance. Tracer and permeability runs were 
conducted at room temperature. Permeabilities and pore volumes are listed in Table 2. 
 
Table 2 – Permeabilities of various sections and pore volumes of sandpacks. 

Permeability (Darcy)  
 Section(s) # 

Pore 
volume

Run 1 2 3 4 5 6 2-5 Total (mL) 
SP1 8.64 5.68 4.98 4.72 5.24 8.05 5.16 5.88 125.9 
SP2 7.33 5.60 6.04 5.18 5.99 10.53 5.70 6.54 119.8 
SP3 11.54 7.12 8.01 8.17 9.28 12.03 8.15 9.43 136.3 

2 
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Flow Experiments. A schematic of the equipment to conduct flow experiments is shown in 
Figure 1. The sandpack was connected to the pressure transducers and was submerged in a 40°C 
water bath. Gelant was prepared at room temperature and was placed in a transfer cylinder. 
Gelant was injected into the pack by pumping oil into the top of the transfer cylinder. About two 
pore volumes of gelant were injected into the sandpacks. Effluent fractions were collected in 
vials using an automated fraction collector. Effluent fractions were weighed and the pH and 
viscosity of most of the samples were measured as soon as possible after collection. Viscosity 
and pH of the injected gelant and selected effluent samples were periodically measured until the 
samples gelled. The samples were kept in a 40°C water bath. Viscosity was measured at 25°C. 
Pressure drops across the sections and the overall length of the pack were recorded.  
 

∆ p ∆ p∆ p ∆ p ∆ p∆ p

∆ p

Fractions
pH, 

viscosity, 
flow rate

Oil 
Pump

G
el

an
t

Water 
Pump

pressure transducers

Section
1 2 3 4 5 6

40°C water bath

transfer
cylinder

 
 
Figure 1 – Schematic of setup for flow experiments. 
 
 
The packs were shut in for time periods that were several times the bulk gel time. Water (brine 
for SP2) was then injected at a constant inlet pressure and the pressure drops across the sections 
were monitored. 
 
Pressure drop data are sometimes displayed as apparent viscosities or residual resistance factors 
(RRF). Apparent viscosity is the viscosity calculated by Darcy’s Law using the pressure drop, 
flow rate, initial permeability and section dimensions. Flow resistances are easily compared 
when calculated in apparent viscosity units. RRFs are the factor by which water permeability has 
been reduced by the gel treatment and is calculated by dividing the initial permeability by the 
water permeability after the treatment.  

3 
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Results  
Experiment SP1.  The SPI gel system contained 1.25% sodium silicate, 1.6 % PGMEA and 
0.2% polymer. This system is being tested for water shutoff applications. The bulk gel time is 58 
hrs.  
 
Flow resistance in sandpack SP1 during injection of 2.07 pore volumes of gelant is shown in Fig. 
2. The initial apparent viscosities of each section are about the viscosity of water at 40°C 
(0.65cp). Apparent viscosity increases to about 4 cp as the gelant efficiently displaces water from 
each section. After water was displaced from Section 1, the flow resistance continued to increase 
indicating retention of gelant material at the front of, or within, that section. There are also slight 
increases in resistances in the other sections during gelant flow. 
 
The pH, viscosity and flow rate measured on effluent fractions during gelant injection are shown 
in Fig. 3. Both the pH and viscosity increased when the gelant was produced from the sandpack 
after one pore volume was injected. Viscosity of the effluent during production of gelant is 
comparable to the apparent viscosity measured during gelant flow in the downstream sections of 
the pack. Sample 11, plotted at 1.03 PVI in Figure 3, had a brown color as shown in Photo 
1.Samples 11to 21 gelled. 
 

 
Photo 1 – Effluent samples during gelant injection in SP1. 
 
Viscosity of effluent Fractions 14 and 18 and pH of Fractions 15 and 19 (which are indicated by 
the larger data symbols in Fig. 3) were monitored with time and are shown in Figures 4 and 5, 
respectively. Viscosity and pH of a sample of the injected gelant are also shown in the figures. 
Time was measured from the time the gelant was mixed. The viscosities of the samples 
coincided and were greater than 1000cp at 62.8 hours resulting in gel times of 58±4 hours. The 
same gel time was determined for the same system during bottle testing. The pH values also 
coincided and were between values for samples that were monitored during bottle tests which 
contained slightly higher and lower PGMEA concentrations. Flow of gelant through the 
sandpack did not affect the gelation performance of the gelant. 
 
The sandpack was shut-in for five days. Water at 10 psig was applied to the inlet to determine 
flow resistances in the pack. Pressure drops and the flow rate of water through the pack are 
shown in Figure 6. The overall pressure drop decreased from 10 psi three times during the first 
24 hours. It was determined in later experiments that the decreases were the result of a sealed 
effluent vial. Pressure in the vial increased as it filled with effluent causing the overall pressure 
to decrease even though the injected water was maintained at 10 psig. After the first day, the 

4 
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pressure droop across the pack was maintained close to 10 psi for the next four days. During this 
time period, the flow rate increased and then rose rapidly at about 110 hours. Thereafter, water 
was injected at a constant flow rate of 1 mL/minute and then 0.5 mL/minute and the pressure 
drop decreased with time.  
 
Permeability of the sandpack and the residual resistance factor (RRF) during water injection are 
shown in Figure 7. Permeability of the pack increased sharply at 110 hours. This increase 
coincides with a zone of higher flow resistance that propagated through the pack as shown by the 
pressure drops in Section 4, 5 and 6 in Figure 6. 
 
Viscosity and pH of the effluent samples are shown in Figure 8. The total amount of fluid in 
terms of pore volumes is also plotted in Figure 8. The initial viscosity of the effluent was 
comparable to the initial viscosity of the gelant and to the viscosity of a polymer solution at the 
same concentration. The trend of the effluent viscosity does not correlate with the zone of higher 
flow resistance that was observed in the pressure data.  
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Figure 2 – Flow resistance during gelant injection in SP1. 
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Figure 3 – Effluent properties during gelant injection in SP1. 
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Figure 4 – Viscosity data to determine gel time of samples from SP1. 
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Figure 5 – pH data of samples from SP1 and from bottle tests. 
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Figure 6 – Pressure drop and flow rate data during injection of water after treatment in SP1. 
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Figure 7 – Residual resistance factors and permeability of SP1 during water injection. 
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Figure 8 – Viscosity and pH of effluent and volume of water produced during water injection in 

SP1. 
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Experiment SP2.  The performance of a typical polyacrylamide-chromium acetate system was 
determined to compare to the performance of the SPI systems. The gelant contained 0.500% 
polyacrylamide, 0.010% chromium from chromium acetate and 1.0% KCl. The bulk gel time is 
5.1 hours. 
 
Flow resistance in sandpack SP2 during injection of 2.17 pore volumes of gelant is shown in Fig. 
9. The initial apparent viscosities of each section are about the viscosity of water at 40°C 
(0.65cp). Apparent viscosity increases to about 20 cp as the gelant efficiently displaces water 
from each section. There are slight increases in resistances in all the sections during gelant flow.  
 
Flow rate, pH and viscosity of the effluent during gelant injection are shown in Figure 10. The 
lower pH values and the higher viscosity indicated gelant being displaced from the pack. 
Viscosity and pH of a sample of the injected gelant and two effluent fractions (#41 and #45 in 
Figure 10) were measured as a function of time to determine the gel time. Viscosities of the 
samples as a function of time from when the gelant was prepared are shown in Figure 11. The 
gel times ranged from 5.1 to 5.9 hours. Sample pH was 4.8 and did not vary. All the samples 
with initial viscosities above 15 cp in Figure 10 gelled.  
 
SP2 was shut in for five days. Brine (1.0% KCl) was then injected in the inlet at a pressure of 1 
psig.  0.85 mL of brine was injected over a period of three days. The inlet pressure was then set 
to 10 psig. Pressure drops measured across the pack from the start of the 10 pisg pressure are 
shown in Figure 12. Pressure drop across the pack during the first 6 days and over days 8, 9 and 
10 were caused by the pressurized effluent bottle. Thereafter, the pressure was moderately 
constant. Flow rate data from the pump were noisy due to the low values. The data were fitted to 
linear functions up to about 300 hours and were averaged over two hour periods thereafter. The 
averaged data were used to calculate the RRF values. RRF values remain relatively steady for 
water injection so far. Water injection is continuing. Five effluent fractions have been collected. 
The fractions had pH values of 5.5 ±.3 and the viscosity was that of water. A total of 0.4 pore 
volumes of water have been injected over the 20 days.  
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Figure 9 – Flow resistance during gelant injection in SP2. 
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Figure 10 – Viscosity, pH and flow rate of effluent during gelant injection in SP2. 
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Figure 11 – Viscosity data to determine gel time of samples from SP2. 
 
 

 
Figure 12 – Pressure drops, flow rate and residual resistance factor of Sections 2-5 during brine 

injection in SP2. 
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Experiment SP3.  The SPI gel system contained 3.0% sodium silicate, 2.4 % PGMEA and 0.1% 
polymer. This system is being tested for repair of casing leaks and possibly for water shutoff 
applications. The bulk gel time is 8.7 hrs. 
 
Flow resistance in Sandpack SP3 during injection of 1.88 pore volumes of gelant is shown in 
Figures 13 and 14. Pressure drop across Section 1 increased continually and reached 27 psi at the 
end of gelant injection. The pressure range of the transducers for Section 1 and the overall length 
was 10 psi and that pressure was exceeded at about the 18 minute mark. A 20 psig pressure was 
connected to the downstream leg of the overall pressure transducer at 32 minutes in order to 
measure the overall pressure drop which allowed the calculation of the pressure drop across 
Section 1. The continuous development of flow resistance in Section 1 shows the injectivity of 
this system in to porous matrix is limited. 
 
The over ranged transducers resulted in noisy data for the other sections. Data spikes for Sections 
2-6 were removed resulting in the segmented lines in Figure 14. Initial apparent viscosities of 
each section are about the viscosity of water at 40°C (0.65 cp). Apparent viscosities of Sections 
2-6 increased to levels between 2.5 and 4.5 cp as the gelant efficiently displaced water from each 
section. The steady apparent viscosity during gelant flow decreased down the pack and leveled 
out at about 2.6 cp in Sections 4, 5 and 6. 
 
Viscosity, pH and flow rate measured on effluent fractions during gelant injection are shown in 
Fig. 15. Both the pH and viscosity increased when the gelant was produced from the sandpack 
after one pore volume was injected. Viscosity of the effluent during production of gelant is 
comparable to the apparent viscosity measured during gelant flow in Sections 3, 4 and 5 in 
Figure 14.  
 
Viscosity and pH were measured with time until gelation for a sample of the injected gelant and 
effluent samples 14 and 17 (marked in Figure 15). Viscosity of the samples increased moderately 
up to about 8.5 hours afterwhich the viscosity could not be measured (> 1000cp) as shown in 
Figure 16. The gel time for the injected gelant was 8.7 hours and the effuent samples gelled at 
8.2 and 8.8 hours. Measured pH values decresed with time and the samples gelled when the pH 
was about 10.4 as shown in Figure 17. Samples 9, 10 and 11had brown tints as shown in Photo 2. 
Samples 11 through 18 gelled.  
 

 
Photo 2 – Effluent samples during gelant injection in sanpack SP3. 
 
Sandpack SP3 was shut-in for three days. Water was then injected at a pressure of 10 psig. The 
pressure drop across the core decreased to about 4 psi during the first three days due to 
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pressurization of the effluent vial. The pressure drop thereafter remained at about 10 psi. The 
RRF has generally remained at high levels between 20,000 and 32,000 for 17 days. 
 
Inspection of the pressure drops across the sections show the highest flow resistance initially in 
Section 1 which decreased to low values at 240 hours. Section 2 then showed the highest flow 
resistance and it also decreased to low values at 360 hours. This behavior is similar to the high 
flow resistance zone that was observed to flow throught Sections 3, 4 and 5 in SP1. When the 
high flow resistance zone exited the pack in SP1, the RRF values decreased significantly. SP3 
should be continued to see if the high flow resistance zone continues to flow through the pack. 
 
The injection pressure, flow rate and volume of water injected that are measured by the pump are 
shown in Figure 19. The flow rate data are noisy due to the very low values. The flow rate was 
averaged over longer time periods and these values were used to calculate RRFs. Seven effluent 
fractions were collected and the cumulative volume produced is shown in Figure 19 and the flow 
rate, pH and viscosity of the fractions are shown in Figure 20. The pH remains elevated at values 
above 10 and the viscosity values are above those for water indicating production of polymer 
and/or precipitated silicates. Polymer production is more probable since the samples are clear. 
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Figure 13 – Flow resistance in the sandpack and in Section 1 during gelant injection in SP3. 
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Figure 14 – Flow resistances in each section during gelant injection in SP3. 
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Figure 15 - Viscosity, pH and flow rate of effluent during gelant injection in SP3. 
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Figure 16 – Vicosity data to determine gel time for samples from SP3. 
 

 
Figure 17 - pH data of samples from SP3. 
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Figure 18 – Pressure drops and residual resistance factor for Section 2-5 during water injection 
after gel treatment in SP3. 
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Figure 19 – Measured and averaged flow rates, pump pressure, and injected and produced 
volumes during water injection in SP3. 
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Figure 20 – Viscosity, pH and flow rate of effluent samples collected during water injection in 

SP3. 
 
 
Discussion and Plans 
Main points: 

• Limited injectivity of 3.0% sodium silicate gelant. 
• Deterioration of flow resistance in SP1 and possibly in SP2. 
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DISCLAIMER 

Pumper/Well Tender PDA Program for Small Producing Companies 
Final Report 

 
 
“This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof.” 
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ABSTRACT 
Pumper/Well Tender PDA Program for Small Producing Companies 

Final Report 
 
 

This report for the Pumper/Well Tender PDA Program for Small Producing Companies 
outlines the progress made in beta testing and in revising the software and instruction 
manual.  The Oklahoma Marginal Well Commission (MWC) & Cook Contracting, LLC.  
Cook Contracting, LLC have collaborated on making revisions to the first draft of the 
software and instruction manual as issues have arisen during beta testing.  Revisions to 
the materials and software have made loading and initializing the software more user 
friendly.  Beta testing the program continues, and plans are being formulated for 
introduction of the software to potential users. 
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INTRODUCTION 
Pumper/Well Tender PDA Program for Small Producing Companies 

Final Report 
 
 

The objective of the Pumper/Well Tender PDA Program for Small Producing Companies 
is to make computer record keeping technology available, free of charge, to operators of 
marginal oil and gas wells.  Daily production data will be recorded by the pumper/well 
tender on a PDA and transmitted to the operator’s office electronically.  The data will be 
stored on the PDA and on a computer in the operator’s office, in a form that is easy to 
access and from which timely reports for managerial personnel can be generated in order 
to help track production and field data.  The overall objective is to increase production 
and/or enhance the collection of field data in a more efficient, cost effective manner. 
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EXECUTIVE SUMMARY 
Pumper/Well Tender PDA Program for Small Producing Companies 

Final Report 
 

 
During this reporting period for the Pumper/Well Tender PDA Program for Small 
Producing Companies, updates and revisions were made to the computer program 
previously written to facilitate the process of obtaining and recording the basic data that 
is typically gathered in the field on a daily basis by pumpers/well tenders, for operators of 
oil and gas wells.  Changes to the program were initiated as a result of input from beta 
testers helping test the software.   
 
Also during this reporting period, the manual for the program’s use was finalized and 
made more detailed in order to help users without a great deal of computer experience 
navigate the installation and initialization of the program. 
 
During this reporting period beta testing of the program continued and training 
workshops were held throughout the state of Oklahoma. 
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EXPERIMENTAL 
Pumper/Well Tender PDA Program for Small Producing Companies 

Final Report 
 

 
During this reporting period for the Pumper/Well Tender PDA Program for Small 
Producing Companies no experimental methods, materials or equipment were used.  A 
computer and a PDA were used to edit the software program and edit the instructional 
manual. 
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RESULTS AND DISCUSSION 

Pumper/Well Tender PDA Program for Small Producing Companies 
Final Report 

 
 
During the early part of this reporting period for the Personal Digital Assistant (PDA) 
Software Program for Pumpers/Well Tenders final changes to the program were 
completed and the final draft of the manual was completed.  The software program was 
released and made available to the public at workshop training sessions on May 15, 2007 
in Enid, OK, May 16, 2007 in Tulsa, OK, May 17, 2007 in Oklahoma City and May 18, 
2007 in Ardmore, OK.  Seventy-seven people attended the training sessions.  The 
majority of the workshop attendees were employed with small independent oil and gas 
producing companies, but several mid/large producing company employees as well as 
employees from government agencies and service companies attended the trainings also.   
 
The workshop sessions were announced in a mailing to approximately 12,000 people 
who are in the Marginal Well Commission’s database.  The database is comprised of oil 
and gas well operators in Oklahoma, people who have attended workshops sponsored by 
the Commission in the past and people who have attended the Commission’s annual oil 
and gas trade expo in the past.  The software program and manual were also made 
available to the public on the Commission’s web site on May 21, 2007.  The Installation 
Manual for Mobile Device is attached as  Appendix A.  
 
The program is designed to allow companies the opportunity to customize their records to 
fit their individual needs.  Customization and entering initial well data is the most time 
consuming step in operating the program and it requires the user to have at least a basic 
working knowledge of databases and how to input data into a database.  The program was 
also designed to allow the user to make changes to the program, which requires a 
working knowledge of designing a database.   
 
The program and instruction manual are free of charge and no shipping or packing fees 
are assessed to anyone that calls the Commission’s office and requests hard copies of the 
program and manual.  The software and manual are also available for downloading on the 
Commission’s website at no charge.  The Manual is attached as Appendix B.  
 
Technical support was offered free of charge through September 30, 2007 through the 
software developer, Cook Contracting, LLC and there were several requests for technical 
support.  The Marginal Well Commission will take all future requests for technical 
support via phone, mail or e-mail. 
 
It seems that the software was well received by participants at the workshops and 
subsequently by people requesting the materials via mail and download.  The program 
and manuals have also been taken to conference events and handed out at no charge.  
These events included the Osage Oil & Gas Summit and the Marginal Well 
Commission's District IV Operator Roundtable. 
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CONCLUSION 
Pumper/Well Tender PDA Program for Small Producing Companies 

Final Report 
 

Testing of the Pumper/Well Tender PDA Program for Small Producing Companies was 
concluded with mixed results.  Initial input from beta testers although was encouraging 
resulting in a final product that is beneficial to operators of marginal oil and gas wells 
however not as user friendly as we had intended. 
 
It was found that the difficulty comes as a result of the data inputting that is required 
prior to operation is time consuming and requires some general knowledge of computers.  
Many of the filed personnel had problems inputting the data. 
 
During the time of the project the PDA operating system had changed from Microsoft CE 
to Windows Mobile resulting in more issues in the field operations. 
 
The final result is that the Pumper/Well Tender PDA Program is a useful tool and would 
be beneficial to the small producing companies throughout the United States with some 
additional work on the software.  
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1

Basic Installation Instructions for the Mobile 
Device and the PDA  

Pumper Program 
 
 
The Installation Instructions are for the purpose of ensuring that the Personal 
Digital Assistant (PDA) Pumper/Well Tender Program will be loaded correctly.  
There are additional features and options that you may add that do not interfere 
with the operation of the program, but will consume more space on the desktop as 
well as the PDA.  All screens, instructions and agreements should be read in 
their entirety. 
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If loading from a CD:  
**Almost all computers will automatically initialize a Setup Wizard when the CD is put into the 
drive and it has been given time to process (usually no more than 1-2 minutes)** 
 
If for some reason the CD does not automatically initialize, please see Appendix A-1 for alternative setup 
instructions when loading from a CD. 
 
If for some reason the installation CD is not available to you and you have an available internet 
connection, please see Appendix A-2 for further website downloading instructions. 
 
For the purposes of this manual we will assume the CD is automatically initialized and we will 
begin with those instructions. 
 
Once you have inserted the CD and it has had time to process, you should see a screen similar to 
the one below displayed on your desktop.  

     
 
Depending on the PDA purchased and the company who manufactured the installation CD, you 
may see several different screens to configure your setup.  Depending on the system 
requirements of the PDA and other programs that can be installed for the use of additional 
features on the PDA and the PC, the installation steps will also vary.  Please follow the 
instructions carefully! 
 
Step #1 
A screen should appear titled "Microsoft ActiveSync 4.5 (version will vary, e.g. 4.1, 4.5, 5.0)" 
and the next line should read "Welcome to Microsoft ActiveSync 4.5 Setup" and the instruction 
is as follows: "Click Next to Install Microsoft ActiveSync 4.5 on your computer."  You must 
click next in order to proceed to the next screen.     
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A screen will appear that asks you to read the license agreement carefully.  PLEASE TAKE 
TIME TO READ THIS.  You must accept the license agreement in order to proceed.  You must 
click on the circle to the right of the line that says "I accept the terms in the license agreement.  
Then click on the box labeled "NEXT." 
 
A screen will appear that asks you to enter the Customer Information.  The field, titled "USER 
NAME", will sometimes auto generate the name that was entered when the computer was setup.  
If you wish to input data other than what is auto generated simple delete the data in that field and 
enter the appropriate data.  It is important to remember that the ActiveSync program will 
associate all folders that are created and any registration processes with the name and 
organization that are entered in these fields. 
 
The next screen that appears is titled "Destination Folder" and the first line gives you the 
instruction to install to C:\Program Files\Microsoft ActiveSync\.  This is the default installation 
folder and virtually every computer has a "C Drive" that is the main hard drive of the computer.  
If you want to install this software to another location, simply click on the "CHANGE" box and 
you will receive another screen that will ask you to choose the location of the folder you want to 
install ActiveSync in.  Other information that is located on this screen is the capacity of the 
folder you wish to install to.  Make sure you have enough available space in that folder prior to 
proceeding with the installation.  If you are not familiar with installing programs to your 
computer, please refer to the Technical Support website we have provided or contact you local 
IT specialist for further instructions.  You must click on the NEXT button to proceed to the next 
screen.   
 
A screen appears that is titled "READY TO INSTALL THE PROGRAM" and the next line 
should say, "The wizard is ready to begin installation " and "Setup is ready to begin installing 
Microsoft ActiveSync 4.5 (versions will vary, e.g. 4.1, 4.5, 5.0).  If you are ready to begin 
installation, you must click on the INSTALL box.   
 
The next screen is titled "Installing Microsoft ActiveSync 4.5" and the first line states "the 
program features you selected are being installed" and you are given the following instruction 
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"Please wait while the Setup Wizard installs Microsoft ActiveSync 4.5, this may take several 
minutes." 
 
The next screen is titled "Microsoft ActiveSync setup is complete" and says "The setup wizard 
has successfully installed Microsoft ActiveSync 4.5."  Click finish to exit the wizard.  You must 
click on the Finish button to proceed.  **Do Not Remove the CD from the CD Drive in which 
it was first inserted** 
 
Upon completion of the above steps, you may be asked to restart your computer.  If you are 
prompted to do so, it is always better to restart/reboot your PC after you install any program.  
Once your computer has completed the restart/reboot process, the program should then direct 
you to plug the PDA into the PC via the USB cable.  Please see additional instructions at the 
back of this manual or reference the user manual that accompanies your PDA, if you have 
difficulty with this instruction. 
 
If you are not prompted to restart/reboot your computer, please do so for the purposes of this 
training, in order to ensure an accurate and complete installation. 
You will also need to see Appendix A-3 to proceed with the PDA setup. 
 
The next set of screens are the most important and crucial set of instructions, to ensure a proper 
setup/relationship between the PDA and PC. 

 
 
The very next screen should have this appearance and you must click next in order to proceed.  If 
you do not click next, you will not be able to load the PDA Pumper Program on the PDA. 
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This screen is very important, because you must choose the data you would like to sync between 
your PC and PDA.  For instance if you leave a check mark in the box to the left of "E-Mail", 
your PC and the PDA will check to make sure that the data in the e-mail folder on your PC and 
the data in the e-mail folder on the PDA "sync up."  The purpose of that is to ensure that if an e-
mail is on the PC it will then transfer the e-mail to the PDA, so that the e-mail folder in both 
locations are identical in the data they contain.  

 
 
For the purposes of the PDA Pumper Program, neither of the boxes need a check mark.  It will 
be helpful later on to have the "Files" (very last option) option installed on the computer.  You 
simply click on the boxes to add/remove the check marks.  Choosing the "Files" option will 
direct you to the following screen. 
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This is simply telling you that a link/shortcut will be added to the desktop.  This folder will allow 
you to transfer information from your PC to the PDA.  The screen on the previous page allows 
you to select various data to transfer, but you may want to transfer items that are not given as an 
option to choose from.  Simply move the data to this folder and the next time you place the PDA 
in the docking cradle that information will transfer/sync to the PDA. 

 
Once this screen appears you know you have successfully installed the PDA Sync software and 
the Sync Setup Wizard is complete. 
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Installation of the PDA Pumper Program 
If you download the program from the website, please see Appendix A-4. 
 
Insert the CD that contains the "PDA Pumper Program."  If the CD does not autostart, double 
click the My Computer file and locate the drive that contains the "V 1.0" program, then double 
click on that file and locate a file named "Runtime."  Double click on this file, locate the file 
titled "Runtime Install," double-click on the file & allow the install to proceed, until it is 
complete.  Your next step is to locate the file titled "Support," double click on it, locate the file 
titled "PDA Install," there should also be a computer icon that represents that file.  Double click 
on the file and a window should appear that says "Setup is preparing the Install Shield….," allow 
it to finish that process and then the following screen should appear: 

 
Visual CE is the software program that the Pumper database is written in.  This is a necessary 
step in the installation process, because without this software loaded on the PC you would not be 
able to save changes to the data that you enter in the Pumper database and you would not have 
the ability to transfer the program and its changes to the PDA.  Please take the time to read this 
screen and all subsequent screens very carefully throughout this process. 

 
The Destination Directory will automatically default to the C:\Program Files\Visual CE.  If you 
are familiar with browsing for the correct location on your PC to install programs, you have the 
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option to change the destination of the program by clicking the "browse" button.  The 
instructions for the purposes of the PDA program are to install the program to the default 
destination.  The next screen will tell you "The Directory does not exist, would you like to create 
it?" and for the purposes of the Pumper Program the instruction is to click the "Yes" button.  If 
you click the "No" button, you will have to search for the program each time you wish to locate 
it.  Allow the setup to go through the next few phases of the installation and then a window titled 
"Information" should appear and give you a message that reads "Setup Complete."  Once you 
click the "OK" button, then the setup will automatically initialize itself with the PDA and begin 
to synchronize the changes on the PDA.  Another way of looking at it is, the PDA Pumper 
program is being transferred to the PDA.  You should then be able to locate the PDA Pumper 
Program on the PC and the PDA by following the next few steps.  It is not necessary, but the 
suggestion is to restart/reboot your PC to ensure a complete installation was performed.  There 
will be a folder titled "PDA" and a folder titled "Pumpers PDA Program," but the folder titled 
"PDA" is the folder for installation purposes only.  You should be entering data and working in 
the "Pumpers PDA Program" folder. 
 
Steps to locating the PDA Pumper Program on the PC: 
1) Open the My Computer Folder 
2) Open the C Drive 
3) Open the Program Files folder 
4) Open the PDA folder 
5) Open the PDA Pumpers Program 
 
Steps to locating the PDA Pumper Program on the PDA: 
1) Click on the Start button (a drop-down list will appear) 
2) Click on "Programs" 
3) Scroll down the screen, then locate and click on the Pumpers Program 
 
 
 
Appendix A-1 
1.  Click on "My Computer" and locate the drive that contains the installation CD 
2.  Double-click on the drive or with cursor on the drive right click and choose open on the drop         
down list 
 
A screen that is similar to the first one at the beginning of the instructions, should appear.  If you 
are still not able to proceed with installation, refer to the reference manual that accompanies your 
PDA or contact local IT support. 
 
 
 
 
Appendix A-2 
1.  Go to http://microsoft.com 
2.  Locate the downloads page 
3.  Locate the download center 
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4.  Locate the download categories list and choose Mobile Devices 
5.  Locate the ActiveSync version that is appropriate for your device and click on it 
6.  Download the driver to your "C" drive 
7.  Locate the setup file within the "ActiveSync" file you have saved to your "C" drive 
8.  Double-click on the file or right click on the file, choose open and proceed with installation 
 
A screen that is similar to the first one, at the beginning of these instructions, should appear.  If 
you are still not able to proceed with installation, refer to the reference manual that accompanies 
your PDA or contact local IT support. 
 
Appendix A-3 
If you are not prompted to restart/reboot your computer: 
1.  Reboot you computer manually 
2.  You should see a screen that looks similar to the one below 
3.  You will also notice that you are back to page 4 of the installation instructions, return to that 
page and proceed 
 

 
 
 
Appendix A-4 
1.  Go to http://www.cook-contracting.com 
2.  Click on download page 
3.  Click on the appropriate link to download the software package and proceed with the 
instructions 
 
*Note:  You must download the software to your "C" Drive* 
If you are still not able to proceed with installation, refer to your local IT support or send a 
message via the technical support link located at the http://www.cook-contracting.com. 
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Introduction 

Mission Statement 

The goal of the software is to increase the value of small oil and gas producing 

companies.   

 

The collection of data will enhance the evaluation of wells.  Identification of problems or 

potential improvements can be better facilitated with better data.  In time the increase in 

production and/or reduction in operating cost will increase the value of the company 

assets. 

  

 

Considerations before Starting 

There are three levels of users.  Each organization will need to have all of its users trained 

to be a level 1 user, and it will need at least one person trained to be a level 2 user. 

 

Level 1:  The level 1 user, or field user will use the PDAs in the field.  They are                     

required to know very little about computers.  They will be required to 

understand the field manual.  They will use the PDA to enter data. 

 

Level 2:  The level 2 user will use the software in the office.  By extension, they 

will be required to know how to operate the PDAs.  They will be capable 

of setting up the software and equipment and making the necessary 

changes to the setup.  They will also be capable of printing and 

manipulating data in Excel and Access formats.  

 

Level 3:  The level 3 user will be capable of utilizing the software to perform task 

outside of the original programming. 

 

These devices are going to be used in harsh condition.  Many of the people who will be 

using them will have very few computer skills.   

 

There are a few ruggedized PDAs available on the market.  They typically are much more 

expensive than standard PDAs. 

 

A standard device can be purchased at a number of office supply and electronics stores.  

It is highly recommended that a hard, waterproof case be used.  Since these cases are not 

commonly used, they will most likely have to be purchased online.   

 

Typically, when looking for devices for this project, the simplest devices should be 

considered.  PDAs can have many little gadgets and features included in them (Wi-Fi, 

GPS, etc.).  If these items are not going to be used, they will only add complexity and 

cost to the device.  For companies just starting to use this type of system, it is 

recommended that they keep it simple. 
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Field Manual 

Introduction 

This section is the field manual.  It covers operation of the PDA software and basic 

operation of the PDA.  It is intended to be used by the field user and does not cover the 

system setup.   

 

The function of the PDA program is to collect data in the field, transfer data to the office 

computer, and to store data for use in the field.   

 

The PDA cannot delete records.  It can only create and change records.  When a record is 

changed or added on the PDA, it will update the PC when they connect.  Also, when 

records on the PC are changed, the PDA will be updated.   

 

The program is intended to be very flexible.  As a result, there are often a number of 

ways to do things.  The user should keep an open mind. 

 

Connecting PDA to PC 

To connect the PDA to the PC, plug the appropriate cord into the PDA or dock the PDA 

on the cradle.  The PDA will turn on and synchronize the data.  A window will come up 

on both devices to tell you when it is done.  If this does not work, consult the Setup 

portion of the manual.   

 

Using the PDA 

You can turn the device off and turn it back on (using the Power Button) and the same 

screen will come up.  The program does not need to be closed at any time during daily 

operations.   

 

Battery 

Generally, PDAs have two batteries. The main battery operates the PDA and a backup 

battery will keep data on the PDA if the main battery is dead.  Both batteries will charge 

at once.  Depending on the PDA and usage, the PDA will need to be charged every few 

days.  The Pumper/Well Tender should maintain possession of a docking cradle, because 

the cradle serves two purposes.  It will transfer data to the PC and also charge the battery. 

 

Personal Setup 

Entering Text 

There are a number of different ways to enter text into the PDA.  Use the Keyboard 

Transcriber, Block Recognizer or Letter Recognizer.  Each of these has advantages and 

disadvantages.  The best for people who do not type is the Transcriber.  For an 
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explanation of all data input options, refer to the reference manual that accompanies your 

PDA. 

 

When the program is opened, at the bottom right corner is an up arrow.  Tap on this 

arrow and select Transcriber.  Now, whenever you are entering text, simply write on the 

screen like it is a notebook.  The program should recognize the writing and transcribe it 

to text.   

Opening the Program 

One of the buttons on the PDA should be set up to 

open the program.  Whenever this button is 

pushed, as long as the battery is charged and the 

device is working correctly, this screen will open.   

We will refer to this screen as the Start screen. 

This Manual assumes that the Mail button is set to 

open the program.  Yours may be set up 

differently.  The person who set it up will tell you 

what to do.   

If you are ever lost, pushing this button should 

return you to the start screen. 

 

 

 

 

 

 
Figure 1 - PDA Start Screen 
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Data Entry 

Selecting an Item 

Select Item from List 
Every Well, Meter, Tank and other entity recorded in the system has its own number.  

Each of these entities is going to be called an Item and its corresponding number, the 

Item Number.  In some cases a single Item Number can be used to track more than one 

entity.  For instance an Item and corresponding Item Number may represent a well, 

meter, and tank grouped together.  This is called a “Combo Item.” 

 

The first step is to select the Item Type from the first Dropdown list. .  

In this case we have selected ‘Well’.   

 

Next, we will select the Item.  There are two choices.  We will 

use the dropdown list on the left first.  Touch the Down arrow 

on the right of the box.  A list will appear below the box.  You 

may have to use the up and down arrows to move the list.  

When you find the one you are looking for, tap on it.  The list 

will close and the item you tapped on will appear in the box. 

Now tap the  button on the start screen.  

Below the Red line, the Item Number and Name 

should appear.  This tells us the item has been found 

and we are ready to move on.  

 

Select Item by Number 
Secondly, to select an item, a number can be used.   

This number is called the Base Number.  In this case, the Test well number is 1.  Tap on 

the box below  on the start screen 

 

A new window will appear.   

Type in the number, which appears in the 

blue box at the top 

Then push OK and the window will 

disappear.  Tap on the 'Use Base Number’ 

 button on the start screen.  The 

appropriate Item name and number should 

appear below the red line. 

 

 

 

 Figure 2 - Number Keypad 
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Base Number – The Base Number is the root number for an item, for instance well #12 

will have a base number of 12.  Subsequently, a possible setup for the well and its 

equipment, the well would have the number 100,012, the tank would have the number 

200,012, the meter would have the number 300,012, the compressor would have the 

number 400,012 & anything else would have the number 500,012 

 

View Background Information 

We can start by looking at information on the item.  This is background information, 

which does not change from day to day.  

Start by pressing the info button  on 

the start screen  

 

This will take us to the next screen.   

As you can see, the background information for 

the well can be reviewed or changed.      

This form will be explained later.  For now, Tap 

the ‘Back’ button.  

You will be returned to the Start screen. 

 

 

 

 

 

Viewing History Table 

Next we will look at the table.  Due to the size of the Table, it is split into three different 

screens on the PDA.  Below, the red line marks where the screens separate.  To move 

from one screen to the next, use the arrow buttons.   

 

 
Figure 4 - PDA History Table 

Figure 3 - Background Info 
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The Table will allow you to view old records.  The record on top of the list should be the 

newest. 

The person using a PC in the office will remove old records from this list periodically. 

By quickly tapping twice on one of the records, the record will be brought up on the 

screen were you to change the data or look at it in more detail.   

The Back Button  will return you to the Start screen.   

 

Entering New Data 

Tap on the ‘Enter New’ button  on the 

start screen.  A new record is created with the 

Item name and number. The name of the well and 

its number are in the first two boxes.  The rest of 

the boxes will be blank. 

The record shown is a “Combo Item”.  In this 

case, the required info on a well, orifice meter 

and tank are all kept on one record. 

Below the name there is a field for Pressure, 

Differential and Temperature.   

Data is entered into the appropriate boxes and the 

computer calculates the gas rate and barrels in the 

tank.  The calculations are based on numbers from 

the info record for the well.  So, if an orifice is changed, the orifice factor will have to be 

changed on the Info record for the well. 

 

Types of Fields 
As shown in the picture, there are 7 number fields, 

one date field, three text fields, a field that is 

automatically the current date and time and a code 

field.   

Under the red text box, there are two fields with 

numbers.  These are calculations based on the 

number you entered and the equation set up to use 

for this record.  

 

 

 

 

 

 

 
Figure 6 - PDA Field Types 

Figure 5 - PDA New Data 
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Numbers 
With the number fields a number will be 

entered into the boxes using the number keypad,  

which appears when one of these boxes is 

active. 

 

For example, you read a pressure on the meter 

of 120#. 

Tap on the box beside Pressure.   

In this box, tap 1, 2, 0, and then OK. 

Do this for each of the spaces with titles beside 

them. 

 

 

 

 

Timer 

Press the  button to open the ‘Timer’ feature.  

This will allow you to measure the time it takes for an 

event to happen.  Let’s say that we are going to 

measure how fast a pump jack is operating.  In the 

first box we enter 2.  We are going to measure two 

strokes.  When the rods are at the bottom, push 

‘Start’.  When the rods reach the bottom two more 

times press ‘Stop’.  The program calculates how 

much time has elapsed and divides that by the 

number of strokes (2 strokes/1 minute = 2 SPM).  

You should be measuring at least 15 seconds because 

the timer rounds to the nearest second.  

If we want to store this number, we would push Move 

to.    This will move the calculated number 

to the field below the Timer button or field number 5. 

Next, tap the Back button to return to the previous 

screen. 

 

 

Figure 7 - PDA Number Keypad 

Figure 8 - PDA Timer Screen 
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Text 
The three text fields are colored.  By taping on one of them, text can be entered into the 

box either by the Keyboard, Transcriber, Letter Recognizer, or Block Recognizer.   

When done entering text into the box, tap on the next field or the box in the bottom left 

corner to close the Keyboard.   

 

Beside the blue text box is the ‘Aa’ button.   

This will open a screen to help enter commonly 

used data.  If you write the same thing repeatedly, 

you can use this feature to enter it more quickly.  

You can select text from the list by tapping on the 

down arrow and then the text you want to use.  

Alternatively, you can type what you want in the 

box.  The text that you enter will stay on the list, 

so make sure it is right. 

Next, tap the  button to move the text 

to the corresponding field. 

When you are done, tap Back. 

 

 

 

 

 

 

We have entered all of the data on this page that is 

needed.   

Below the Red text box we see the word 

“Orifice”. This is telling us that the first 

calculation is the rate for an orifice meter.  So 

based on the readings, the flow rate is 150 MCFD. 

To the right of the black line is the word “Tank, 

bbl”. This is telling us that based on the tank 

measurements we have 75 bbl in the tank. 

 

 

 

 

 

 

Figure 9 - PDA Text List Boxes 

Figure 10 - PDA Sample Final 
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Notes 

There is more information we need to make 

note of.   The Note button will open another 

screen.  

First there is a note from the office, which may 

tell the field personnel something.  It will 

appear on this screen every time.  We will see 

where to change this later. 

At the bottom is a big box where a note can be 

made.  When you tap on this box the keyboard 

appears at the bottom of the screen. (The PDA 

can be set up to use Transcriber, Block 

Recognizer or Letter Recognizer).  When you 

are done typing, press the Back Button. 

 

Finishing Up 

Once you are satisfied with the data that has been entered, Press the Back button at the 

top left of the screen.  You are now finished with this record.  In order to change it or 

review it, look for it at the top of the table as described earlier. 

This concludes the operations that will be performed daily.  

 

 

Figure 11 - PDA Note Screen 
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Titles  

This section will discuss how to change the titles for each item or add an entirely new 

one.  There are two different places to open this form.  One is at the bottom right of the 

Start screen, the other is at the top of the Data entry screen. Tap on either  

button and the Titles screen will be opened.  If the appropriate record has been set up, it 

will appear.  If the item has not been set up, refer to the section below. 

 

The picture below shows the two screens that are in this form.  The one on the left is the 

first one you see.  The ‘More’ button on the left screen will show the right screen and the 

‘Back’ button will return to the left screen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Changing Titles 

If we want to just change the titles for an item, simply tap on the appropriate box and 

make the change.  When you are finished tap the ‘Back’ button to return to the Start 

screen.  Your change will then be made on the office computer and subsequently on the 

other PDAs.  

Creating a New Item 

Ideally, all of the Items will be created on the office PC.  However, they can be created 

on the PDAs.  The first step is to tap on the New button  on the Titles screen. 

A new record has been created.  Enter the name of the item in the first box.  In the 

example provided above, it is ‘Test Well #1’.  In the next box, enter the number of the 

item.  Our item is 1 so we will enter 100,001.  The first number will be used to determine 

which list the data will appear on the Start screen.  In our example, we have a well, so 

this item should appear on the drop down list on the start screen when ‘Well’ is selected.  

Figure 12 - PDA Titles 

E-195



 

 14 

If the item is a tank, or battery of tanks, we would enter 200,000 plus the number of the 

item.  For meters use 300,000. For everything else, use 400,000.    Defult records are use 

the 500,000 range. 

 

To the right of the Number is the Code box.  Whatever is entered in this box will appear 

on every record created for this item.  ‘Well’ is entered.  This feature will help to sort and 

manipulate data in the office.  

  

Down the rest of the page are 7 number fields.  On the screen to the right are the 3 text 

boxes, the second date box, and the note box.  The Calc boxes are used to store which 

calculation will be done.  Refer to the Equations section to determine which calculation 

number you will want and which boxes it requires.   

 

For instance, an orifice meter calculation (#1) takes the Pressure from Number box 1 and 

the differential from Number box 2 and, if there is something in Number box 3, the 

Temperature from Number box 3.  It will then calculate the Rate.  If calculation 1 is 

being used and Number box 3 is storing a wellhead pressure, the program will assume 

that it is temperature, which will give a bad flow rate calculation. 

 

At the bottom of the right screen is the Memo field.  This can be changed.  It appears on 

the Note screen of the Data entry form. 

 

List 

The List button  will show a table of the items.   

By tapping on the Show All Items button , all of the items in the database can 

be seen on the list.  By tapping on one twice, the item will appear on the titles screen. 
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Office Manual 
This section is intended to teach office staff the basics of operating the System.  The user 

will learn how to manipulate the Access Database in order to facilitate the field portion of 

the system.   

 

It is assumed that the office staff will have minimal computer skills and be familiar with 

general computer terminology.  While this manual will attempt to describe every 

keystroke, there are instances where some variations will occur.  Different software 

versions will operate in slightly different manners or the computer may be set up slightly 

different.  For help, contact technical support or the technical support website (Listed in 

the front of the manual) 

 

The Office staff should become familiar with the operation of the PDA. 

 

 

 

Synchronizing Data 

In order for data to be transferred from the PDA to the computer, a connection must be 

established.  After the PDA is set up, the only thing that is required of the user to transfer 

the data is to connect the PDA to the computer.  The computer will do the rest.  Typically 

connecting the USB cord to the PDA will do this.  When the process is complete, a 

window will appear on the PDA indicating the process is complete. 

 

If a record has been changed on the PDA and the computer, the following window will 

pop up.  You can select which record to use.   

 

 
     Figure 13 - Sync Question 

 

Otherwise the program will operate without user input. 

E-197



 

 16 

Opening the Program 

Open the Access Database by clicking on the link on you desktop.  The 

default location is C:\Program Files\Pumper's PDA Program\Pumper's 

PDA Program.mdb. 

 

A security warning box may come up.  Click on “Open” or “OK”. 

 

The location of the database can be changed if necessary, however technical support will 

need to be contacted to do this.   

 

Main Switchboard 

When the program opens, the “Main Switchboard” will appear in the center of the screen.  

 

This is the central point of the program and we will go through each section individually. 

 

 
Figure 14 - Main Switchboard 
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PC Data Entry 

To enter data on the PC the best way is to open the PC Data Entry form.  Select ‘PC Data 

Entry’ from the Switchboard list.   

 

 
Figure 15a - PC Data Entry 

 

The Window below will open up.  This window is similar to the PDA’s main screen.  

Well selection will operate the same way.  Select the well name from the list or enter the 

base number and the type.  When the item is visible press ‘Enter’.   
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Figure 15b - PC Data Entry 

Two other screens will open up.  A new record will be created if the item name has 

changed from the last record.  If a new record for the same item is to be created, the ‘Add 

Record’ button will have to be used. 

 

 
Figure 16 - PC Data Entry 
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The top window is the record for the item.  A record can be created just as it would be on 

the PDA.  If you are updating a record, click on the ‘Update PDA’ button.  This will tell 

the computer to update the record on the PDA.   

The bottom window has the background information for the item.  You can change or 

create a background record.  Again if the record is updated, push the ‘Update PDA’ 

button.   

The ‘Titles’ button will open the screen to edit the titles for that item.  For more 

information on this form, go to Titles - Create New Items page 30. 

 

Errors 

If the following error message appears, close both windows to the right and start over.  
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Creating a New Item from the PC 

The example will illustrate how to create a new item with background information.  It 

will be the tank battery for well number 55. 

 

1. Enter the well number and the type from the Base Number side of the screen on 

the left.  Press the ‘Enter’ button to create new records.  The windows should look 

as follows: 

 
Figure 17 - New Item Setup 

 

2. Press the ‘Titles’ button on the top screen to create the titles for each field.  More 

info can be found in Titles - Create New Items section page 30.  Three tanks are 

in this tank battery.  The ‘Auto Fill’ feature is best so that the titles are right.  Be 

certain that the number is the correct.  We want to record the conditions of the 

site, so in t8 enter ‘Site Conditions’.  Also instructions are created and a title for 

the note section is created.  After the titles are complete, close the Titles form.  
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Figure 18 - New Item Titles 

 

3. By activating the Data Entry R form, the new titles should appear.  Selecting  the 

‘Use Base Number’ button will make the name appear on the form.  In the process 

a blank record will be created.    

4. Select the titles form. 

5. Enter the name and appropriate number for the item.  The number is 1,000,000 + 

the item number. 
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Figure 19 - New Item Background 

 

6. Select the ‘Titles’ button to set up the titles for the item.   

7. A blank record should appear.  Enter the appropriate name and number.  The 

‘Auto Fill’ feature is used again to help fill out the form. 

 
Figure 20 - Background Titles Setup 
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8. Close the form. 

9. Enter the appropriate information for the background record. 

 
Figure 21 - Background Data 

 

We can enter the information directly or use the “Find Conversion Factors” table to 

look up the data. 

a. Click on the “Find Conversion Factors” button. To open the form. 

 
Figure 22 - Factors Form 

 

b. Select the Value that you wish to enter 
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Figure 23 – Factors Selecting Form  

 

c. Click on “Accept”.   The value will go to the appropriate place.  In this 

case, ‘2.76’ will go to “n1”.  The form will close. 

 

You can change or add to the table by selecting “Open Table”.  Note that the 

first column contains the key for the item and each one must be different. 

 

 

This concludes the setup for this item.
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PDA Simulation 
 

 
Figure 24 - PDA Simulation 

 

When the button beside “PDA Simulation” is pressed this window appears.  The purpose 

of this area is to simulate the operation of the PDA.  It will use and change data in the 

database.  If this area is going to be used for practice or training a ‘practice’ database 

should be setup. To do this, create a backup database and use it (see the Database Backup 

section, page 34).  Since the simulation is much like the actual PDA program, refer to the 

Field Operation Manual for operating instructions. Calculations are not performed in the 

simulation model.  This area should not be used to enter actual data, since the 

calculations are not performed. 
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Database Tools 

 
Figure 25 - Database Tools 

 

Selecting Database Tools from the switchboard, this window appears.  

  

Create a file of records for e-mails:  

A file containing data that has been updated in the given number of days can be created.  

The ‘Previous Days’ button will enter the current date as the end date and x days before 

that as the Start date.  Alternatively the dates can be entered manually. 

Next there are two options.  Creating a combined file will create a file of the selected 

type, which lists each field title and the values entered in the corresponding field. 

Creating separate files will create two files in the selected format of both the titles and the 

records tables.  For importing data into another database, the Excel format will be used. 

Refer to  

 

Importing Data section page 27. 

Move old records: 

The PDA will operate with 10,000+ records.  However, the more records it has, the 

slower it will run.  With various computer speeds and setups, the results will vary 

significantly.  At some point it is necessary to remove older records from the PDA.  They 

can still be kept on the Desktop computer. 

 

The number of days is selected (in the case above ‘30’) and the button “Move Old 

Records” is selected.  

 

This will move data with a date more than ‘30’ days ago from the “Recorded Data” table 

to “Old Records” table.  When the PDAs are connected, the records that were moved will 

be removed from the PDA.  
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Four windows will appear, in each of these, click on OK.  

This should be done periodically because when large amounts of data are left in the 

“Records” table, the PDAs will operate slowly or not at all.    

Tables 

The four different tables can be opened from their respective button.  Data can be 

accessed from these tables and a number of different things can be done with tables.  

 

Importing Data from Excel  

To import data, data can be exported into separate Excel formatted files. These files can 

be sent from one computer to another through email or disk.   

1. Locate and open the excel file to be imported.   

2. Highlight the records to be imported.    

 

 
Figure 26 - Excel Example 

 

3. Copy the highlighted cells by pressing ‘ctrl’ and ‘c’ at the same time or by 

selecting edit and copy from the pull-down menu. 

4. Open the appropriate table from the database tools menu. 

5. Highlight the bottom row by clicking on the Arrow or star at the bottom left at the 

bottom of the table. 

 

 
Figure 27 - Excel Example 2 
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6. Paste the records by pressing ‘ctrl’ and ‘v’ at the same time or by selecting edit 

and Paste from the pull-down menu. 

7. Perform the same operation for both the Records table and the titles table.   
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Importing Data from Access 

Data can be imported or copied into the database from another.   

1. Open the same tables in each database.   

2. Highlight the records that are to be copied.   ‘Ctrl’ and ‘a’ will select all records. 

 

 
Figure 28 - Access Import 

 

3. Copy the cells by pressing ‘ctrl’ and ‘c’ 

4. Open the table where the data is to be copied to. 

5. Highlight the bottom row and paste the data by pressing ‘ctrl’ and ‘v’. 

 

 
 

6. Click ‘ok’ and the data should appear. 

7. Repeat for each of the tables that are to be transferred. 
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Titles - Create New Items 

Field Record 

 
Figure 29 - Titles Setup 

 

 

 

Be sure when entering or changing data in the form that you press the Update button.  

This will cause the program to recognize that the record has been updated and 

subsequently the PDAs will be updated. 

 

This form will write records to the “Titles” table.  This is where the title of the field for 

each item is stored. This form can be used to help create Items.  The easiest way to start 

is to select the ‘Type’ first.  In the first box, “Field Record” has been selected to indicate 

that the record being created is going to be used to collect data in the field.  In this case, 

“Combo Orifice Meter” has been selected.  The next action is to click on Auto Fill and 

the appropriate titles should pre-populate into the appropriate fields.  If the steps are 

followed correctly, the data should appear as it does in Figure 29. 

 

There are a number of calculations that require data to be in certain locations.  The ‘Auto 

Fill’ will put the correct titles with the correct equation numbers, but if a different 

structure is desired, review the Equations Section of the General Manual. 
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Again, any title can be put in the fields.   

 

Item Number – The item number has to be Unique.  The item number may have a 

root as the Base Number, for instance well #12 will have a base number of 12.  

Subsequently, a possible setup for the well and its equipment, the well would have the 

number 100,012, the tank would have the number 200,012, the meter would have the 

number 300,012, and the compressor would have the number 400,012.  

 

Calculations 
Eq. 1 - All on one form with orifice Meter Eq. 2 - All on one form with Rotary Meter

bd.n1 - bbl./in. bd.n1 - bbl./in.

bd.n2 - orifice factor bd.n3 - Press.  Atm

bd.n3 - Press.  Atm

n1 - pressure n1 - pressure **optional

n2 - Differential n2 - Reading **optional

n3 - Temperature ** if 0 then 60F n3 - P Well Head

n4 - P Well Head **optional

n5 - Strokes Per Min. **optional n5 - Rate.

n6 - Tank ft. n6 - Tank ft.

n7 - Tank in. n7 - Tank in. **optional

t8 - Operations **optional t8 - Operations **optional

t9 - Operations ex **optional t9 - Operations ex

c11 - Gas Rate - MCFD c11 - Gas Rate - MCFD

c12 - bbl. c12 - bbl.

Eq. 3 - Orifice Meter Eq. 4 - Rotary Meter

bd.n2 - orifice factor

bd.n3 - Press.  Atm bd.n3 - Press. Atm

n1 - pressure n1 - Pressure

n2 - Differential n2 - Reading

n3 - Temperature ** if 0 then 60F n5 - Rate ** can use

    timer

Eq 10 - Tank BBL Eq 11 - 2 Tanks Same or Different Size

bd.n1 - bbl/in. bd.n1 - tank 1 bbl/in.

odds, ft ; even, in. bd.n2 - tank 2 bbl/in.

n1-Tank1, ft Sum to Calc1

n = Number, ie n1=Number1 n2-Tank1, in

c = Calculation field n3-tank3, ft

n4-tank3, in

n5-tank2, ft Sum to Calc2

n6-tank2, in

n7-tank4, ft others

The Background is the record containing the 

background infromation,  Assumed to be item 

numbered 1,000,000 + the number.  
Table 1 - Calculations 
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Background Records 

 
Figure 30 - Background Titles 

 

A background record should be created for each item.  For the same well as before, which 

is numbered 100,004, a background record numbered 1,100,004 will be used to store 

background information.  This background information includes factors like bbl/in. or an 

orifice factor, which are needed to perform calculations.  The background record may 

also contain other information that may be helpful in the field, such as total depth or 

engine model. 

Reports 

This tab will open up a second window that lists reports. 

 

The Basic Report is set up to show all of the records in the Recorded data table. 

 

The end user can create new reports.  For information on this, refer to the help in Access. 
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Change Switchboard Items 

 

This tab will open a program to change the items that appear in the Switchboard, which is 

the first window.  As you develop the database, you can use this to access reports more 

easily.  

 

Exit Database 

 

‘Exit Database’ will close the Database.   

 

Database Tables 

Opening the Tables 

On the bottom-left of the screen is a minimized window.   

Restore or Maximize this Window by clicking on the  or  button, respectively.   

Click on the object, Tables. The tables of the database will be listed.  Double Click on the 

table to open it.  You can then edit or add to it.  You can also copy to or paste from 

another place.  

 

Switchboard Items 

The Switchboard Items table contains the data that operates the first window that comes 

up in Access.  You will not need to modify this table.  

 

SYWARE_SyncInfo Table 

Do not modify the “SYWARE_SyncInfo” table.   It is used by the synchronization 

software to determine what data to update.   

 

Recorded Data Table 

This table contains the records which are kept on the handhelds.  Changes or additions 

can be made with this table or in the Records form.  Remember that when making 

changes to this table, in order for the PDAs to be updated, the Timestamp field has to be 

changed to a later date and time.  

 

Titles Table 

This table contains the titles for each item.  Changes or additions can be made with this 

table or in the Record Setup form.  Remember when making changes to this table, the 

Timestamp field has to be changed to a later date and time.  

 

Old Records Table 

This table contains the records that have been removed from the handhelds.  Records are 

moved to this table from the Recorded Data table by using the ‘Move Old Records’ 

function. 
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Database Backup 

Periodically, the database should be backed up.  There are a number of different reasons 

for this (data corruption, hardware malfunctions, fire, etc.).  Depending on the value of 

the data, backups should be performed weekly and anytime a major upgrade or change is 

performed.  A backup should be kept on the computer and in a different location, such as 

someone’s house.  At least one backup should be kept for a few months.  As long as the 

database does not get too large, there should be no problems with storing several backups 

on the PC. 

 
Figure 31 - Database Backup 

To backup the database, first select Tool’s, then Database Utilities, then Back Up 

Database.  Select the location where you want to store the backup file. In this case we 

will use the CD. 
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Figure 32 - Database Save As 

   

When you have the location opened, type what you want the name of the file to be in the 

File Name box and click Save. 

 

Setup Instructions 
The following instructions are to set up the program.  The same process can be repeated 

to repair damaged files in the system.   

 

1. Locate the setup file.  With the CD, the CD may automatically open the Setup file 

when the CD is inserted.  If the file is downloaded, the folder will need to be 

unzipped and then located.  The following instructions show how to open a CD if 

it does not open automatically. 

a. Select “My Computer” from the start menu. 
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Figure 33 - My Computer Window 

b. Select the CD drive where the file is located. 

c. Select the file titled “Setup”. 

2. The program will lead you through the process.  The first time the program is 

installed the Runtime software will have to be installed.  The program will lead 

you through this and you will have to go through the setup again. 

 

3. If you do not have the full version of Access, you will likely have an error when 

you first open the database.  Refer to the Errors section page 39 about the ODBC 

Driver Manager.  

 

 

If you have Access, follow the instructions below to open the program in the full version 

of Access as opposed to the Runtime version that comes with the program. 

1. Locate the program on the programs list from the start menu.   

2. Right click on the program name. 

3. Select “Properties”. 

4. On the target line delete the following text:  

"C:\Program Files\Microsoft Office\Office\MSACCESS.EXE" 

 This will leave: "C:\Program Files\PumpersPDA\PumpersPDA.mdb" 

 

 

On the initial installation, a blank database will be installed in the appropriate place. If 

setup is run again, the blank database will replace the current one.  Therefore any data 

entered into the system will be lost.   
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PDA Setup 

 

After the database has been installed, each of the PDAs will need to be set up.   

 

1. Connect the PDA to the computer and make sure a connection is established 

2. Go to the Start menu and select “All Programs” 

3. In the Pumpers PDA, open “PDA Setup” 

4. Click on “Next”  

5. Check “I agree” 

6. Click on “Next” twice 

7. If you are reinstalling the program, click on “Yes” in each window, except the one 

that ask if you want to overwrite the current database.  Unless you want to loose all of 

the data in your database, click on “No” 

 

 

Select “Exit” if the program still does not work: 

1. Select List 

2. Slide bar over until you see the Number Column.  Click on "Number" and Click 

on "OK" 

3. Tap twice on a record. 

4. Then "Exit" 

 

The program should begin to transfer data to the PDA   

The PDA has a window that comes up to tell you it is completed transferring data.   

The program is now ready to use.   

Using a Button to Open Program 

1. On the PDA’s Start menu, select “Settings” 

2. Tap the “Button” Icon. 

3. Select the desired Button to use. 

4. From the “Button Assignment” list, select “Pumper’sProgram” 

5. Tap on “OK” and test out the button. 

 

Errors  

For the most up-to-date fixes, visit Tech Support on the web or by phone. 

 

Virus scan 

Virus scanning programs can cause many problems with the program setup and 

synchronization.  The software can be disabled for installation.  Also it can slow 

synchronization down considerably.  If this is found to be the case, consult the software 

manual or tech support. 
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Slow download/ Data Transfer 

Virus Scan software can cause the data transfer process to be very slow.  You will have to 

work with the Virus Scan software to disable part of it.   

 

 

 

 
Figure 34 - PDA Setup Error 

 

The PDA program is open or a window of the program is open.  Close all of the windows 

and press Retry.  If that does not work, try to open the program on the PDA and press 

exit. 

 
[SYWARE, Inc.][Windows CE ODBC Driver][ISAM]Open table failed  
 This message will appear when the program has not been downloaded.  A similar 
message appears when Access table is locked.  Close Access and try again.   
 

 
Figure 35 - PDA Setup Error 

 

A connection is not functioning between the PDA and the PC.  Disconnect and reconnect 

the PDA.  Otherwise, check connections, and restart computer and PDA. 

 

 

 
Figure 36 - PDA Setup Error 
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ODBC Driver Manager   

Found with runtime version.  This error occurs because the datasource has not been set 

up. 

1. Select “Control Panel” from the “Start” menu.  

2. Select “Administrative Tools”.  

a. If you do not see it select “Performance and Maintenance” then 

“Administrative Tools” 

3. Select “Data Sources (ODBC).  The following screen will appear.  

 
Figure 37 - ODBC Data Source 

 

4. Most likely you will not have anything in the white box.  We will need one for 

MS Access Database.   

5. Click on the “Add…” button. 

6.  Select Microsoft Access Driver (*.mdb) from the list.  
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Figure 38 - Create Data Source 

 

7. Type MS Access Database in the “Data Source Name:” box. 

 
Figure 39 - ODBC Access Setup 

 

8. Click “OK” 

9. Click “OK” on the next Screen and close the unneeded windows.   

10. Try to sync the device again.  
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Summarized Technical Notes 

 

PC – Microsoft Access – Development was done with Access 2003.  Therefore this 

version or later would work best.  

PC – ActiveSync – The Windows CE devices are packaged with ActiveSync.  This will 

need to be installed and communication with the device will need to be 

established.  There is other communication software, but these have not been 

tested.   

Communications – Communication can be created with the device through several 

means.  If ActiveSync is working, the program data will be transferred.   

 

PDA – Windows CE Device – the software operates on Windows CE.   Development was 

performed with Windows CE 2003.  Earlier or later versions should operate 

correctly. 

Field Users – The person who uses the PDAs in the field is not required to know anything 

about computers.  The field manual goes over everything that they will need to 

know, from charging the battery to opening the program.    
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Appendix 

Sample Data Setups 

The following show examples of how to set up items from the Titles form page . 

Tank Battery 

We are going to set up a tank battery with 4 tanks.   

 
Figure 40 - App Tank Bat. Titles 

 

First, we enter a number for the item.  Since the tank battery goes with the Smith well 

#53, we will use 200,053. For the name, enter “Smith Tanks”.   

This is going to be a tank type record. In the type box, select tank.  Press the Auto Fill 

button.  The equation numbers appear in the calculation number boxes and the titles 

appear in the number boxes. 

In the Date2 field, we want to know when the last truck hauled oil from the location, so 

enter “Last shipment”. 

The calculation works by adding ft/12 to inches then multiplying by the bbl/in. (n1) of the 

background record.  Therefore, the following measurements result in the same answer: 

126 inches; 10 ft 6 in; 10.5 ft.   
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Master Meter 

This example will create an item, which is a Master Meter.  A meter can be included with 

a well or tank in a combo item or it can be by itself.  This example will not be included 

on a well because it goes with several wells.   

 
Figure 41 – App. Meter 

 

Since the Meter has used the number 901 in the past, enter 300901 in the first box and 

enter the name “Smith Master Meter” in the name box.   

Since the meter is an orifice meter, select Orifice Meter from the Type drop down box 

and click on Auto Fill.  The equation numbers appear in the Calculation fields and the 

appropriate titles appear in number fields 1, 2, and 3.   

If the meter does not measure temperature, make field 3 blank.  If no number is entered in 

this field, the computer will assume the temperature is 60°F.  Do not use this field for 

anything else.  You can use any of the rest of the fields for whatever is appropriate.  
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Well with Tank and Meter 

In this example we will create an item for a well with a tank and meter.  One Combo item 

can be created or three different items could be created.  Making one item would be 

easier in most cases. 

Combo Item 

 
Figure 42 – App. Combo Titles 

The well #101 is given the number 100101.  Type the name into the name box. 

‘Combo Rotary Meter’ is selected from the Type dropdown box and Auto Fill is clicked.  

The appropriate titles and calculations appear in the boxes.  Note that Rate is placed in 

N5 to allow the field user to use the Timer function on the PDA.   

We want to know what work was performed. In the text field, t1 enter ‘Well Work’; t2 

enter ‘Meter Work’; t3 enter ‘Tank Work’.   
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Separate Items 
The same wellsite may have a separate record for the well, meter, tank, and compressor.   

For the Well itself, the item number is 100101.  It will appear on the Wells list. 

 
Figure 43 – App. Well Titles 
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For the Tank, the item number is 200101.  It will appear on the Tanks list. 

 
Figure 44 – App. Tank Titles 

 

E-228



 

 47 

For the Meter, the item number is 300101.  It will appear on the Meters list. 

 
Figure 45 – App. Meter Titles 
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For the Compressor, the item number is 400101.  It will appear on the Other List. 

 

 
Figure 46 – App. Compressor Titles 
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ABSTRACT 

 
 
 Gas wells drilled in formations that produce liquid in the form of oil, water, or 
condensate suffer a gradual decline in gas production as the liquid level increases and “chokes 
off” the gas inflow into the casing.  The liquid shutting off the desired gas production must be 
removed from the well bore and surrounding areas to reduce the unwanted back pressure on the 
formation thus allowing an increase in gas production.  There are many conventional artificial 
lift methods used to remove the restrictive liquid.  Many producers use a tubing plunger to lift 
the column of fluid to the surface where it is expelled and placed in storage tanks for future 
disposal or sale.  The current standard tubing plunger utilizes metal pads to contact the wall of 
the tubing to minimize the amount of gas leaking past the plunger as it is propelled up the tubing 
string at a high rate of speed lifting the liquid column above the  plunger.  The largest draw back 
to this mode of operation is the long shut-in-time necessary to allow the bottom hole pressure to 
build to a point where the plunger and liquid can be blasted to the surface when a surface valve is 
opened.  This nonproductive shut-in time greatly reduces the overall gas production time and 
volume.   
 
 A tubing plunger designed using features found in casing plungers will replace the metal 
pads with rubber sealing elements or cups.  When the plunger reaches the stop set at the bottom 
of the tubing the internal by-pass valve will be closed, the cups will be sealed, and the plunger 
will begin to rise in the tubing due to the inflow of gas thus lifting the column of liquid.  No long 
shut-in-time will be required and the plunger will rise at a slower velocity than the conventional 
tubing plunger.   Plunger velocity will be determined by gas inflow rate and the liquid load being 
raised.  Because the casing style plunger makes more frequent trips it can carry a lower load and 
reduce formation back pressure which will allow more gas production. 
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EXECUTIVE SUMMARY 
 
Prior Reports 
 
  The PAL Tubing Plunger will use elastomeric sealing cups or elements rather than metal 
pads normally used by conventional tubing plungers.  We have designed five styles of sealing 
cups for this plunger project.  We have also designed molds to produce the two configurations 
which we judge to hold the most promise.  The mold designs along with the designs for the metal 
plunger body components have been sent to a machine shop for cost estimates.  The two cup 
configurations will be evaluated to determine minimum and maximum load carrying capabilities 
as well as their ability to resist abrasion under load conditions in various types of fluids.  In 
addition multiple elastomer formulations will be evaluated to establish a cup-elastomer 
combination that will be satisfactory.  
 

 The first cup mold, valve seat mold, and plunger body were available for shop testing in 
late March.  The initial cups and valve seat were molded using elastomers qualified by Pal 
during casing plunger cup evaluations.  These elastomeric materials have proven to be 
serviceable in similar applications and environments.  Materials necessary for the test set up 
were received in mid March, 2007.  These materials include acrylic tubing allow viewing the 
actual operation of the plunger in our existing test tower.  The first cup design to be evaluated is 
a conventional style cup with an open end on the lower side and having a flexible wall capable of 
deforming under a small load to create a seal with the tubing.  The valve mechanism consists of a 
440-C  stainless steel ball and a metallic reinforced elastomeric seat.  When the ball contacts the 
seat it is held tightly by an elastomeric skirt encircling the ball.  This skirt and a small differential 
pressure will ensure that the valve will produce an effective seal and minimize the likelihood that 
gas will leak thru the valve mechanism. 
 

In the initial tests performed in the acrylic tubing it was determined that the cup OD was 
too large to allow the plunger to consistently reach the lower stop and produce the desirable 
results.  The cups were removed from the plunger body and the cup OD was reduced by sanding 
.030 inches from the diameter of the cup.  This cup reduction produced more consistent ability to 
reach the lower stop; however, it produced a leakage around the cup.  This leakage can partially 
be explained by the low load placed on the plunger by the small amount of fluid being lifted, 
heavier loads result in higher lifting pressures and subsequently higher sealing pressures. The 
valve mechanism performed as expected with no visible problems, and will require no 
modifications at this time.  A second cup configuration using a modified expansion mechanism 
has been designed and a new mold will be produced to evaluate the concept. 
 
Final Report 
 

Lab testing of multiple cup designs in various materials with modified external and 
internal dimensions continued into the summer and fall of 2007. Major concerns surfaced 
between the lab results and the initial unsuccessful lab results using oil field tubing with scale 
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and rough surfaces. Cups that worked in smooth wall acrylic tubing used in the lab would not 
affect a consistently suitable seal in the 10 feet long section of used oil field tubing. This 
observations and results obtained indicated the need for a different approach to cup profile and 
sealing parameters. The weight of a tubing plunger slightly more than 5 pounds was insufficient 
to fall in tubing with normal surface conditions such as paraffin and scale and at the same time 
maintain a cup dimension that would fall through the tubing and seal at the tubing stop in the 
same manner as a fifty pound casing plunger. The initial cup configuration was determined to be 
inconsistent in the test lab and suggested modifications were in order. 

 
The second cup design already mentioned with mold modifications was completed. In the 

process of design modifications, other viable designs were considered and appropriate molds 
were machined. 

 
The second cup design was a short, disk style design with a thin contact edge and 

providing a convex/concave profile. The convex profile described the outer or top shape of the 
cup and the concave profile described the internal profile. This design profile would, hopefully, 
provide less contact with the rough tubing wall anticipated and then flex upward, increasing the 
outside diameter of the cup contact surface and thereby affect a seal under gas flow and liquid 
loading to rise to the surface with plunger and fluid during gas flow. The notable difference with 
this cup design from the casing plunger sealing cup is that with loss of gas flow, this second cup 
design would begin descent due to gravity. The initial cup design was intended to maintain a 
constant seal with the tubing wall. This deviation in the design of the second cup would provide 
the choice of either using an assembly of multiple cups as the sole sealing design or to be used in 
connection with an expandable sealing cup, much like on the casing plunger, adding a vertical 
force to assist in sealing the expandable cup. 

 
The third, and subsequent, cup designs used various external profiles, with sealing 

capability to the plunger provided by mechanical sealing bands, and a transfer of internal well 
bore pressure through ports into the interior of the sealing cup, thereby expanding the outer 
diameter of the cup to affect a constant seal with the tubing wall, as in the casing plunger. 

 
The third cup design employed an elliptical external profile, similar to the shape of a 

football. The internal profile produced a uniform wall thickness to the exterior profile which 
could, with minor mold modifications, be altered to provide more or less flexible expansion 
under pressure. This cup design would be inflated to seal with the tubing wall with internal well 
bore pressure and a suitable fluid load. 

 
The fourth cup design employed a conical external profile with a short cylindrical section 

at the mid-point of the cup to provide a contact area, approximately 1/2 inch in length, with the 
tubing wall. The concave internal profile, tapered to the mid-point of the internal wall of the cup 
with a small radius at the point of intersection, was also designed to be inflated to seal with the 
tubing wall with internal well bore pressure and a suitable fluid load. 

 
The fifth cup design employed a cylindrical profile to provide a contact area of 1 ½ inch 

with the tubing wall. The internal profile, tapered to the mid-point of the internal wall of the cup 
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with a small radius at the point of intersection, was also designed to be inflated to seal with the 
tubing wall with internal well bore pressure and a suitable fluid load. 

 
The required molds to accomplish these various features were machined and test cups 

were molded from two different compounds.  
 
The first compound for testing was selected based on the results of field tests performed 

to determine the suitability of various compounds available to the stripper well industry 
successfully determined in the results of Sub-Award 2934-PAAL-DOE-2098. 

 
The second compound was a typical compound frequently found in the oil and gas 

industry with decades of use in multiple applications. It was selected because it provided a lower 
durometer, compound which would produce a somewhat softer cup for testing and comparison. 

 
Both compounds, nitrile based, met the parameters of this project and offered reasonable 

promise for success. It was expected that the final selection would lean more favorably to the 
compound proved successful in the prior investigation. These two compounds would allow the 
testing of harder and softer cups helpful in the determination of a suitable selection for further 
testing.    

  
The progression of the design from a skirted cup to a concave wafer disc type cup to a 

cup with a tubular inflatable configuration enables the combination of one or more of these 
designs to work in conjunction with a higher probability of success. At each step, concerns with 
the potential difficulties with the various designs were carefully evaluated. After evaluation of 
the various cup designs, the necessary molds were drawn and machined. Subsequently, cup 
models were molded and tried on the mechanical portion of the tubing plunger. Throughout the 
lab testing, the mechanical plunger design continually performed satisfactorily. This indicates 
that a casing plunger style tubing plunger for 2 7/8 inch tubing should be relatively 
straightforward. Therefore, the major concern centered on the cup design that would fall in 
tubing with a five to ten pound plunger weight and seal at the tubing stop and carry fluid to the 
surface with gas flow. 
 

Throughout the summer and fall of 2007, PAAL, LLC. was engaged in the successful 
expansion of PAL PLUNGERS into a marketing and manufacturing agreement to manufacture, 
sell, install and service casing plungers in western Canada. 
 

Even though we were involved with expanding our market base, we continued to work on 
the tubing plunger application. Five different cup molds were machined covering three 
distinctively different cup concepts. Each mold was designed and machined to permit 
modifications to sealing surfaces to perform under field conditions encountered. It was 
determined that a 10 feet tall test tower was insufficient to properly test the fall capability using 
actual oil field tubing. A 25 feet tower was obtained to permit a 30 feet test stand to assist in the 
final design features suitable for normal field conditions.  
 

We have determined that the three distinctly different cup designs may work 
independently or in various combinations with each other to provide the effective seal required. 
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To be determined in further testing in the lab and in the field are the final dimensions necessary 
for success. Always at our disposal is the option to manufacture sealing cups of various 
compounds offering multiple advantages.  

 
Although the project time period has expired, it seems worthwhile and efficient to 

continue to evaluate the concept of a tubing plunger for 2 3/8 inch tubing that will offer the 
production advantages of a casing plunger. A project time extension was requested to utilize 
unexpended funding, however, the necessary paperwork was never completed. We still would 
like to obtain permission to use the remaining funds not yet expended for further lab and field 
testing on these concepts. Perhaps an approved time extension is justified. We continue to 
believe that success is near and would like to pursue this project further.   
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EXPERIMENTAL 
 

Using the success of the PAAL casing plunger in various field applications and the 
results of determining more suitable elastomeric compounds in actual well bore parameters, the 
initial design of a tubing plunger utilizing those same concepts commenced. The API standard 
5CT was used as a reference to gather information on specifications of various weights of tubing. 

 
The initial mechanical design concern was the much lower weight of a tubing plunger 

compared to a typical casing plunger weighing 35 to 65 pounds. Further concerns in tubing 
consist of many known and unknown parameters. Among the known concerns are scale and 
paraffin. Additionally, rod wear in tubing can be expected in many applications. The presence of 
unknown corrosion and surface roughness can equally affect the sealing capabilities of light 
weight tools in contact with the tubing walls. The essential requirement of a by-pass valve in a 
tubing plunger with sealing cups in contact with the tubing wall was easily accomplished using 
experience and skills developed over decades. Further lab tests have verified both the function 
and suitability of such a design in tubing plungers. This same design was incorporated into the 
PAAL casing plunger and has continually performed successfully. 

 
The initial skirted cup design was selected in an attempt to insure that a five pound tubing 

plunger would fall in tubing of unknown surface roughness. The heavier casing plunger would 
gain the benefit of a higher pressure acting upon the cross-sectional diameter providing a more 
efficient sealing mechanism. In the much lighter weight of the tubing plunger, less force would 
be exerted on the sealing mechanism. This suggests that wall clearance on descent and wall 
contact on ascent will be critical. 

 
The initial skirted cups provided 0.010 inch diametrical clearance for descent and relied 

on gas flow to expand the lower skirt of the cup to affect a seal with the tubing wall during 
ascent. Lab tests indicated the diametrical clearance was insufficient and the plunger would not 
consistently fall. The presence of fluid did not improve the reliability for falling and sealing. The 
clearance was enlarged to 0.030 inch which permitted descent, but would not seal under low 
pressure and light fluid loads of 4 feet in the lab test stand. 

 
The normal procedure in molding elastomeric compounds to precise dimensions is to 

start with a cavity that is undersized. After molding several parts and evaluating their 
performance, final adjustments can be more precisely made to the molds. The mold cavity can be 
more easily enlarged than reduced. Further, the molding of elastomeric compounds is typically a 
series of mold dimensions compared to molded parts with adjustments made to the mold to 
modify the desired dimensions of the finished parts. Molding elastomeric compounds are subject 
to a broader range of tolerances for the finished parts. 

 
In this regard, the initial mold designs available for testing have only gone through the 

first step of design and comparison to molded parts. Even though, the initial design was 
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perceived to be correct for all considerations, one or more cycles of mold modification and 
molded dimensions of finished parts are warranted before an actual field test in well bore 
conditions is appropriate.  

 
Using different elastomeric compounds in the same mold does not always produce the 

same dimensional finished part. Consequently, extreme caution and experienced judgment is 
required to select an initial mold cavity that will likely produce similarly dimensional parts from 
different elastomeric compounds. Even though the dimensional difference might be rather small, 
such differences can have a profound effect on the suitability of a specific part molded from one 
compound compared to another compound.  

 
From our experience in PAAL casing plunger cup wear and performance, cup wear with 

tubing plungers may be even more critical. 
 
The various cup designs considered, molded and described herein, are shown in an 

attachment at the end of this report.  
 
 
 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

E-240



 11 

 
 
 
 

RESULTS and DISCUSSION 
 

The initial concept of this project was to apply the technological advances that had been 
accomplished in using a PAAL casing plunger in varied well bore conditions to extend to tubing 
conditions in which a typical tubing plunger failed to perform satisfactorily. Even though many 
improvements and greater efficiency were found in the PAAL casing plunger, reducing the size 
of the plunger to a weight of 5 to 10 pounds was recognized to be, and still is, a formidable task. 
The many applications which exist in 2-3/8 inch and 2-7/8 inch tubing in which a constant 
sealing plunger lifted more by pressure than gas velocity holds great excitement in so called 
“tubingless” well bores and wells with casing leaks isolated with packers which must produce 
without the benefit of an annulus to accumulate gas under pressure necessary for most tubing 
plunger applications. The technology, though similar between casing plungers and tubing 
plungers, is substantially more complicated due to weight and dimensional constraints. 

 
This project envisioned the extension of casing plunger technology to tubing plunger 

applications, but it must be remembered that the current state of the successful PAAL casing 
plunger has occurred over the past 9 years. Utilizing our experience, much less time will be 
required to apply the technology to tubing plunger applications and determine potential 
marketability.   

 
The success of the PAAL casing plunger in determining more suitable elastomeric 

compounds for anticipated well bore parameters narrowed the initial selection for elastomeric 
compounds suitable in the design of a tubing plunger utilizing those same concepts. The 
advantages of a much heavier casing plunger are not available in a tubing plunger. The wall 
clearance to the sealing cups would also be greatly reduced. The lighter tubing plunger weight 
would not be sufficient to mechanically expand the lower sealing cup employed in the casing 
plunger. A by-pass valve in any tubing plunger design was absolutely essential. The design 
chosen has been tested in various oil and gas field applications over many years and was 
incorporated into the PAAL casing plunger and has worked very successfully for 9 years. 

 
The initial skirted cup design was selected in an attempt to insure that a five pound tubing 

plunger would fall in tubing of unknown surface roughness. The heavier casing plunger would 
gain the benefit of a higher actuating force due to pressure acting upon the cross-sectional 
diameter providing a more efficient sealing mechanism. In the much lighter weight of the tubing 
plunger compounded by a much smaller cross-sectional area, less force would be exerted on the 
sealing mechanism. This suggests that wall clearance on descent and wall contact on ascent will 
be critical. 

 
The first test was performed in two inch ID acrylic tubing to evaluate the operation of 

PAAL’s first generation tubing plunger.  This plunger was designed with a body length that 
would accept varying cup configurations and combinations, allowing evaluation of many 
designs. The first cup was designed to be approximately .010” under tubing ID.  Set up with five 
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cups on the plunger body there was too much friction (plunger weight 5.1#) to allow the tool to 
drop in the dry tubing.  Wetting the tubing with clear water helped the plunger to fall: however, 
the operation was erratic and unpredictable.  To help make the operation more predictable the 
cups were removed from the plunger and approximately .030” was sanded from the cup OD.  
This allowed the plunger to operate in a more predictable manner but air was observed escaping 
around the cup OD.  The combined weight of the plunger and the fluid being lifted is not enough 
to resist plunger movement and allow pressure to build under the tool and increase the cups 
ability to effectively seal to the tubing.  The test equipment is being modified to allow additional 
fluid to be placed on top of the plunger producing a more realistic test condition 

 
The initial skirted cups provided 0.010 inch diametrical clearance for descent and relied 

on gas flow to expand the lower skirt of the cup to affect a seal with the tubing wall during 
ascent. The mold was machined and the first cups molded were tested in the 2 inch acrylic lab 
test stand. Erratic performance indicated the diametrical clearance was insufficient. The plunger 
would not consistently fall to the bottom and close the by-pass valve. Adding water and water 
with soap as a well bore fluid did not improve the reliability for the plunger falling and sealing. 
The diametrical cup clearance was enlarged to 0.030 inch which permitted descent and closed 
the by-pass valve. However under pressure and low flow rate, the plunger cups would not seal 
with the acrylic wall dry or with light fluid loads of 4 feet in the lab test stand. 

 
The results of the initial lab tests indicated other cup designs of differing concepts should 

be evaluated. Two different concepts were considered: disk style and inflatable sleeve type. 
 
The second cup design was a short, disk style design with a thin contact edge and 

providing a convex/concave profile. The convex profile described the outer or top shape of the 
cup and the concave profile described the internal profile. This design profile would, hopefully, 
provide less contact with the rough tubing wall anticipated and then flex upward, increasing the 
outside diameter of the cup contact surface and thereby affect a seal under gas flow and liquid 
loading to rise to the surface with plunger and fluid during gas flow. The notable difference with 
this cup design from the casing plunger sealing cup is that with loss of gas flow, this second cup 
design would begin descent due to gravity. The initial cup design was intended to maintain a 
constant seal with the tubing wall. This deviation in the design of the second cup would provide 
the choice of either using an assembly of multiple cups as the sole sealing design or to be used in 
connection with an expandable sealing cup, much like on the casing plunger, adding a vertical 
force to assist in sealing the expandable cup. 

 
The third, and subsequent, cup designs were of the inflatable sleeve type. Various 

external and internal profiles with sealing capability to the plunger provided by mechanical 
sealing bands define the basic style considered.  The transfer of internal well bore pressure 
through ports into the interior of the sealing cup expanded the outer diameter of the cup to affect 
a constant seal with the tubing wall. This concept is basic in the PAAL casing plunger. The 
following discussion will outline the various combinations of external to internal profiles and 
wall thickness in contact with the surface of the tubing wall. Consideration was given to contact 
area and inflation response in maintaining a consistent seal with the tubing.   
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The third cup design employed an elliptical external profile, similar to the shape of a 
football. The internal profile produced a uniform wall thickness to the exterior profile which 
could, with minor mold modifications, be altered to provide more or less flexible expansion 
under pressure. This cup design would be inflated to seal with the tubing wall with internal well 
bore pressure and a suitable fluid load. 

 
The fourth cup design employed a conical external profile with a short cylindrical section 

at the mid-point of the cup to provide a contact area, approximately 1/2 inch in length, with the 
tubing wall. The concave internal profile, tapered to the mid-point of the internal wall of the cup 
with a small radius at the point of intersection, was also designed to be inflated to seal with the 
tubing wall with internal well bore pressure and a suitable fluid load. 

 
The fifth cup design employed a cylindrical profile to provide a contact area of 1 ½ inch 

with the tubing wall. The internal profile, tapered to the mid-point of the internal wall of the cup 
with a small radius at the point of intersection, was also designed to be inflated to seal with the 
tubing wall with internal well bore pressure and a suitable fluid load. 

 
The required molds to accomplish these various features were machined and test cups 

were molded from two different compounds.  
 
The first compound for testing was selected based on the results of field tests performed 

to determine the suitability of various compounds available to the stripper well industry 
successfully determined in the results of Sub-Award 2934-PAAL-DOE-2098. 

 
The second compound was a typical compound frequently found in the oil and gas 

industry with decades of use in multiple applications. It was selected because it cured with a 
lower durometer reading indicating a compound which would produce a somewhat softer cup for 
testing and comparison. 

 
Both compounds, nitrile based, met the parameters of this project and offered reasonable 

promise for success. It was expected that the final selection would lean more favorably to the 
compound proved successful in the prior investigation. These two compounds would allow the 
testing of harder and softer cups helpful in the determination of a suitable selection for further 
testing.    

  
The progression of the design from a skirted cup to a concave wafer disc type cup to a 

cup with a tubular inflatable sleeve configuration enables the combination of one or more of 
these designs to work in conjunction with a higher probability of success. At each step, concerns 
with the potential difficulties with the various designs were carefully evaluated. After evaluation 
of the various cup designs, the necessary molds were drawn and machined. Subsequently, cup 
models were molded and tried on the mechanical portion of the tubing plunger. Throughout the 
lab testing, the mechanical plunger design continually performed satisfactorily. This indicates 
that a casing plunger style tubing plunger for 2 7/8 inch tubing should be relatively 
straightforward. Therefore, the major concern centered on the cup design that would fall in 
tubing with a five to ten pound plunger weight and seal at the tubing stop and carry fluid to the 
surface with gas flow. 
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The initial mold designs available for testing have only gone through the first step of 

design and comparison to molded parts. Even though, the initial design was perceived to be 
correct for all considerations, one or more cycles of mold modification and molded dimensions 
of finished parts are warranted before an actual field test in well bore conditions is appropriate.  

 
Using the two different elastomeric compounds in the same mold did not always result in 

the same dimensional finished parts. Consequently, extreme caution and experienced judgment is 
required to modify the designs of the mold cavities that will likely produce similarly dimensional 
parts from different elastomeric compounds. Even though the dimensional differences were 
rather small, those differences have not been fully evaluated to determine the effect, if any, on 
the suitability of a specific part molded from one compound compared to another compound.  

 
From our experience in PAAL casing plunger cup wear and performance, cup wear with 

tubing plungers may be even more critical. 
 
The various cup designs considered, molded and described herein, are shown in an 

attachment at the end of this report.  
 
The mechanical design offers the benefits that were deemed to be desirable for this 

application. Three distinctively different cup profiles have been designed, molded and tested. 
Further testing and modifications of dimensions and compound materials are necessary to make 
the final determinations of the most suitable design and compound for field use. The mechanical 
design and various cup configurations have worked in the lab. These parameters need additional 
testing in the lab and subsequently need actual field testing for final assessment. 
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CONCLUSIONS 
 
 As expected, the extension of PAAL casing plunger technology to tubing plungers for 2-
3/8 inch and 2-7/8 inch tubing has been challenging. The most difficulty encountered is 
activating the cup sealing process with the tubing wall. This difficulty centers primarily on the 
very light weight of a tubing plunger compared to the much heavier weight of a casing plunger. 
In many cases, the inside surface of the tubing may present irregular surfaces as the result of 
scale, paraffin, or rod wear. Any one or a combination of these conditions will make the efficient 
sealing of the cup and wall surface more difficult and unpredictable. Very few reasonable 
options exist to determine the surface roughness of the tubing. Essential to any plunger design 
for this application is a reliable by-pass valve to allow the plunger to fall through a flowing gas 
column and close and seal upon landing on the tubing stop. While the mechanical design for this 
feature has been somewhat simple and found in similar applications in the industry and in PAAL 
casing plungers, the cup design has been significantly more challenging.   
 

The initial skirted cup design was selected in an attempt to insure that a five pound tubing 
plunger would fall in tubing of unknown surface roughness. The heavier casing plunger would 
gain the benefit of a higher actuating force due to pressure acting upon the cross-sectional 
diameter providing a more efficient sealing mechanism. In the much lighter weight of the tubing 
plunger compounded by a much smaller cross-sectional area, less force would be exerted on the 
sealing mechanism. This suggests that wall clearance on descent and wall contact on ascent will 
be critical. The first tests performed on this new style tubing plunger confirmed the by-pass valve 
was, as expected, functional and reliable. The cup design, as expected, confirmed that wall 
clearance was indeed a critical factor. The cups had more wall contact friction than the plunger 
had weight to consistently fall to the bottom of the test stand and close the valve. Adding fluid to 
the test stand did not materially change the results. The outside diameter of the cups was reduced 
which allowed the plunger to fall consistently and close the valve. However, pressure and low 
flow rate were insufficient to lift the plunger. The clearance that allowed the plunger to fall 
without restriction was too great to provide a cup to tubing wall seal and lift the plunger and 
fluid. The lab test stand is too short to experiment with fluid head greater than 6 feet. A taller test 
stand of 25 feet was obtained, but time expired on this project prior to evaluating it for testing.  

  
The internal by-pass valve consisted of a 440-c stainless steel ball and a metallic 

reinforced elastomeric seat along with an elastomeric skirt encircling the ball.  When the plunger 
lands on the plunger stop, the weight of the plunger positions the ball in contact with the skirt 
and causes the ball to circumferentially stretch the skirt until a seal is formed and the ball is 
mechanically held in place by the increasing pressure differential.  The seal formed will hold 
pressure from a fraction of a pound per square inch upward.  In all of the testing performed thus 
far the valve mechanism has performed satisfactorily. 
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The initial skirted cups provided 0.010 inch diametrical clearance for descent and relied 
on gas flow to expand the lower skirt of the cup to affect a seal with the tubing wall during 
ascent. The mold was machined and the first cups molded were tested in the 2 inch acrylic lab 
test stand. Erratic performance indicated the diametrical clearance was insufficient. The plunger 
would not consistently fall to the bottom and close the by-pass valve. Adding water and water 
with soap as a well bore fluid did not improve the reliability for the plunger falling and sealing. 
The diametrical cup clearance was enlarged to 0.030 inch which permitted descent and closed 
the by-pass valve. However under pressure and low flow rate, the plunger cups would not seal 
with the acrylic wall dry or with light fluid loads of 4 feet in the lab test stand. 

 
The results of the initial lab tests indicated other cup designs of differing concepts should 

be evaluated. Two different concepts were considered: disk style and inflatable sleeve type. 
 
The second cup design was a short, disk style design with a thin contact edge and 

providing a convex/concave profile. The convex profile described the outer or top shape of the 
cup and the concave profile described the internal profile. This design profile would, hopefully, 
provide less contact with the rough tubing wall anticipated and then flex upward, increasing the 
outside diameter of the cup contact surface and thereby affect a seal under gas flow and liquid 
loading to rise to the surface with plunger and fluid during gas flow. The notable difference with 
this cup design from the casing plunger sealing cup is that with loss of gas flow, this second cup 
design would begin descent due to gravity. The initial cup design was intended to maintain a 
constant seal with the tubing wall. This deviation in the design of the second cup would provide 
the choice of either using an assembly of multiple cups as the sole sealing design or to be used in 
connection with an expandable sealing cup, much like on the casing plunger, adding a vertical 
force to assist in sealing the expandable cup. 

 
The third, and subsequent, cup designs were of the inflatable sleeve type. Various 

external and internal profiles with sealing capability to the plunger provided by mechanical 
sealing bands define the basic style considered.  The transfer of internal well bore pressure 
through ports into the interior of the sealing cup expanded the outer diameter of the cup to affect 
a constant seal with the tubing wall. This concept is basic in the PAAL casing plunger. The 
following discussion will outline the various combinations of external to internal profiles and 
wall thickness in contact with the surface of the tubing wall. Consideration was given to contact 
area and inflation response in maintaining a consistent seal with the tubing.   

 
The third cup design employed an elliptical external profile, similar to the shape of a 

football. The internal profile produced a uniform wall thickness to the exterior profile which 
could, with minor mold modifications, be altered to provide more or less flexible expansion 
under pressure. This cup design would be inflated to seal with the tubing wall with internal well 
bore pressure and a suitable fluid load. 

 
The fourth cup design employed a conical external profile with a short cylindrical section 

at the mid-point of the cup to provide a contact area, approximately 1/2 inch in length, with the 
tubing wall. The concave internal profile, tapered to the mid-point of the internal wall of the cup 
with a small radius at the point of intersection, was also designed to be inflated to seal with the 
tubing wall with internal well bore pressure and a suitable fluid load. 
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The fifth cup design employed a cylindrical profile to provide a contact area of 1 ½ inch 

with the tubing wall. The internal profile, tapered to the mid-point of the internal wall of the cup 
with a small radius at the point of intersection, was also designed to be inflated to seal with the 
tubing wall with internal well bore pressure and a suitable fluid load. 

 
The required molds to accomplish these various features were machined and test cups 

were molded from two different compounds.  
 
The first compound for testing was selected based on the results of field tests performed 

to determine the suitability of various compounds available to the stripper well industry 
successfully determined in the results of Sub-Award 2934-PAAL-DOE-2098. 

 
The second compound was a typical compound frequently found in the oil and gas 

industry with decades of use in multiple applications. It was selected because it cured with a 
lower durometer reading indicating a compound which would produce a somewhat softer cup for 
testing and comparison. 

 
Both compounds, nitrile based, met the parameters of this project and offered reasonable 

promise for success. It was expected that the final selection would lean more favorably to the 
compound proved successful in the prior investigation. These two compounds would allow the 
testing of harder and softer cups helpful in the determination of a suitable selection for further 
testing.    

  
The progression of the design from a skirted cup to a concave wafer disc type cup to a 

cup with a tubular inflatable sleeve configuration enables the combination of one or more of 
these designs to work in conjunction with a higher probability of success. At each step, concerns 
with the potential difficulties with the various designs were carefully evaluated. After evaluation 
of the various cup designs, the necessary molds were drawn and machined. Subsequently, cup 
models were molded and tried on the mechanical portion of the tubing plunger. Throughout the 
lab testing, the mechanical plunger design continually performed satisfactorily. This indicates 
that a casing plunger style tubing plunger for 2 7/8 inch tubing should be relatively 
straightforward. Therefore, the major concern centered on the cup design that would fall in 
tubing with a five to ten pound plunger weight and seal at the tubing stop and carry fluid to the 
surface with gas flow. 

 
Our mechanical design has proven to be satisfactory to meet the requirements of this 

application. Continued lab and field tests need to be conducted to determine the final 
configuration and dimensions of suitable sealing cups. 
 

Although the project time period has expired, it seems worthwhile and efficient to 
continue to evaluate the concept of a tubing plunger for 2 3/8 inch tubing that will offer the 
production advantages of a casing plunger. A project time extension was requested to utilize 
unexpended funding, however, the necessary paperwork was never completed. We still would 
like to obtain permission to use the remaining funds not yet expended for further lab and field 
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testing on these concepts. Perhaps an approved time extension is justified. We continue to 
believe that success is near and would like to pursue this project to completion.   
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DISCLAIMER: 
 
This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to 
any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by 
the United States Government or any agency thereof. The views and opinions of authors herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 
 
ABSTRACT: 
 
The objective of this project was to extend gelled polymer technology to reduce water 
production and increase oil production in Mississippian reservoirs in Central Kansas. 
Conventional gelled polymer treatments were applied followed by a post placement process in 
which some of the gel that formed in situ was dehydrated by injection of oil to create flow 
channels that exhibit preferential permeability to oil and significantly lower permeability to 
water. The project consisted of two gel polymer treatments in the Mississippian formation in the 
Schaben Field in Central Kansas.  Two wells(Humburg #1 and Borger #1) were successfully 
treated with ~4000 bbl of gelant and were dehydrated by injection of oil following insitu 
gelation.  Water production was reduced in both wells by 250 to 300 B/D from the pretreatment 
rate.  Savings in electrical costs due to reduced water production on the Humburg lease were 
estimated to be $500-$600/month following the gel treatment.  Neither well produced much 
incremental oil and post treatment rates declined below pretreatment oil rates.  Disproportionate 
reduction in water production was obtained in both tests.  However, there was not enough 
incremental oil production to make either treatment economic.  The high oil price adds an economic 
penalty to small reductions in oil rate following the treatment.  
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INTRODUCTION 
 
Objectives -  
 
The objective of this project was to extend gelled polymer technology to reduce water 
production and increase oil production in Mississippian reservoirs in Central Kansas. 
Conventional gelled polymer treatments were applied followed by a post placement process in 
which some of the gel that formed in situ is dehydrated by injection of oil to create flow 
channels that exhibit preferential permeability to oil and significantly lower permeability to 
water.  If this process was successful in the field, water production rates will be reduced 
substantially coupled with increased oil recovery.  The project consists of two gel polymer 
treatments in the Mississippian formation in the Schaben Field in Central Kansas.  These 
treatments were the first well-documented treatments using the chromium carboxylate-polymer 
system currently used to treat Arbuckle wells in Central Kansas. 

Project Task Overview - 
 
Task 1 Selection of wells for treatment     
 
Tasks 2-6 will be done for Wells 1-3 as each well is treated.    
       
Task 2 Prepare well for treatment        
          
Task 3 Perform gel treatment         
 
Task 4 Post treatment dehydration of gel      
  
Task 5 Place well on production       
  
Task 6 Analysis of Performance       
  
  Task 6.1 Analysis of data        
  Task 6.2 Preparation of reports and presentations     
          
Task 7 Participate in SWC and PTTC Workshops       
 
EXECUTIVE SUMMARY: 
The project consisted of two gel polymer treatments in the Mississippian formation in the 
Schaben Field in Central Kansas.  Two wells(Humburg #1 and Borger #1) were successfully 
treated with ~4000 bbl of gelant and were dehydrated by injection of oil following insitu 
gelation.  Water production was reduced in both wells by 250 to 300 B/D from the pretreatment 
rate.  Savings in electrical costs due to reduced water production on the Humburg lease were 
estimated to be $500-$600/month following the gel treatment.  Neither well produced much 
incremental oil and post treatment rates declined below pretreatment oil rates.  Disproportionate 
reduction in water production was obtained in both tests.  However, there was not enough 
incremental oil production to make either treatment economic.  The high oil price adds an economic 
penalty to small reductions in oil rate following the treatment.  
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RESULTS AND DISCUSSION: 
 
Task 1 Selection of wells for treatment:  Two wells were selected for evaluation in this project.  
These wells were Humburg #1 and Borger #1.  Buildup tests were conducted on each well using a 
computerized Echometer to estimate the kh of the well and the flow environment in the vicinity of 
the well.  Figure 1 shows the location of the two wells.  Table 1 summarizes data for these wells. 
 
 
 

Humburg #1

Borger #1

Humburg #1

Borger #1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Map of Schaben Field Showing Candidate Wells (1) 

 
Humburg #1 was selected for the first gel treatment in March 2007 because we estimated it would 
be possible to inject the gelant at rates commonly used for treatments.  The estimated skin in Borger 
#1 for the production of oil and water is large and initially it appeared that it would not be possible to 
inject a viscous gelant solution (30 cp) into this well at rates used for treatments.  
 
After examining buildups for other wells operated by American Warrior, the data from Borger #1 
was revisited.  A well log was located which indicated that the thickness of the productive interval 
was essentially the same as Humburg #1.  Reevaluation of the data led to the decision to carryout a 
gel treatment in Borger #1 in the fourth quarter of 2007. 
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Table 1:  Summary of Well Data-Pre Treatment Analysis 

 
 Humburg 

#1 
Borger #1 

Operator Pickrell 
Drilling Co

American 
Warrior Inc. 

Depth to Top of Mississippian, 
feet 

4390 4382 

Completion Perforated-
4 shots/ft 

Open hole 

Interval open for production 4392-4400 4390-4396 
Net Thickness open, ft 8 6 
Oil Rate, B/D 2.7 5 
Water Rate, B/D 391 445 
Pump intake depth, ft 4054 4360 
Type of pump Rod Rod 
Fluid level above pump, ft 2600 1000 

 
 Pressure data from the buildup conducted in Humburg #1 and Borger #1 are presented in Figures 2 
and 3. 
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Figure 2:  Pressure buildup in Humburg #1 
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Figure 3:  Pressure buildup in Borger #1   
 
Humburg #1 
 
Task 2 Prepare well for treatment        
The well was prepared for the gel treatment by running 2 7/8” tubing on a packer set at 
4374 feet.  An acid treatment was done on March 14 to cleanout the well and the near 
wellbore area.  About 2500 gallons of acid were used with 30 ball sealers dropped at a rate 
of 1/bbl after about 30 bbls of acid were injected.  Final treatment rate was 5 BPM at a 
well head pressure of 1175 psi.  An overflush of 100 bbls was used to displace the acid 
into the formation.  Pressure indicated the balls hit the formation after the overflush began.  
Initial shut in pressure was 100 psi.  The well went on vacuum 15 seconds after shut-in... 
About 187 bbls were swabbed back.  Treatment appeared to be excellent. 
          
Task 3 Perform gel treatment 
The gel treatment began on March 16, 2007 and was completed on March 21, 2007.  
Treatment data are summarized in Table 2.  The treatment used WC204 polymer with a 
chromium acetate crosslinker.  About 4232 bbls of gelant were injected at rates varying 
from 0.51 to 0.77 BPM.  Concentration of polymer was increased in steps in response to 
the pressure measurements. Maximum bottomhole pressure was 2891 psi during the last 
stage of gelant injection.  The tubing was flushed with 20 bbls of water followed by 37 
bbls of oil to displace the gelant from the tubing and casing into the formation prior to 
shutting in the well.    
 
Figure 4 shows the BHP and polymer concentration as a function of cumulative volume of 
gelant injected during the treatment.  Figure 5 shows the bottomhole temperature and 
polymer concentration during the treatment.  Temperature of the gelant was 30 to 40 
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degrees F lower than the formation temperature when it was injected into the formation.    
The well was shut in to promote in-situ gelation for at least 14 days before the dehydration 
was scheduled to begin.   
 

 
Table 2:  Summary of Gel Treatment for Humburg No. 1 

 
 

 

 

Stage 

 

 

Date 

Begin 

 

 

Time 

Begin 

 

 

Date 

End 

 

 

Time 

End 

 

WC204®

Polymer 

(ppm) 

 

 

Gel 

Bbls. 

Begin 

Surf. 

Pres. 

(psi) 

End 

Surf. 

Pres. 

(psi) 

Begin 

BH 

Pres. 

(psi) 

End 

BH 

Pres. 

(psi) 

Pump 

Rate 

Begin 

(BPM) 

Pump 

Rate 

End 

(BPM) 

 

 

 

Comments 

1 3/16/07 10:54 a 3/17/07 5:54 p 2000 935 Vac Vac 1196 1732 0.50 0.51 Stage complete 

2 3/17/07 5:54 p 3/19/07 12:02 p 3000 1313 Vac 120 1732 2094 0.51 0.51 Stage complete 

3 3/19/07 12:02 p 3/20/07 5:10 p 4500 1015 120 710 2094 2603 0.51 0.77 Stage complete 

4 3/20/07 5:10 p 3/21/07 2:15 a 6000 420 710 900 2603 2789 0.77 0.77 Stage complete 

5 3/21/07 2:15 a 3/21/07 6:00 a 8000 234 900 1000 2789 2885 0.77 0.75 Stage complete 

6 3/21/07 6:00 a 3/21/07 2:23 p 10000 315 1000 1040 2885 2891 0.75 0.75 Stage complete 

7 3/21/07 2.23 p 3/21/07 3:00 p Water  [20] 1040 0 2891 1909 0.75 0.00 Stage complete 

8 3/21/07 3:00 p 3/21/07 4:01 p Oil flush [37] 0 1150 1909 2595 0.00 0.60 Stage Complete 

Totals      4232        

              

 
 

TIO  Rate vs. PressureRCO, INC. - MARCITsm Polymer Gel Treatment -
PICKRELL DRILLING COMPANY, INC. - HUMBURG #1 PRODUCING WELL - MISSISSIPPIAN FORMATION 
Schaben Field - Ness Co., KS
Treatment Date:  March 16-21, 2007
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Figure 4:  Injection rate, bottomhole pressure, surface pressure and polymer concentration 

versus cumulative volume of gelant injected. 
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Figure 5:  Bottomhole temperature and polymer concentration during treatment. 
 
 
Task 4 Post treatment dehydration of gel 
The well was treated with polymer gelant from March 16-21, 2007 and then shut-in from 
March 22-April 9(18 days).  Muddy field conditions extended the shut-in time beyond the 
initial 14 days.  Dehydration of the gel began on April 10 and was completed on April 21.  
About 119 bbls of oil were injected at an average rate of about 10.8 B/D.  The slow 
injection rate was chosen to promote dehydration of the gel as opposed to destruction 
caused by excessive pressure gradients.  Prior to gel injection, a pressure gauge was set at 
4260 ft to record pressure continuously during the dehydration process.  Initial bottomhole 
pressure at the beginning of oil injection was 1207 psi.   
 
Figure 6 shows the bottomhole pressure and injection rate as a function of volume of oil 
injected during the dehydration treatment.  Maximum pressure increase during the 
injection of oil was about 43 psi.  The pressure declined rapidly to initial reservoir pressure 
at the end of oil injection.  The small pressure increase during the dehydration process is 
consistent with similar data obtained in our DPR treatments in Arbuckle formations of 
Central Kansas.  This indicates that the gel that was formed insitu following the gel 
treatment was easily dehydrated or displaced by the injected oil 
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Downhole Service Tools
Pickrell Drilling Company, Inc. - Humburg #1 - Schaben Field - Ness Co., KS

Date:  April 10-21, 2007
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Figure 6:  Bottomhole pressure and injection rate versus cumulative volume of oil 

injected during the dehydration of the gel after placement. 
 
Task 5 Place well on production       
  
The well was placed on production on April 26.  Figure 7 shows the oil rate as a function 
of number of days on production after the treatment.  The pretreatment oil rate was 2.7 
B/D.  Miscellaneous operating problems caused inaccuracy in determining the volume of 
oil produced in the first 12 days after the well was put on pump. Near the end of 
September, water production was about 156 B/D and the well was pumped off.  The oil 
rate declined to about the pretreatment rate, so additional incremental oil was not 
anticipated. 
 
Samples of produced fluid were obtained during the first 30 days after the well was placed 
on production and were analyzed for chromium (CrIII) and Total Organic Carbon.  
Polymer concentration as ppm TOC is shown on Figure 8.  Maximum concentration was 
204 ppm and concentration declined with volume of water produced.  Results of the 
chromium (III) analyses are presented in Table 3.  The average concentration of chromium 
was 0.36 ppm. 
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Figure 7:  Oil rate following get treatment and dehydration of Humburg No. 1 
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Figure 8:  Polymer concentration in produced water after gel treatment-Humburg #1. 
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Table 3:  Chromium (III) in produced fluid from Humburg #1 following gel treatment  
 

  Date    Chromium 
                 (ppm) 
4-27-07      0.25 
4-28-07      0.31 
4-29-07      0.34 
4-30-07      0.36 
5-01-07      0.36 
5-02-07      0.45 
5-03-07      0.33 
5-05-07      0.45 
5-07-07      0.39 
5-09-07      0.40 
5-11-07      0.39 
5-14-07      0.31 
Average      0.36  

 
Task 6 Analysis of Performance       
  
Task 6.1 Analysis of data 
 
Table 4 contains an approximate analysis of the incremental oil production from the gel 
treatment.  Included in Table 4 is the oil that was not produced during the acidizing, gel 
treatment, the shut-in period and the gel dehydration period.  This time interval is 42 days.  
The volume of oil that would have been produced at the pre-treatment oil production rate 
(2.7 B/D) is 113 bbls.  The amount of incremental oil produced is about 317 bbls.   
Although incremental oil was produced, the increase in production rate was substantially 
less than observed following gel treatments of Arbuckle wells. The water production rate 
prior to treatment was ~393 B/D and the well was not pumped off.  The gel treatment 
reduced the water production rate by about 237 B/D.   
 

Table 4:  Analysis of oil production response-Humburg #1-September 28, 2007 
 

          
Bbls 

Total oil production from April 26 952 
Oil injected during dehydration      [119] 
Deferred production from March 16 to April 25 [113] 
Pretreatment production from April 26 to September 28(2.7 
B/D) 

     [402] 

Incremental oil due to gel treatment 317 
 
Incremental oil production ceased by September 30, 2007.  However, water production 
remained at about 156 B/D with the well pumped off.  By May 2008, water production 
was 142 B/D and oil production was 2.16 B/D. 
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The well is part of a three well lease with production wells run by electric motors.  
Electrical cost data for operation of the lease were gathered for the period before the gel 
treatment and for a limited period after Humburg #1 was treated.  Monthly electrical costs 
for the Humburg Lease(3 wells) are presented in Figure 9.  The lease electrical costs 
averaged about $500-$600 /month less than costs prior to the treatment for the period 
January 2005-December 2007.  Electrical cost savings appear to be the result of lower 
lifting costs due to the reduction of the water production rate in Humburg #1. Although 
water production was reduced substantially which should be reflected in reduced electrical 
costs, the amount of incremental oil production was not sufficient to support the 
economics of gel treatment of this well to reduce water production.  
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Figure 9:  Electrical costs on Humburg lease before and after treatment of Humburg #1 
 
Borger #1 
 
Task 2 Prepare well for treatment        
The well was prepared for the gel treatment by pulling the 2 7/8” production tubing and 
running a 2 7/8” production string on a packer.  The packer was set at 4350 feet.  The well 
was acidized with 2500 gallons of acid and  swabbed to recover the spent acid.  
         
Task 3 Perform gel treatment         
 
The gel treatment began on September 24, 2007 and was completed on September 28, 
2007.  Treatment data are summarized in Table 5.  The treatment used WC204 polymer 
with a chromium acetate crosslinker.  About 4039 bbls of gelant were injected at rates 
averaging 1100 B/D.  Concentration of polymer was increased in steps in response to the 
pressure measurements. Maximum bottomhole pressure was 2055 psi during the last stage 
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of gelant injection.  The tubing was flushed with 49 bbls of water followed by 35 bbls of 
oil to displace the gelant from the tubing and casing into the formation prior to shutting in 
the well.   Figure 10 shows the BHP and polymer concentration as a function of 
cumulative volume of gelant injected during the treatment.  The bottomhole temperature 
gauge malfunctioned and no data were obtained. The well was shut in to promote in-situ 
gelation for at least 14 days before the dehydration was scheduled to begin.   
  

Table 5:  Summary of Gel Treatment-Borger #1 
 

Date Time Date Time Polymer Gel
Stage Begin Begin End End ppm bbls Begin End Begin End Begin End

1 9/24/07 2:20 PM 9/25/07 12:51 PM 2000 1014 vac 170 558 1524 1100 1100
2 9/25/07 12:51 PM 9/26/07 4:21 PM 3000 1260 170 530 1524 1905 1100 1100
3 9/26/07 4:21 PM 9/27/07 8:17 AM 4500 735 530 625 1905 1992 1100 1100
4 9/27/07 8:17 AM 9/27/07 7:10 PM 6000 498 625 700 1992 2055 1100 1100
5 9/27/07 7:10 PM 9/28/07 1:36 AM 8000 285 700 700 2055 1999 1100 1100
6 9/28/07 1:36 AM 9/28/07 6:24 AM 10000 247 700 700 1999 1989 1100 1100
7 9/28/07 6:24 AM 9/28/07 7:10 AM 0 30 700 900 1989 2189 1100 1100

4069

stage complete

WHP (psi) BHP (psi) Pump Rate (bpd)

Totals

Oil Flush

stage complete
stage complete

Comments

stage complete
stage complete

stage complete

 
 
Task 4 Post treatment dehydration of gel       
Dehydration of the gel following placement was carried out from October 11-22 by 
injecting oil at a rate of ~ 10B/D.  Bottomhole pressures measured during the dehydration 
are plotted in Figure 11.  With the exception of a pump problem in the first 10 hours, the 
bottomhole pressure averaged about 1480 psi with variations of about 20 psi during the 
entire treatment.  Volume of oil injected was about 102 bbls.  Oil displacement occurred at 
a steady state rate for the majority of the dehydration process.  Average pressure increase 
was ~250 psi which is substantially higher than observed during the gel dehydration of 
Humburg #1 and Arbuckle wells .   
 
Task 5 Place well on production       
  
Borger #1 was placed on production following the dehydration treatment.  Tubing and 
packer were pulled and a pump was run on the production tubing.  Production data are not 
available for this well on a regular basis.   
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Figure 10:  Bottomhole pressure and polymer concentration during the gel treatment of 
Borger#1 
 
Task 6 Analysis of Performance        
Task 6.1 Analysis of data        
 
The well pumped down quickly to a rate of 145 B/D with oil cut of 2%.  The 
corresponding oil rate was 2.9 B/D leaving a water rate of about 142 B/D.  By December 
2007, fluid production was 150 B/D with 2% oil cut.  The oil rate of 3 B/D with the well 
pumped off was less than the pretreatment rate of 5 B/D.  Water production was reduced 
from 445 B/D to 145 B/D, a reduction of 300 B/D.    A well test in March 2008 was 107 
bbls of total fluid with 3.5% oil.  Water rate was 103 B/D and the oil rate was 3.75 
B/D with the well pumped off   Water rate was reduced by about 342 B/D from the 
pretreatment rate and the oil rate was gradually increasing.  The oil rate was 1.25 B/D 
less than the pretreatment rate, which is a substantial economic penalty when the price 
of oil is over $100/bbl.  Although the water rate was reduced substantially which 
should correspond to reduced electric costs, the loss in oil revenue from the decrease 
in oil rate after treatment makes this process uneconomic. 
 
Borger #1 stopped pumping sometime in April. The well was pulled on May 5, 2008 
and a hole was found in the last joint of tubing. Baker Petrolite inspected the 
equipment and reported that corrosion from sulfate reducing bacteria and the polymer 
treatment were contributing factors.  The well remained down through July due to 
shortage of workover rigs for old wells.   
 
Incremental oil production was limited and was not sufficient to justify the cost of the 
treatment as is expected in treatments of Arbuckle wells.  A reduction of water rate of 
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~300-350 B/D was sustained after the treatment which will reduce electrical costs.   
Data on electrical costs were not available at the time this report was prepared. 
  
Samples of produced water were collected during the first month the well was on 
production to determine chromium (III) and polymer concentrations.  No chromium was 
detected in the produced water samples.  Polymer concentrations, expressed in terms of 
Total Organic Carbon (TOC), are plotted in Figure 12.  Polymer concentrations declined 
with time on production to low levels within a month.  The concentration spike from the 
last sample collected is not consistent with the trend and may represent an anomalous 
sample.  The amount of polymer in the produced water was negligible. 
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Figure 11:  Bottomhole pressure versus cumulative volume of oil injected during gel 
dehydration in Borger #1 
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Figure 12:  Total organic carbon in produced water from Borger #1 
 
Task 7:  Participate in SWC and PTTC Workshops 
  
A poster presentation was made at the Oklahoma Oil and Gas Trade Exposition, October 
26, 2006.  A presentation was made at the Stripper Well Consortium Technology Transfer 
Conference in  Pittsburg, PA on November 8, 2006.    A PowerPoint presentation was 
prepared for presentation at the 2007 Fall Stripper Well Consortium held in Wichita, KS 
on October 30.  The presentation was based primarily on the results of Humburg #1. A 
presentation was made at the 17th Oil Recovery Conference in Wichita, KS on April 4, 
2007.  Made a presentation at the PTTC Gelled Polymer Workshop, Wichita, KS on 
April 1, 2008.   
 
CONCLUSIONS 
 

1. Two wells were treated in the Mississippian formation in the Schaben Field with 
conventional gelled polymer treatments to reduce water production followed by dehydration 
of the gel with crude oil after placement. 

2. Sustained reduction in water production on the order of 250 to 300 B/D was observed after 
the treatments for both wells. 

3. Oil production rates were reduced slightly by the treatment in both wells.   
4. Little incremental oil was produced. 
5. Reduction in electrical costs on the Humburg lease occurred after the treatment of Humburg 

#1.  Estimated cost reductions averaged $500-600/month on the Humburg lease and are 
attributed to reduced water production in Humburg #1. 

6. Production of incremental oil is necessary to make this process to reduce water production 
economic, 

7. Chromium (III) in the water produced after the gel treatment ranged from 0.36 ppm after 
treating Humburg #1 to 0 ppm after treating Borger #1. 
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8. The concentration of polymer in water produced after the treatment peaked at 230 ppm TOC 
and declined with volume of water produced. 
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Abstract 
 

The purpose of this study was to illustrate how the challenges encountered when 
completing coalbed methane wells in multiple formations can be surmounted by deliberate 
use of reservoir analysis tools.   

Multizone completions are attractive options for extending and/or increasing existing 
production from declining wells via re-entry of additional zones.  Determining which 
available seams should be completed and which should be by-passed is both key to success 
and difficult to achieve. 

Of the 17,000 CBNG wells in the PRB, over 9,600 produce less than 30 mcf/day. While 
multizone completions could enhance economic gas production, reservoir variability in the 
PRB has not allowed for broad success. In order to induce increased production from these 
wells, it is necessary to perform detailed reservoir analysis and identify re-entry zones that 
contain economic gas. 
     This study involved mapping the key reservoir properties that determine future production 
from all seams, using those properties to inform development, producing water and gas from 
the mapped reservoirs, and correlating the reservoir properties to the resulting production.  
This final correlation was then used to establish how reservoir testing can inform production 
success and operator cash flow, particularly when applied to multizone completions. 

In the study, WellDog Inc. used its proprietary geochemical reservoir analysis technology 
to measure critical desorption pressure (CDP), gas content (GC) and gas saturation in several 
coal seam reservoirs intersected by a dozen coalbed methane (CBM) wells on existing leases 
in the Powder River Basin (T52N R77W, Sec. 20, Johnson County, Wyoming).   
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1 EXECUTIVE SUMMARY 

The purpose of this study was to illustrate how the challenges encountered when 
completing coalbed methane wells in multiple formations can be surmounted by deliberate 
use of reservoir analysis tools.   

Multizone completions are attractive options for extending and/or increasing existing 
production from declining wells via re-entry of additional zones.  Determining which 
available seams should be completed and which should be by-passed is both key to success 
and difficult to achieve. 

Of the 17,000 CBNG wells in the PRB, over 9,600 produce less than 30 mcf/day. While 
multizone completions could enhance economic gas production, reservoir variability in the 
PRB has not allowed for broad success. In order to induce increased production from these 
wells, it is necessary to perform detailed reservoir analysis and identify re-entry zones that 
contain economic gas. 
     This study involved mapping the key reservoir properties that determine future production 
from all seams, using those properties to inform development, producing water and gas from 
the mapped reservoirs, and correlating the reservoir properties to the resulting production.  
This final correlation was then used to establish how reservoir testing can inform production 
success and operator cash flow, particularly when applied to multizone completions. 

In the study, WellDog Inc. used its proprietary geochemical reservoir analysis technology 
to measure critical desorption pressure (CDP), gas content (GC) and gas saturation in several 
coal seam reservoirs intersected by a dozen coalbed methane (CBM) wells on existing leases 
in the Powder River Basin (T52N R77W, Sec. 20, Johnson County, Wyoming).   
 
The study objectives were: 

• Use WellDog’s proprietary commercial services to measure CDP, GC, and percent 
saturation in up to 27 seams, from twelve wells with both single zone and multizone 
completions. 

• Use CDP, GC, and percent saturation to evaluate the production potential of several 
seams in nine wells. Having the ability to identify a seam with low GC, CDP and high 
potential for water contribution, a producer can choose to isolate such a seam and reduce 
water production without sacrificing economic gas production. 

• Compare the gas and water production of off-set wells, completed by the PRB industry 
standard practice of single zone, under-reamed completion method, to the gas and water 
production of the wells with multizone completion to determine effectiveness in 
providing enhanced gas production. 
The study area was focused on four well pads that straddle the Powder River.  Each well 

pad included three wells that were completed initially in three different coals:  the Anderson, 
the Cook and the Wall seams.  Above each of the Anderson and the Cook seams were present 
up to three stringers of the base coal seams. 

WellDog performed 15 tests of isolated coalbed reservoirs in the 12 wells, plus five tests 
of commingled reservoirs in those wells.  12 of the tests provided data that could be 
attributed directly to an individual reservoir.  Those tests revealed that, contrary to 
conventional wisdom, the more shallow Cook and Anderson coal seams contained more gas 
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and less water than the deeper Wall seam.  In addition, the tests revealed that critical 
desorption pressure and gas content varied to a surprisingly high extent between coal seams 
and, within each coal seam, between well pads. 

The operator (Black Diamond Energy) was able to produce eight of the wells for a brief 
period of time.  While that production data proved insufficient for correlation with the 
reservoir data, additional production data from surrounding leases was obtained and used, as 
well.  In general, offset production confirmed the reservoir test results:  wells completed in 
the Anderson seam showed a much lower water/gas production ratio than those completed in 
the Wall seam. 

Without the WellDog technology, the reservoir analysis portion of this study would have 
required more than $750,000 and up to eight months of field- and lab-work.  Using the 
WellDog technology, it required less than $200,000 and less than two weeks of field- and 
lab-work. 
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2 INTRODUCTION 

 

2.1 PROJECT OVERVIEW 

2.1.1 Goals and Objectives 

The study objectives were: 

• Use WellDog’s proprietary technology to measure CDP, GC and percent saturation in up 
to 27 seams, from twelve wells with both single zone and multizone completions. 

• Use CDP, GC, and percent saturation to evaluate the production potential of several 
seams in nine wells. Having the ability to identify a seam with low GC, CDP and high 
potential for water contribution, a producer can choose to isolate such a seam and reduce 
water production without sacrificing economic gas production. 

• Compare the gas and water production of off-set wells, completed by the PRB industry 
standard practice of single zone, under-reamed completion method, to the gas and water 
production of the wells with multizone completion to determine effectiveness in 
providing enhanced gas production 

2.1.2 Work Plan 

Spectroscopic reservoir analysis was utilized to determine Critical Desorption Pressure 
(CDP), Gas Content (GC), and percent saturation on up to 27 seams in twelve of Black 
Diamond’s wells, nine of which were multiseam completions, each with up to three seams 
identified as potential producing target zones picked from the available gamma ray log. This 
information was used, along with other reservoir parameters, to compare each coal seam’s 
contribution towards overall water and gas production. By comparing each coal seam directly, 
Black Diamond was able to identify and isolate seams with negative contributions (i.e. seams 
with low gas content and high potential for water production), presumable resulting in eventual 
enhanced gas production and reduced water production. 

Four locations, with three wells per location completed in different seams (Fig. 1) were 
drilled and shut-in during mid-March 2006. Of the twelve CBNG wells drilled, additional seams 
were targeted for investigation in nine wells to be completed as multizones.  Therefore, each of 
the four well pads had a three well pod – one completed in the “B” coal (the Wall), one 
completed in the “C” coal (the Cook) and one completed in the “D” coal (the Anderson).   
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Fig  1 .  D iagram o f  the  th ree  we l l  pod  s t ruc ture  used  in  the  s tudy  

 
The B wells were topset in the Wall coal and were not further completed into other zones.  

The C wells were topset in the Cook and then, later, completed into the Cook stringers 
designated “C1” and “C2”.  The D wells were topset in the Anderson coal and then, later, 
completed into the Anderson stringers designated “D1”, “D2” and “D3”.   

Tasks performed: 

Phase 1: 
Drill and complete 
Collect data and history match 
 

Phase 2: 
Analyze key metrics 
Monitor water/gas well production 
Publish guide for multizone optimization 

 

2.2 EXPERIMENTAL/METHODOLOGY 

2.2.1 Estimation of Critical Desorption Pressure via Raman Spectroscopy 

2.2.1.1 Raman spectroscopy 
Raman spectroscopy is a well-established laboratory chemical analysis technique.  

Raman spectroscopy was invented after the discovery of the Raman Effect in 1928, for which Sir 
Chandrasekhra Venkata Raman won the Nobel Prize in Physics in 1930.   

The Raman Effect is when light scatters from a molecule with a slightly changed energy, 
or color, due to excitation of the molecule’s chemical bonds.  The change in energy, or color, is 
representative of the energy of the bond or bonds that were excited.  As a result, observing the 
colors of light scattered from a material indicates which molecules make up the material.  Raman 
spectroscopy observes these colors by collecting the scattered light and then separating and 
detecting the colors that make up the light. 
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A challenge in using Raman spectroscopy is that only one photon in about one million is 
changed when scattering from a material.  The rest of the photons remain unchanged in energy.  
In order to increase the number of changed photons, researchers have increased the number of 
incident photons by employing lasers. 

One strength of Raman spectroscopy is that water molecules do not change many photons 
that scatter from it.  As a result, in contrast to infrared systems, Raman spectroscopy is not overly 
sensitive to water — an advantage when analyzing materials in systems such as coalbed 
reservoirs that contain water. 

 

2.2.1.2 Methodology for estimation of CDP and gas content 

In addition to providing chemical fingerprints, Raman spectroscopy allows direct quantification 
of chemicals.  For example, a series of peaks representing increasing amounts of methane dissolved in 
water are shown in Figure 2a at bottom left.  The size of those peaks can be used to build a quantitative 
calibration between instrument response and methane partial pressure, as shown in the figure at bottom 
right.  As the partial pressure is increased, the instrument response increases linearly.   

Through careful instrument design and maintenance, this instrument response can be calibrated 
to concentration or partial pressure of the methane.  As a result, WellDog is able to directly and 
quantitatively determine partial pressure of methane in coalbed reservoirs. 

 
Figure 2a:  Raman spectra of increasing amounts 
of methane dissolved in water.  The x-axis shows 
the color of the photons collected and the y-axis 
shows the number of photons collected at each 
color. 

  
Figure 2b:  Correlation of concentration as measured at left with 
partial pressure of methane, as measured by the pressure of 
methane gas incident on the sample cell.  Indicates instrument 
response to methane partial pressure. 

 
 

2.2.2 Estimation of Gas-in-Place 
Gas-in-place (GIP) was calculated by creating depth-structure grids in Petra for the top 

and base of each horizon and then subtracting the base grid from the top grid to arrive at isopach 
thicknesses for each zone.  The isopachs were then used to calculate gas-in-place using the areal 
extent of Black Diamond Energy’s leasehold in Section 20 as a boundary polygon.  Gas content 
parameters were adjusted to represent the average gas content numbers derived from the 
WellDog tests in each zone and composite zone.  An assumption of coal density equal to 1.3 g/cc 
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and a conversion factor of 1767.5 (g/cc to tons/acre-foot) was also incorporated into the gas-in-
place calculations. No recovery factor was applied in the GIP calculation.  

 

2.2.3 Estimation of Water in Place 
Water-in-place calculations were made using the isopachs created from the top and base 

depth-structure Petra grids for each zone.  Total volume in acre-feet was calculated for each 
isopach using Black Diamond Energy’s leasehold area as a boundary polygon. Matrix and 
fracture porosity data, extracted from the D.O.E. Powder River Basin Coalbed Methane 
Development and Produced Water Management Study, was used to calculate a total porosity 
value for each coal.  The water-in-place values are reported in both acre-feet and barrels using a 
conversion factor of 7758.37 bbls/acre-feet.   

 

2.3 STUDY AREA 

2.3.1 CBM Production in the Powder River Basin 

2.3.1.1 Drilling & production history 
The Powder River Basin, located in northeast Wyoming, and southeast Montana, has 

been the location of the nation’s fastest growing development of coal bed natural gas (CBNG). 
Production of CBNG, to date, from the tertiary-age Fort Union Formation has been in the east 
and central portion of the basin, near Gillette, Wyoming, with recent development efforts 
targeting the deeper basin center. Of the 17,000 CBNG wells in the PRB, over 9,600 produce 
less than 30 mcf/day. CBNG operators in the PRB are now attempting to implement multizone 
completions, since they are experiencing a low success rate using the current practice of single-
seam completions (while bypassing several thinner seams). While multizone completions should 
enhance economic gas production, reservoir conditions in the PRB, which tend to be shallow, 
undersaturated coals of highly variable critical desorption pressure (CDP) and gas content (GC) 
surrounded by water-bearing aquifers, have not proven suitable for multizone completions. To 
date, results from multizone completions have not been widely favorable. 

It is noted, however, that flexibility and modification of procedures and technologies, 
specific to the geology and reservoir parameters of the coals in each basin, enabled successful 
implementation of multizone completions in several other basins. Similarly, modifications will 
be necessary to successfully implement multizone completions in the PRB. It is our anticipation 
that with the knowledge and ability to analyze and compare thinner seams potential to produce 
both gas and water, a producer will be able to identify and isolate zones with low CDP, GC and 
high water saturation during multizone well completion efforts. 
2.3.1.2 Controversy regarding water production 

A 2005 report by the Ruckelhaus Institute at the University of Wyoming, entitled “Water 
Production from Coalbed Methane Development in Wyoming”, provides an excellent overview 
of the social, environmental and political issues created by surface discharge of coalbed methane 
waters in Wyoming.  An excerpt is next: 

 
In the PRB, CBM water quality generally declines when moving from the 
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Cheyenne River drainage northwestward to the Belle Fourche, Little Powder, and 
Powder River drainages. Concerns center on the salinity of the water, usually 
measured as total dissolved solids (TDS), or electrical conductivity (EC) and 
sodium adsorption ratio (SAR). 

CBM water from the Cheyenne and Belle Fourche drainages is of relatively 
high quality and is within or close to the TDS water quality limits for human 
drinking water, and within the EC and SAR limits for irrigation water. CBM 
waters from the Little Powder, Powder and Tongue River drainages have tested 
above one or more water quality standards or threshold criteria for TDS (human 
drinking water or stock water standards), EC (irrigation of sensitive plants), and 
SAR (irrigation water suitability). Water from CBM wells in the Tongue River 
drainage has better TDS and EC levels relative to CBM wells in the Powder River 
drainage, but the SAR levels from CBM wells sampled in the Tongue River 
drainage are higher than all the wells from the other PRB watersheds. 

CBM water may be of good quality at the wellhead but this quality can 
degrade when water picks up additional solids or salts after discharge to a 
streambed or storage in a reservoir designed to allow water to infiltrate through 
the soils. A key water quality issue, not yet fully assessed, is the cumulative effect 
of numerous CBM water discharges on the overall water quality of basin streams. 
This leads to one of the most contentious issues in CBM development in 
Wyoming's PRB: Montana's concern about the potential downstream effects of 
water quality degradation on rivers flowing north into Montana. Prior to CBM 
development, samples of Powder River water at the Montana border sometimes 
exceeded the current EC standard of 2500 microsiemens per centimeter (µs/cm) 
(Clark et al., 2001). Water quality degradation could potentially affect 
downstream water uses for agriculture and might also affect Montana's ability to 
develop its own CBM resources in the northern arm of the PRB. CBM waters 
sampled from the Powder, Little Powder, and Tongue River drainages exceed 
Montana's numerical standards for TDS and EC. 

The main problem with CBM waters in PRB soil-plant systems is the 
damaging effects of salts on soil physical condition, particularly on infiltration 
rates. The TDS, EC and SAR of the water, and soil type, are inter-related in how 
irrigation water can affect soil permeability and plant growth. 

Very little water quality information exists for new CBM development 
areas outside the PRB, e.g., in southern and southwestern Wyoming. The small 
amount of information available so far suggests that the quality of CBM water in 
at least some of these fields will be substantially lower than CBM water in the 
PRB. 

In the eastern part of the PRB where CBM water is generally of good 
quality, most of it is discharged to surface drainages or to soil (irrigation). In the 
western part of the PRB, most CBM water goes to evaporation/infiltration ponds 
or reservoirs. Other management options currently in use include injection, 
managed irrigation (with additives to mitigate the effects of certain salts in the 
water), atomization, and treatment by reverse osmosis or ion exchange. 

Numerous uses for CBM water have included agriculture, domestic and 
municipal supplies, and could include commercial and industrial uses as well. The 
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economic feasibility of different options depends on CBM water quality, 
availability of cost-effective treatments, and location of the CBM gas wells. 

Three state regulatory agencies share the main responsibility for regulating 
CBM development in Wyoming: the State Engineers' Office (SEO), the 
Department of Environmental Quality (DEQ), and the Oil and Gas Conservation 
Commission (WOGCC). In addition, the Game and Fish Department recommends 
measures to mitigate the impact of oil and gas development on wildlife, and the 
U.S. Department of the Interior, Bureau of Land Management (BLM) oversees the 
development of federally owned minerals. 

CBM development has been regulated in more or less the same way as 
conventional oil and gas (gas extracted from formations other than coal seams) 
even though there are major differences in the issues associated with CBM and 
conventional oil and gas. Agencies are doing their best to make their governing 
statutes and regulations "fit" CBM, but this strategy has resulted in some 
regulatory gaps as well as overlapping regulatory responsibility. The CBM 
industry may need to be regulated as a unique kind of development. 

Several lawsuits filed in federal courts have challenged various aspects of 
CBM development and its associated impacts. There also has been civil litigation 
by private landowners against both state agencies and individual CBM operators. 

The economic impact of CBM water management is influenced by natural 
gas prices, the amount of water produced per unit of gas, costs for drilling and 
operating wells, and the water management option chosen by the operator. 
Additionally, step-changes in regulation over the past half decade have 
contributed significantly to CBM operating cost and decreases in production.   

 
Despite a number of reports in this vein, a Governor’s Task Force dedicated to the 

issue, and substantial private industry efforts, water production in the PRB remains a critical 
challenge for operators.  Not only do no approved water treatment methods exist, but the sheer 
volume of the produced water remains largely unmanageable. 

 

2.3.2 Regional Geology 
The Powder River Basin (PRB) is a structural, sedimentary, and topographic basin that 

delineates the Rosebud Creek, Tongue River, Powder River, Cheyenne River, and Belle Fourche 
River watersheds. The basin is bound on the east by the Black Hills uplift, on the west by the Big 
Horn uplift and Casper Arch, on the south by the Laramie and Hartville uplifts and, on the north, 
it is separated from the Williston Basin by the Miles City Arch and the Cedar Creek Anticline 
(Fig. 3).  The basin is a large northwest-southeast trending asymmetric syncline with the 
synclinal axis on the west side of the basin (Fig. 3). Depths to Precambrian basement reach up to 
20,000 feet along this axis. Sediments range in age from lower Paleozoic (Cambrian Flathead 
Sandstone and equivalents) unconformably overlying Precambrian basement through Mesozoic 
to Tertiary and Quaternary at the surface. On the eastern side of the basin, sediments dip both 
shallowly and monoclinally west. On the western side of the basin, sediments dip steeply east off 
of the hanging wall block of the basement involved fault associated with the uplift of the Big 
Horn mountain range 

E-283



Final Report to Stripper Well Consortium  9 
Best Practices Guide for Optimizing Multizone CBM Completions 

December 4, 2008 Gas Sensing Technology Corp., dba WellDog 
 

 Several periods of deposition by marine and fluvial-deltaic processes have occurred 
within the basin during the Cretaceous and Tertiary periods in response to Laramide (Upper 
Cretaceous through Eocene orogenic event) exhumation of the basement block comprising the 
core of the Big Horn mountain range. These Upper Cretaceous and lower Tertiary rocks have a 
total thickness of up to 8,000 feet (Flores and Bader, 1999). It was during this time that the 
Paleocene Fort Union and Eocene Wasatch Formations were deposited and it is within these 
formations that the Powder River Basin coal resource is found. 
 The Eocene Wasatch Formation occurs at land surface at the basin margins and basin 
center and is locally covered by Quaternary deposits and/or the Oligocene White River 
Formation (Flores and Bader, 1999). Most of the coalbeds in the Wasatch Formation are 
continuous and thin (six feet or less) although, locally, thicker deposits have been found. The 
Wasatch Formation is unconformably underlain by the Paleocene Fort Union Formation and can 
be as much as 6,200 feet thick.  
 The Fort Union Formation outcrops on both the east and west side of the basin. The 
coalbeds in this formation are dominantly found in the Tongue River Member in the Upper Fort 
Union (Fig. 4). This member is typically 1,500 to 1,800 feet thick, of which up to a composite 
350 feet of coal can be found in various beds. The thickest of the individual coalbeds is over 200 
feet. 
 The coalbeds are interspersed with sandstone, conglomerate, siltstone, mudstone, shale, 
and limited thinly laminated limestone beds. Most coalbed methane (CBM) wells in the Powder 
River Basin target coals in the Wyodak-Anderson coal zone in the Tongue River Member of the 
Fort Union Formation. This coal zone is also called the Wyodak or the Anderson, and it can be 
subdivided further into the Smith, Anderson, Big George, Canyon, and Cook coals (Fig. 4). All 
of these coalbeds are coalbed methane targets and most are found at depths within 2,500 feet of 
the surface. The Wall coal is also a viable CBM target and is stratigraphically below the 
Wyodak-Anderson coal zone (Fig. 4).  Due to lateral discontinuity of these coalbeds and the lack 
of a standardized nomenclature for CBM operators, the target coals for many CBM wells have 
been mislabeled.  
 The Wyodak-Anderson coal zone is prominent in the eastern portion of the Powder River 
Basin and is extensively mined where it outcrops near the City of Gillette. The Wyodak coalbed 
gets progressively deeper and thicker toward the west, typically ranging from 40 to 185 feet 
thick. 
 All of these coals were generally deposited in a fluvial-deltaic environment.  However, 
with increasing subsurface data, the complexity of the environment of deposition is starting to be 
illuminated.  Variations in these coalbeds, both laterally (pinchouts and coalescence) and 
vertically (thinning and thickening), are common and detailed studies of the anastomosing fluvial 
channel systems throughout the Fort Union coalbeds have become both increasingly abundant 
and important due to their control on CBM production. 
 Most of the coal in the Powder River Basin is subbituminous in rank, which is indicative 
of a low level of maturity. The thermal content of the Fort Union coals found in the Powder 
River Basin ranges between 7,800 and 9,400 British thermal units per pound (Flores and Bader, 
1999). Coal in the Powder River Basin was formed at relatively shallow depths and low 
temperatures. Consequently, coalbed methane generated in the Powder River Basin coals is 
biogenic. As a result, coal in the Powder River Basin contains less methane per unit volume than 
many other coal deposits in other parts of the country. Gas contents from seams in the Wyodak-
Anderson zone and Wall coal typically range between 30 and 75 standard cubic feet of methane 
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per ton (scf/ton) of coal compared to 350 scf/ton in other areas. The gas is typically more than 95 
percent methane, the remainder being mostly nitrogen and carbon dioxide.  
 The relatively low gas content of Powder River Basin coal is compensated by the 
thickness of the coal deposits. Due to the thickness of the PRB coals and the shallow depths, 
commercial development of coalbed methane has been economical. Total CBM resource 
estimates in the Powder River Basin range between 12.1 trillion cubic feet (TCF) and 30 TCF 
(Stricker, et al., 2006).   
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Modified from Flores and Bader, 1999 

 
Figure 3 - Regional geologic map of Powder River Basin showing study area 
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Area 
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                               Modified from Flores and Bader, 1999 

 
Figure 4 – Schematic illustration of Upper Cretaceous – Lower Tertiary Stratigraphic Section in the PRB  
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2.3.3 Local Study Area 
A map of the study area is shown in Fig. 5.  Yellow area is Black Diamond Energy’s 

leasehold.  The Powder River runs from bottom right to upper left of the leaseholding.  The 22-
20 well pod is located on a cliff above the river.  The 33-20 well pod is located on the river bank, 
and the 31-20 and 42-20 well pods are located on a slight hill above the river, opposite from the 
22-20. 

 
Figure 5 – Map of study area showing study wells in Section 20, T52N, R77W.   

 

Fig. 6 shows a cross section of the wells tested.  Details of this figure can be viewed in 
plate 1. 

 
Figure 6 – Cross-section with coal horizon correlations (See Plate 1).  Note that given the concerted elevation 

change in the seams across the study area, it is possible that historical uplift may have caused faulting and 
thereby facilitated reservoir communication between the tested seams. 
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2.3.4 Coal Quality 
 

2.3.4.1 Coal Compositional Parameters 

 
Modified from DOE Study, 2002 

Table 1 – Parameters of Coal Composition 

2.3.4.2 Methane Storage Capacity 
Within a given coal zone, the total gas storage capacity may vary widely depending upon 

the ash content and maceral (mineral) composition.  Studies have shown that coal zones with 
relatively higher quantities of inorganic matter and ash contain less gas due to the lower 
absorbing properties of these constituents.  Furthermore, adsorption is also dependent on the 
woody content of the coal (Stricker, et al., 2006). Powder River basin coals tend to be richer in 
woody content in the lower portions of the thick coal zones, e.g., the Big George Coal, and more 
attritus prone in the upper portions of the zone.  Consequently, adsorbed gas contents may be 
vertically differentiated within the same coal bed due to depositional settings partitioning the 
woody matter from attrital matter. In such conditions, adsorbed gas storage would be higher in 
the lower portions of the coal zone. 

Formation pressure also contributes to the overall storage capacity of a given coal zone. 
Adsorption is a function of hydrostatic pressure. Coals that are relatively shallow are subject to 
lower pressures and therefore, with all other reservoir parameters held constant, will have lower 
storage capacities than their deeper counterparts.  However, reservoir studies performed by 
WellDog indicate that this is rarely true – the historical factors governing methane production 
from the coal appear to overwhelm any other geologic factors when determining gas content. 

Studies have also shown that coal rank plays a significant role in the overall storage 
capacity of a given coal bed.  Lignites in the Williston Basin have a storage capacity of 31 
scf/ton while subbituminous coals in the Green River Basin have been shown to have a storage 
capacity of 173 scf/ton (Stricker, et al., 2006).  Thus, burial depth and maturation have a direct 
impact on the overall storage capacity of a given coal. 
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Adapted from Stricker, et al., 2006 

Figure 7 – Average methane adsorption isotherm of subbituminous coals in the Powder River Basin. 
 

2.3.5 Work Plan  

Spectroscopic reservoir analysis was utilized to determine Critical Desorption Pressure 
(CDP), Gas Content (GC), and percent saturation on up to 27 seams in twelve of Black 
Diamond’s wells, nine of which were multiseam completions, each with up to three seams 
identified as potential producing target zones picked from the available gamma ray log. This 
information was used, along with other reservoir parameters, to compare each coal seam’s 
contribution towards overall water and gas production. By comparing each coal seam directly, 
Black Diamond was able to identify and isolate seams with negative contributions (i.e. seams 
with low gas content and high potential for water production), which will result in eventual 
enhanced gas production and reduced water production. 

Several reservoir properties, including coal depth, thickness, pressure gradient, along 
with the measured values for gas content and gas saturation can be used to calculate gas-in-place 
for each seam. The water production and time to gas production were estimated by calculating 
the water-in-place, with coal fracture, matrix porosity and permeability estimated by historical 
matching of off-set well’s production. Using WellDog’s technology, CDP, GC and gas-in-place 
information for the coal seams were available within weeks, which is unprecedented. Equally 
unique is the ability to return post-completion, if isolation of a zone was determined to be 
beneficial, and again measure CDP. (Retesting is impossible once the well is drilled with 
alternative testing practices and technologies.) Each zone was considered and evaluated for its 
potential contribution toward water and gas production. With such a large volume of data 
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available to the producer prior to water production, WellDog and Black Diamond hoped to 
identify key parameters to be used in economic and production evaluation to assist in multizone 
completion decision making efforts. 

Tasks performed: 

Four locations, with three wells per location completed in different seams (Fig. 8) were 
drilled and shut-in during mid-March 2006. Of the twelve CBNG wells drilled, additional seams 
were targeted for investigation in nine wells to be completed as multizones.  Therefore, each of 
the four well pads had a three well pod – one completed in the “B” coal (the Wall), one 
completed in the “C” coal (the Cook) and one completed in the “D” coal (the Anderson).   

 

 
Fig  8 .  D iagram o f  the  th ree  we l l  pod  s t ruc ture  used  in  the  s tudy  

 
The B wells were topset in the Wall coal and were not further completed into other zones.  

The C wells were topset in the Cook and then, later, completed into the Cook stringers 
designated “C1” and “C2”.  The D wells were topset in the Anderson coal and then, later, 
completed into the Anderson stringers designated “D1”, “D2” and “D3”.   

Spectroscopic reservoir analysis was conducted on all four wells completed in seam B, 
three wells completed as multizones in seam C and three wells completed as multizones in seam 
D.  In some cases, the bottom zone, e.g. the D zone, was isolated from higher completions, e.g. 
the D1 perforation, using a retrievable bridge plug.  In this manner, it was possible to test and 
compare quickly e.g. the D zone to the D1 zone. 

This analysis was used to compare each seam’s producibility, to identify each as a 
positive or negative contributor, to decide whether to allow a particular seam to remain in 
communication with the wellbore, or to isolate it from production.  
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Phase 1: 

Drill and completion procedure: 
Black Diamond Energy drilled, cased, and shut in twelve wells to be completed 

according to the study design. In order to isolate zones for measurement, minor alterations to the 
standard well completion procedures were necessary. Zones that were to be tested individually 
were perforated, enhanced, and then allowed to produce sufficient water to ensure optimal 
reservoir fluid within the wellbore. After the completion of WellDog’s survey on the lowest coal 
interval, a retrievable bridge plug was set and the next interval was perforated, enhanced, 
produced and measured again by WellDog. This procedure of isolation, production, and testing 
continued on some of the target seams.  In other cases, additional seams were perforated, their 
fluid was allowed to comingle with that of lower seams, and WellDog tested the mixture. 

 
Data Collection and History Match 

WellDog collected all data available from Black Diamond Energy and from the 
Wyoming Oil and Gas Conservation Commission in order to model and calculate key reservoir 
parameters and develop baseline gas, water, and time to production values for each of the target 
seams. 

 
Phase 2: 

Key Metrics 

WellDog delivered each measured CDP and GC and collaborated with Black Diamond 
Energy in the consideration of a seam’s potential as being positive or negative. Economic and 
production modeling was used in an effort to design a program to optimize the performance of a 
multi-zone completion. 

 
Monitor Project Well Performance 

The twelve project wells could not be produced in a sustained manner and so their water, 
gas, and time to production rates were not collected. However, the production of off-set wells was 
recorded during the two year period. 

 
Develop Guide for Multizone Optimization 

The key metrics testing results are in the process of publication.  The heterogeneity of 
producibilities of the seams, as revealed by those key metrics, is an important finding that can 
assist other basin operators in confronting their multizone production challenges. 

As the key metrics can be matched to eventual field performance, further findings will be 
published. 
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3 DATA AND RESULTS 

3.1 RESULTS OF RAMAN RESERVOIR ANALYSIS 

WellDog performed standard Critical Gas Content downhole logs of solution gas during each 
well test.  In these tests, WellDog measures solution gas concentration, as well as reservoir 
temperature, pressure and salinity.  The reservoir properties are used to calculate an appropriate 
solubility constant for methane in water.  The concentration is used, together with that solubility 
constant, to calculate the partial pressure (or CDP) of methane in the reservoir.  That partial 
pressure is then used, together with an adsorption isotherm for the coal of interest, to calculate a 
gas content value. 

In order to insure that the fluid tested represents the reservoir, WellDog validates the 
completion/production methods used in the well and then takes hundreds of measurements in the 
wellbore.  When the measurements show a consistent concentration, and the fluid properties are 
consistent with those known for the reservoir, the analysis is completed.   

An example downhole log of solution gas is shown in Figure 9.  In this log, the reservoir 
fluid shows a consistent and substantial amount of methane concentration, indicating that the 
fluid came from the coalbed reservoir.  Above the bubble point in the wellbore, the concentration 
is reduced due to breakout of the gas from the fluid. 

 

 
Figure 9 – Example Raman log taken in the Landry 22-20-5277B well on September 28, 2007. 
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Prior to testing, the seams were enhanced and the enhancement fluids were recovered, 
according to the following schedule. 

 

Well ID 
Enhancement Volume 
(BBLS of city water) 

Water Production 
After Enhancement 

(BBLS) 
Landrey 31-20-5277C2 720 2190 
Landrey 31-20-5277D 742 5355 
Landrey 22-20-5277C 703 2138 
Landrey 22-20-5277D 710 2699 
Landrey 42-20-5277C 600 2945 
Landrey 42-20-5277D 750 6365 

Landrey 33-20-5277C1 780 4219 
Landrey 33-20-5277D 820 3366 

Table 2 - Enhancement and fluid recovery volumes. 
 
Measurements were completed in each wellbore, and the following reservoir properties 

were calculated. 
 

 
Table 3 - Well details and measured CDP/GC results for isolated seams 

 

The calculated gas contents are plotted next, grouped by coal seam. 
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Figure 10 – Plot of gas content by coal seam 

 
The critical desorption pressure and required drawdown (the sum of these is the total 

reservoir pressure) are likewise plotted by seam next. 
 

 
Figure 11 – Plot of critical desorption pressure and required drawdown by coal seam 
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The gas contents measured are plotted by well pad next. 

 
Figure 12 – Plot of gas content by well pad 

The critical desorption pressure and required drawdown (the sum of these is the total 
reservoir pressure) are likewise plotted by well pad next. 

 
Figure 13 – Plot of critical desorption pressure and required drawdown by well pad 
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3.2 RESERVOIR VOLUMETRICS 

3.2.1 Gas in Place 
Gas-in-place for each zone is as follows: 
 

 
Table 4 - Parameters for gas-in-place estimates 

 

3.2.2 Water in Place 
The matrix and fracture porosity values used in the calculations as well as the total water-

in-place values are summarized in the following table. 

 
Table 5 - Water-in-place estimates 

 
It should be noted that the volumes reported are static water-in-place values.  No recharge 

or permeability parameters were incorporated into the calculation.  Additionally, no adsorbed gas 
volumes were accounted for in these calculations. 
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3.3 PRODUCTION HISTORIES 

3.3.1 Study Wells 
 

 
 

Table 6 – Summary of key production parameters 
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Figure 14 – Production history curve, Well 33-20-5277C.   

 

 
Figure 15 – Production history curves, Well 33-20-5277D.   
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Figure 16 – Production history curves, Well 22-20-5277C.   

 

 
Figure 17 – Production history curves, Well 22-20-5277D.   
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Figure 18 – Production history curves, Well 31-20-5277C.   

 

 
Figure 19 – Production history curves, Well 31-20-5277D.   
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Figure 20 – Production history curves, Well 42-20-5277C.   

 

 
Figure 21 – Production history curves, Well 42-20-5277D.   
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3.3.2 Offset Wells 
Over 280 coal bed methane wells, targeting numerous seams, have been drilled, spud or 

permitted within T52N, R77W.  Of these 280 wells, only 33 have produced reported volumes of 
gas.  The vast majority of production has come from the Anderson Coal seam in Pennaco 
Energy’s wells in Sections and 2 and 3, located approximately 3.3 miles northeast of the study 
area. In this area, the Anderson Coal seam is roughly 125’ structurally higher than the Anderson 
Seam in the study area.  Consequently, the hydrostatic gradient is toward the study area resulting 
in decreased CDP values and increased differential pressure between the CDP and formation 
pressure. Ultimately this necessitates greater volumes of produced water and longer dewatering 
periods for wells south and west of Pennaco’s area.   

Currently, an estimated 85% of the wells within the Township are not producing water or 
gas. The following table summarizes production within the township on a by-coal basis: 

 
(WOGCC data) 

Table 7 – Summary of offset well production results 
 

3.4 PRODUCTION MODELING 

3.4.1 Preliminary Modeling Results for Black Diamond C and D Coal Intervals 
Two simulations were conducted to compare the dewatering times and the produced 

water volumes needed to achieve saturated conditions for the C and D coal intervals in the Black 
Diamond pilot area.  The studies used a one-mile square section of reservoir with a confined (no-
flow) boundary.  Such a boundary occurs when the reservoir is fully developed with multiple 
patterns of confining wells.  The results obtained using this type of boundary would tend to 
predict the minimum dewatering times necessary to achieve critical desorption pressure (CDP) at 
which point the coal is saturated and will produce methane. 

The 12x12-gridded pattern area used in the study is shown in Figure 22 along with the 
well locations for the offset 80-acre spacings, which are commonly employed in the Powder 
River Basin.  Also shown are the equivalent locations that would be occupied by Black 
Diamond’s 12 pilot wells in the pattern area (well pads 22, 31, 33 and 42).   
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Figure 22 - Areal view of grid pattern used to model dewatering in Black Diamond’s pilot area. 

 

The data shown in Table 8 summarizes input data for the models.  The descriptions for 
the C and D coals are similar except for differences in coal thicknesses, CDP and initial 
pressures.  The pressure for the C coal accounted for the over pressuring from the active aquifer 
recharge.  For simplicity and because of the limited data in the area, the coal seams were 
assumed to be of constant thickness and horizontal.  Black Diamond estimated an initial pump 
rate of 600 bwpd for each of the eight pattern wells as reasonable for the area. 

 
These 2-dimensional, areal simulations did not rigorously account for the active aquifer 

recharge currently evident in the study area.  However, the presence of an aquifer was somewhat 
addressed by increasing the porosity of the coal to 10%.  WellDog has employed this technique 
with reasonable success in other regions, but it probably does not fully compensate for the 
potentially strong recharge evident here. 

 

E-305



Final Report to Stripper Well Consortium  30 
Best Practices Guide for Optimizing Multizone CBM Completions 

December 4, 2008 Gas Sensing Technology Corp., dba WellDog 
 

Property Coal C Coal D 
Model grid spacing, ft 440 440 

Coal thickness, ft 34.25 32.33 

Porosity, frac. coal volume 0.10 0.10 

Permeability, md 200 200 

Compressibility, 1/psi 1.E-4 1.E-4 

Initial pressure, psia 652 456 

CDP, psia 272 259 

Initial pump rate, bwpd 600 600 

Min. pump pressure, psia 25 25 

Table 8 – Parameters used in reservoir simulations 
 
Two-dimensional, areal models were initialized using data shown in Table 8.  The coal 

was modeled as under-saturated so that only water production occurred and no gas-phase 
methane existed in the coalbed.  The eight wells in the pattern area (Figure 22) were placed on 
production at simulation time 0 at a rate of 600 bwpd, limited by a minimum producing pressure 
of 25psia.  As the simulations proceeded, the average reservoir pressure was monitored until the 
CDP was reached.  Water production rates and all reservoir properties were recorded by the 
model. 

 
Modeling Results 

The results of the simulations of the C and D intervals are summarized in Table 9 and 
Figures 23 and 24.  The results indicate that the D coal interval will dewater in half the time with 
half the produced volume of water. 

 
Simulation Results Coal C Coal D 

Dewatering Time, days 134 69 

Water produced, Mbblw 643 329 

CDP, psia  (not calculated) 272 259 
Table 9 – Dewatering time and cumulative watering production 

 for coal intervals C and D predicted by modeling. 
 

The fact that the cumulative production curves (Figure 23) for both coal intervals are 
coincident except for endpoints is not surprising, considering that both seams used identical rock 
properties and were produced at identical rates.  The decreasing reservoir pressure did not limit 
the production rate until after CDP was reached for both coal intervals.  The cumulative 
dewatering of 643 and 329Mbblw for the C and D coal intervals, respectively, predominantly 
reflects the differences in initial reservoir pressure.   
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Figure 23 - Predicted cumulative dewatering curves for the C and D coal intervals. 

 

The reservoir pressure responses for the C and D intervals (Figure 24) reflect the 
differences in initial pressure, but appear to follow nearly parallel paths down to the point of 
CDP.  Again, these responses are expected given the identical rock properties, similar coal seam 
thicknesses, and identical production rates. 

 
Figure 24 - Predicted cumulative dewatering curves for the C and D coal intervals. 

 

The modeling results confirm Black Diamond’s expectations that the shallower D coal 
interval will reach production earliest in the dewatering process of the coalbed.  For a confined 
pattern development, the predictions indicate that production will occur in half the time with half 
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the volume of produced water.  The accuracy of these simulations will improve when actual 
production data becomes available.   
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4 DISCUSSION 

4.1 INTERPRETATION OF GAS PRODUCTION POTENTIAL 

Trends in the reservoir analysis data can be examined to assist in making lucid 
completion and production decisions. In general, geologists assume that deeper coal seams 
contain more gas – due to their greater rank/maturity, the higher hydrologic pressures typically 
available in deep coal seams so that more gas is capped, and general industry experience.   

 
However, in this study the coal seam reservoirs exhibited properties that ran directly 

against this conventional wisdom.  Remarkably, gas content was inversely proportional to seam 
depth (with one exception, the 33-20D2 reservoir). The deeper Wall coal did not show 
substantially higher gas content or critical desorption pressure, on average, than the more 
shallow Anderson coal, as might be expected from normal coalbed reservoir assumptions.  In 
fact, the Wall coal showed lower gas content on average – 57 scf/ton – than either the Cook (66 
scf/ton average) or the Anderson (64 scf/ton average) coals. 

 
When this trend is combined with the lower porosity/permeability of the Wall coal, and 

the higher hydrostatic pressure measured for the deeper Wall coal, the result is that the Wall coal 
might not be the highest priority completion target in this area.  (In fact, the study results 
convinced the operator not to complete further wells in the B (Wall) seam in this area.)  
Unfortunately, the thickness of the Wall seam in this area is such that the amount of stranded 
gas-in-place is substantial – more than any other single seam/stringer tested. 

 
Alternately, the D (Anderson) seam showed both a higher average CDP than the B (Wall) 

seam and a lower hydrostatic head than either the B (Wall) or C (Cook) seams.  As a result, the 
gas in the D (Anderson) seam was judged the most producible of those evaluated. 

 
Another conventional wisdom involves the belief that thick, continuous coal seams show 

homogenous, continuous levels of methane gas.  This wisdom likewise is belied by the results of 
this study.   For example, the gas content measured in each seam varied substantially across this 
very small field:  from 50 scf/ton to 68 scf/ton for the B (Wall) coal, and even more – from 50 
scf/ton to 72 scf/ton – for the D (Anderson) coal.   

 
Surprisingly, CDP and gas content varied substantially even between stringers of the 

same seam.   For example, in the 33-20 well, the gas content of the D seam was 64 scf/ton while 
the gas content of the D2 stringer was just 50 scf/ton. 

 

4.2 KEY PARAMETERS FOR ECONOMIC AND PRODUCTION EVALUATION 

Another way to assess producibility is to calculate the likely water/gas production ratio 
using gas-in-place and water-in-place models for each seam.  Table 10 lists such calculations for 
the seams tested in the study.  Totals for each package of seams is at the bottom. 
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Table 10 – Distribution of water and gas volumes and costs throughout the coal seam reservoirs tested 

 
This table highlights the poor producibility of the B (Wall) seam.  Multizone wells 

completed into all zones, as is typical, would show substantial water contributions from the B 
(Wall) zone.  Those contributions would increase the time to gas, increase the water/gas 
production ratio, and increase water disposal costs for such multizone wells.  In fact, the bulk of 
the total water disposal costs, listed at the right of the table, projected for all the seams originate 
from the B (Wall) zone. 

 
While production data gathered from the wells tested are insufficient to correlate with the 

water/gas production predictions, a correlating trend has been observed in offset well production.  
For example, production by offset wells completed in the D (Anderson) zone by 
Pennaco/Marathon have shown a combined water/gas production ratio of 3.0 while that for wells 
completed in the B (Wall) zone have shown a combined water/gas production ratio of 2,127. 
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5 CONCLUSIONS 

The results of the study show that success in multizone completions is determined not by 
the number of zones completed but instead by the production quality of the zones completed.  
Avoiding zones that contribute more water than gas under normal production scenarios, like the 
Wall zone in this area, can result in substantially higher gas production rates and lower water/gas 
production ratios for multizone completions. 
 Unfortunately, identifying contributing zones vs. non-contributing zones cannot be done 
based on depth, geology or volumetric analyses.  In this study, the deepest and thickest zone, the 
Wall, shows both the lowest gas content and the highest water content.  Conversely, the 
Anderson, the shallowest seam analyzed, showed high gas content and low water content, 
making it an ideal production target. 
 As is always the case in coalbed methane development, coalbed reservoir heterogeneity is 
high not only between seams, but across continuous portions of seams.  For example, variations 
of gas content from 50 to 72 scf/ton were observed across the sample area of less than 200 acres.  
This result demonstrates that more detailed analysis of coalbed methane reservoirs is required in 
order to increase development success. 
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“This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government, nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trade mark ,manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and opinions of the authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof. 
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Abstract: 
 
The Stripper Well Consortium partially sponsored BEDCO to develop a unique concept design to 
re-fit existing stripper wells not capable of operating a standard [nominal 4.0”-5.0” tool] casing 
swab. BEDCO fabricated that new unique system, bench tested the integrated components of that 
system and initiated partial in field application and testing of that system for re-fitting existing 
stripper wells of 4” ID/ 4.5” OD steel casing or larger and/ or open hole completions. The new/ 
unique elements of that designed and fabricated system and work are comprised of: 

 Spoolable 3.0” nominal ID synthetic tubing [in well conditions tolerant] in lengths to 
1800’. 

 Metallic [ high strength steel] swage ferrule connector to join spooled synthetic tubing to 
industry standard steel fittings, with less than 0.3” to 0.21” internal diameter loss at the 
transition. 

 Assembly potential of 1400’-1800’ lengths of spooled tubing to lengths of 6000’ for 
down hole applications [coupled by the same swage connectors noted above] 

 Non failure of metallic swage connector to the synthetic tubing at pull forces >  7000 
#’s. The tubing failed at 12000 #’s pull test. 

  Small diameter casing swab of 3.0” overall dimensions w/ new concept, designed and 
fabricated “Lantern Ring” seal cups capable of maintaining pressure seal integrity across 
the 0.21-0.3” ID loss at swage connector with out tool stall. 

 Tool lift pressure differentials of as little as 6-8 psi  
 Bench test system comprised of elements found in field applications including matching/ 

coupling spoolable synthetic tubing to a metallic swage ferrule connector to standard 
industry steel pipe and repeatedly cycling the new 3” OD casing swab across all 
connectors without seal pressure loss or tool stall. 

 
The complete/ combined system was not successfully deployed to an in field stripper well. The 
integrated system is bench tested and field ready. SWC was not able to match fund the program 
as initially proposed [Table # 1]. Partial funding was made by SWC; further BEDCO increased its 
proposed contribution and further increased its actual funding in order to try and achieve in field 
testing of 1 well on the reduced sponsored SWC co-funding. Time allotted in the program and the 
allocated monies were expended before full field application was achieved. 
 
The [new] 3.0” GOAL casing swab [alone] was deployed in a target well in re-fitted 3.5” J55 
steel casing placed in an open hole while the spoolable synthetic system was being developed. 
Automatic/ self initiated tool runs were not achieved in this application. It appears gas production 
vs. fluid production in that test well was insufficient to self lift hydrocarbons from that well at 
that time. Nominal gas to fluid ratio of 3 mcfd/ bbl fluid has been empirically found to be 
necessary to lift a barrel of fluid from predecessor work with 4” casing swabs. The tested well, 
although reported to yield 10+ mcfd and < 2 bbl of oil/ day, was found to have a column of 25 
bbls of oil in the well and a gas flow rate at the time of testing of < 2 mcfd. 
 
Tool and re-fit spoolable tubing system are ready to be deployed with a well owner in a future 
joint venture testing program. 
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Executive Summary 
 
Currently, US demand for oil and natural gas far outstrips domestic production of the two 
commodities. Increasing world demand for the ~ produced 85,000,000 BOE/ day in 
recent years has led to a tripling of crude oil prices and doubling to trebling of natural gas 
prices [FNN Oct. 2006]. An anticipated 35% increase in world demand in the next 5 years 
stretches available reserves and recovery technology to their limits.  Considerable 
reserves of both oil and natural gas remain in the USA existing oil and gas stripper wells 
which number in excess of 700,000 total wells [US Marginal wells survey 2005]. 
Technological improvements in production of oil and gas from these stripper wells is 
needed to meet the increasing US demand and curb increasing energy cost brought on by 
world competition for the current world production.  
 
Brandywine Energy [BEDCO] proposed in this project and has developed a re-fit system 
using a gas lift tool ‘GOAL PetroPump [with tool & seal cup modifications]” operating 
within spoolable non –metallic tubing to automatically lift fluids [oil, water and gas] from 
existing stripper wells of open hole completion and or large diameter steel casing. This 
developed system uses in formation natural pressures thereby decreasing production cost 
and a lower tool lift pressure differential increasing total natural gas/oil recovered. 
 
Key elements of the project achieved: 

 Selection and development of an applicable spoolable non metallic tubing to meet 
target depths of <3000’ with appropriate pressure ratings, corrosion resistance and 
chemical compatibility for the applications, elongation strength, and low internal 
friction coefficient, all to the end of improved recovery of energy from the 
stripper well.  

 Development of metallic to non- metallic spoolable tubing swage ferrule 
connector for coupling of non metallic tubing to metallic well head and open port 
well head ball valve through which the GOAL PetroPump passes to allow the 
automatic/ self pumping of fluids and passage of follow on natural gas. 

 Development of new unique flex wall cups to fit the GOAL tool, create a pressure 
seal between tool and tubing which affords the tools travels [tripping] down and 
up well automatically lifting fluids and be capable of passing a 0.3 inside diameter 
restriction where non- metallic tubing meets/ connects with metallic transition 
ferrule to metallic well head full port ball valve as well as tubing ovality. 

 Development of bench test chamber which simulates in well/ down hole 
conditions of anticipated field applications. 

 Smaller sized [3.0” overall dimension] casing swab [GOAL PetroPump] capable 
of operating inside the spoolable tubing/ across the swaged ferrule connectors 
with out pressure loss and or tool stall 

 
During this last reporting period, work was focused and successfully completed on the 
development of commercially available field applicable non-metallic spoolable tubing 
complete with field applicable non-metallic to metallic transition swage ferrule 
connectors to match up with existing in field technology on commonly found strippers 
wells. To that end Brandywine Energy worked in close concert with Polyflow a 
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manufacture of spoolable tubing used in the oil and gas industry both for above ground 
transmission/ gathering line applications and in well small diameter siphon string 
applications. Current, commercially available poly tubing was used in bench test with  
Swage and ferrule connections and found capable to accommodate needed field strength 
at the critical transition point of metallic ferrule to synthetic tubing. The current designed 
and bench tested modifications for the spoolable poly 3” tubing are targeted to fit inside 
existing 4” ID steel or larger tubing and or open hole completions.  
 
 
TECHNOLOGY OVERVIEW 
 
This proposal was designed to develop a unique re-fit system for open hole and or large 
diameter completion wells using non- metallic [spoolable] 3.0” and or 4.0” tubing, non 
metallic to metallic connectors and  modified [smaller 3.0” overall diameter] G.O.A.L. 
PetroPump components and new seal cups. New and unique elements of the proposed 
system include: 

• Development of metallic to non- metallic transition couplers for the well head 
and down hole connections of the spoolable non-metallic tubing. Previous to this 
work they did not exist in a configuration which would afford use inside existing 
standard diameter and weight casing with standard configuration of the GOAL 
PetroPump 

• Development of new “Flex Wall” sealing cups [3” & or 4” OD] for the tool seal 
with casing/tubing which could accommodate diameter changes of ¼” to ½” 
delta necessary to cross the internal diameter changes at the couplers and 
maintain seal. 

• Development of tool actuator/ stroke changes to afford tool [GOAL Pump] down 
sizing to accept flex wall cups for use in 3” ID and potentially smaller 
applications. 

 
The benefits of the proposed new system are enhanced natural lift potential - yielding 
greater fluids produced, more total hydrocarbons captured, lower reservoir abandonment 
pressures and wider well application: 

• Spooled non-metallic tubing reduces and or eliminates pressure loss crossing 
multiple down hole collars as exist in standard wells casing on 30’-40’ frequency  

• Natural reduced coefficient of friction from the spooled non- metallic tubing vs. 
standard metal casing yields greater lift and lower final reservoir production 
pressure and  more recovered hydrocarbon value  

• New “Flex wall cup” system affords maintenance of pressure seal, less fluid loss 
in transit and greater total lift potential 

• New down sized tool affords deployment in smaller diameter wells and re-
completions in wells with defective or other casing problems with-out pulling 
casing and for application in open holes. 

 
The proposed technological re-fit system creates a down hole production unit comprised 
of some existing materials and other to be created technology. Spoolable non-metallic 
tubing, full port ball valves, open hole packers [where needed], a casing swab and  other 
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tools/ technology was combined in a unique configuration to afford existing open hole 
and large variable diameter stripper wells the opportunity  to pump them selves using 
natural formation pressure. The Patent G.O.A.L. PetroPump casing swab was re-
configured/ re-designed to accept a new designed and constructed set of “Flex Wall” seal 
cups to operate in the non-metallic tubing and transition couplers to existing well head 
and down hole hardware and total overall diameter of 3.0” 
 
The system as designed, constructed and partially [albeit not totally successfully] 
deployed provides the opportunity for wells to be naturally produced “Self Pumped” to 
with in a few 10’s of PSI of well head sales line pressure yielding more total hydrocarbon 
from the drilled and tapped  reservoir at smaller unit cost. 
 
Work Plan Statement  
 
Note: The below outlined work scope was for the authorized reduced funded work by 
SWC [@~ 36% of initial requested funding] with increased BEDCO actual funding 
[153% of BEDCO’s proposed revised cost] for 1 well. 
 
Table # 1 shows comparative financial metrics of requested funding [Appendix B] and 
split, approved [Appendix A] [lesser SWC] funds approved and [greater BEDCO 
funding] split; actual incurred cost and split. 
Appendix A is the approved revised budget and split between SWC and BEDCO to work 
on a [1] well. 
 
The proposed work was to complete a field trial/ re-completion techniques that allowed 
for the system deployment, testing, and monitoring of oil/ fluids and gas production 
performance compared to existing conventional techniques. There were several key tasks 
to achieving work success. These work tasks are: 
 
Task 1 

 Assemble existing materials, create transition materials, develop new tool / 
cup system, integration with 3.0” non –metallic tubing, packer & safety stop. 
Consideration was to focus on Spoolable non metallic composite tubing. Two 
types of tubing were considered in some detail; Spoolable Advanced 
Composite tubing, and Spoolable Polyethylene tubing with and without a 
scrim backing of ~  3.0” ID and  3.5” OD will be considered.  

Task 2 
 Screen [evaluate] and select an open hole completed and / or large diameter 

completed multi-zone candidate wells. Consider zones of completion, total 
depth and production history.  

Task 3 
 Construct 1 tool system for deployment in select well/ Bench test prior to 

deployment 
Task 4 

 Re-configure select test well, deploy and adjust tool, then compare production 
pre and post 
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Task 5 

 Evaluate  system performance and comparison to predecessor methods for the 
target well 

Task 6 
 Estimate/ evaluate economic impact of tool 

 
Task # 1  
 
Assemble candidate materials, create transition connectors, and create new seal 
cups to match with re-configured tool 
 
1.0 Spoolable tubing types considered for use and testing: 
 

1.1 Fiberspar TM, coiled tubing was reviewed and considered and the following 
metrics developed for consideration. 

 
Table 2 Fiberspar TM operating system metrics for potential use in re-fit stripper 
wells  
 
Internal 
diameter 

Burst 
Pressure 

Collapse 
pressure 

In Field down 
Hole 
application 

Material of 
Construction 

Cost 

3.0” 1000 psi 300-500 psi 
delta, outside 
pres. to inside 

Initiating use 
small diam. 
tubing in 
Canada 

Fiber 
reinforced 
epoxy outer, 
thermoplastic 
HDPE inner 

$4.80/ ft. fob 
Houston 
 
[July 2005 
cost] 

3.0” 1500 psi 300-500 psi 
delta outside 
to inside 

Initiating use 
small diam. 
tubing in 
Canada 

Fiber 
reinforced 
epoxy outer, 
thermoplastic 
HDPE inner 

$6.15/ ft. fob 
Houston 

4.0” 1000 psi 300-500 psi 
delta outside 
to inside 

Initiating use 
small diam. 
tubing in 
Canada 

Fiber 
reinforced 
epoxy outer, 
thermoplastic 
HDPE inner 

$7.90/ ft  fob 
Houston 

4.0” 1500 psi 300-500 psi 
delta outside 
to inside 

Initiating use 
small diam. 
tubing in 
Canada 

Fiber 
reinforced 
epoxy outer, 
thermoplastic 
HDPE inner 

$9.65/ ft  fob 
Houston 

2.0” 1000 psi 300-500 psi 
delta outside 
to inside 

Initiating use 
small diam. 
tubing in 
Canada 

Fiber 
reinforced 
epoxy outer, 
thermoplastic 
HDPE inner 

$3.30/ ft  fob 
Houston 

 
Notes: [Fiberspar products] 
1] Tensile strength thought to be good to 5000’ of depth 
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2] Temperature range -29 F to 180 F 
3]Fiberspar points of contact: 
 
12239 FM 529   Phone  713 849 2609  E-mail info@fiberspar.com 
Houston, TX 77041  Fax 713 849 9202 
 

1.2 Nexgen Hose Inc products were reviewed and considered in brief. Information 
on readily available 3.0” and or 4.0” ID flex tubing for the target in well use was 
not immediately available.  

Notes: 
1] Nexgen Hose points of contact: 
 
Box 9, 925 Glengarry Cres. Phone 519-787-0001  E-mail dave@nexgenhose.com 
Fergus, Ontario, Canada Fax 519-787-2226 
N1M2W7 
 

1.3 Hydril Products Python TM, a [HAC] Hydril Advanced Composite [SCC] 
Spoolable Carbon Composite [ChemPex] Cross linked polyethylene as well as 
Cobra TM, a HAC/ SCC with[HDPE [PE 100]] a high density polyethylene 
thermoplastic liner were considered and certain information developed showing 
available ID of 1.0” to 3.9”. Preliminary contact with the organization did not 
provide positive feed back at the time for in well down hole application 

 
Notes: 

1] Hydril points of contact: 
  
Hydril Advanced Composite group Phone  713-941-6639  E-mail www.hydril.com 
8641 Moers Road 
Houston TX 77075 
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1.4 Poly Flow Inc. materials and products were reviewed and considered for the 

field application and use in re-fitting existing stripper wells. The following 
metrics were developed in that research: 

. 
 
Table 3 PolyFlow operating system metrics for potential use in re-fit stripper wells  
 
Internal 
[nominal]diameter 

Burst 
Pressure 

Collapse 
pressure 

In Field down 
Hole 
application 

Material of 
Construction 

Cost 

3.0” 500 psi 
[MAOP] 
 
1800 psi 
[Burst] 

250 psi delta, 
outside pres. 
to inside 

In field use 
of product in 
siphon string 
applic.        
[<  1”]  diam. 
stripper wells 
complete w/ 
metallic to 
non metallic 
couplings 

Polypropene, 
Kynar 
strands, 
Aramid fiber 
and Nylon 

$6.93/ ft. fob 
Oaks, Pa 
 
[Dec. 2006 
price] 

4.0” 500 psi 
[MAOP] 
 
1800 psi 
[Burst] 

250 psi delta 
outside to 
inside 

In field use 
of product in 
siphon string 
applic.        
[<  1”]  diam. 
stripper wells 
complete w/ 
metallic to 
non metallic 
couplings 

Polypropene, 
Kynar 
strands, 
Aramid fiber 
and Nylon 

$9.40/ ft  fob 
Oaks, Pa 

 
Notes: 
1] Tensile strength thought to be good to ~7000’ of depth 
2] Destructive Pull test > 12,000 #’s 
3] Weight/ ft @ 1.25#/ ft 
4] Temperature range -10 F to 180 F 
5] PolyFlow has in field experience with small diameter [~1.0”] non – metallic siphon 
string usage complete with metallic to non metallic couplings 
6]PolyFlow Inc. points of contact: 
 
W2280 West Drive  Phone 610-666-5150  E-mail jwright@polyflowinc.com 
PO Box 434   Fax  610-666-5144 
Oaks, Pa 19456 
 
 
 

F-11



 11 

1.4.1 The combined factors of: 
 PolyFlow in field existing use of similar continuously spooled 

synthetic tubing of smaller diameter  
 Existing technology for metallic to non metallic couplings for 

adaptation to standard industry steel products [albeit smaller 
dimension and heavier wall thickness than desired for the 
proposed re-fit program]  

 Proximity to BEDCO facilities for combined efforts on 
development work  

1.4.2 All these factors sealed its choice [PolyFlow] as the purveyor of 
synthetic tubing for use in the re-fit work. Details of the work 
program for mating large diameter 3” and greater PolyFlow to thin 
wall high strength steel metallic transition swaged Ferrules are 
presented in Task 3 below 

 
 
2.0 GOAL Tool down sized actuator for small diameter tool 
 

2.1 The GOAL tool was made convertible from its standard 4” configuration 
to a 3” or 4’’ configurations through re-design and re-fabrication of the 
tools actuator and its interaction with in a new longer tool body for the 3” 
version of the GOAL Tool [Figure #1]. Note: Eagle Tool and Die, Malvern , Pa was critical 
in the fabrication of the new  [3.0”] tool and integrated Lantern Ring cup system. 

2.2 The principal components of the designed and fabricated change which 
afforded the development of the smaller [convertible 4” to 3” tool]  or 3 / 
4  tool are: 
 Reduced wall thickness of the barrel containing the actuator, affording 

more through tool flow of fluids and passage of itinerant solids. 
  Note: Further reduction of actuator / tool possibly to 2.5” overall diameter 

w/ cups or less may be achieved by development of a ‘canister-less’ actuator 
which requires further design change and fabrication to maintain valve guide 
alignment and seal 

 Relocation of mechanical stop, which limits actuator expansion to a 
defined distance during pressurization, from the body of the actuator 
canister to a more robust tool body stop. This allowed further 
reduction in actuator overall diameter and reduction in overall tool 
diameter. 

 Reduced valve plug/ seat area - diameter by ~ 0.2”, affording further 
overall diameter reduction  

 
3.0 Seal Cup Options and variations 
 

3.1 More than 20 different configurations, thickness, durometer hardness of 
elastomers for both GOAL tool standard ‘bell shaped’ seal cups and new 
[chosen for use in the synthetic tubing] “Lantern Ring” type cup 
configurations were conceived, designed, fabricated and tested in choosing 
the cup which best fits and matches the downsized tool and crosses the 
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tapered swaged metallic to non metallic ferrule connectors while 
maintaining needed seal to lift fluids and retain behind toll lift pressure 
and gas volume. Details of the fabrication and testing are shown in Task 3 
below.  

 
4.0 Full Port Ball Valve 
 

4.1 The chosen full port ball valve for in field use is manufactured by Tulsa 
[valve] in both 3.0” [Figure # 1] and 4.0” ID of ductile steel construction and 
drilled out to the respective full diameter port, not cast, with a 2000# rated 
pressure capacity. 

 
  

Tulsa Valve Inc contact information: 
PO Box 35     Ph: 918-358-3494 
Cleveland Ok 74020   E-mail sales@tulsavalve.com 

 
5.0 Lubricator 
 

5.1 The well head lubricator [ Figure # 1] is configured of schedule 40 ductile 
steel pipe, @ 4.0” ID and 2.0” ID configured to allow atop tool delivery of 
fluids to the GPU via a 4” x 2” swaged connection and follow on gas 
production via a below tool [once tool is up in the lubricator] 2” piped 
connector to the GPU with isolation check valves on both lines. Lubricator 
ball valves, connectors, elbows, hammer unions and check valves are built 
to nominal 1000 psi rating for the targeted stripper wells; whose remaining 
well head is normally  < 600 psi well head pressure. Higher pressure rated 
lubricators can be fabricated from readily available materials. 

 
6.0 Tool catcher 
 

6.1 The tool catcher is located atop the lubricator [Figure #1]  in a position to 
catch the tool once engaged in order to retrieve the tool for a pressure 
change to regulate volume and/ or frequency of lift of fluids and /or seal 
cup change or other service. The catcher is machined from 316 stainless 
steel with a spring loaded, handle operated beveled retrieval rod which 
once engaged impinges on the top end docking rod [recessed circular 
groove of 5/8”] diameter in the 7/8” OD of the docking rod. Note: Eagle Tool 
and Die of Malvern, Pa is the fabricator of the catcher system and tool assembly 

 
7.0 Packer System 
 

7.1 The packer system chosen for use with the system, where needed, is 
Weatherford Completion Systems [equivalent of the former Butler Larkin 
GFS 3 OR 4] to grasp the outside diameter of the high strength steel 
swaged ferrule connection in a tension and or compression application to 
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pack off/ isolate undesired zones with in the well- [normally low pressure 
zones or failed casing sections] which can act as a thief for down hole 
higher pressure and gas needed for fluid and tool lift. 

 
 
Weatherford Completion Systems contact information:  
2004-64th Ave.  Phone 780-465-9311 
Edmonton AB T6E 1Z3 E-mail www.weatherford.com 

 
8.0 Safety Stop 

8.1 The in tubing safety stop is an integrated swaged connector to spoolable 
poly with fabricated metal cross plate with 80% open area to the well at 
the desired depth of tubing placement. Weight of tubing at 1.25#/ ft is 
reasoned to be suitable for direct placement in the well with out down hole 
anchor. In field PolyFlow experience to date [3+ years] with 1” spoolable 
tubing hung in wells as siphon stings has proven successful without base 
of tubing anchor needed. 

 
9.0 Work over Rig 
 

9.1 Additional Needs to Installer/ Operator: 
   

 Work over Rig [typically 1-2 days maximum for < 4000’ wells, 1 
day for < 2000’ wells 

 Full Port Bal Valve [noted above] installed on wells head, 
commonly available in most markets @ typical cost $750-$1250 
USD/ day 

 
Notes: Service Rig general Configuration and capacity to prep existing stripper well with 
tubing and beam pump and or siphon string tubing for use of the GOAL PetroPump 

 Service rig capable of working on 5000’ well, handling rods, 
tubing and sand line work consisting of : 

 Double drum draw works 
• Sand line drum spooled with 6000’ of 9/16” to 

5/8” sand line 
• Grooved tubing line drum Spooled with 550” of 

¾” or 7/8” tubing line 
 65’ mast capable of minimum 75,000 pound hook load 
 Crown with one floating sand line sheave and three fixed 

tubing line sheaves 
 50 ton two sheave traveling block [four lines] 
 Draw works and mast should be mounted on a vehicle 

rated for a minimum GVWR of 55,000 pounds 
 Tubular handling tools and sand line tools as needed to 

meet intended  task 
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Tool Operations Principals: 

 
The tool is manufactured with an internal self contained pressure control valve 
which regulates the depth into well fluids which the tool is allowed to descend 
and volume of fluid lifted per tool cycle. The tool pressure actuator/valve can be 
set with a variable quantity of pressure to effect different volume of fluid lift. In 
field operations, the tool is pre-set with a known pressure [an inert gas] which is 
set to achieve a desired lift volume. The tool is then deployed into the tool 
lubricator, the lubricator plumbed to the well, the full port ball valve opened 
and tool allowed to freely descend into the fluid column of the well. The tool 
descends to such depth as required to off set the internal pressure in the 
actuator which holds the valve open. Upon achieving the depth/ weight of fluid 
which off sets the pressure in the actuator; the on tool valve closes. Subsequent 
pressure from the formation/ reservoir builds below the tool and seal cups 
automatically lifting the tool and fluid column atop the tool to the surface. 
Upon reaching the surface the fluid atop the tool is discharged to the process 
unit through the top plumbing connection of the lubricator.  Follow on/ below 
tool gas is produced from the bottom plumbing connection on the lubricator. As 
gas pressure declines to near gathering line pressure in the surface collection 
system the tool valve automatically opens and descends the well for another 
fluid lift cycle. 

 
 
Task 2 
 
Screen Candidate Wells 
 
 
 2.1 Group 1 potential target wells for re-fit w/ GOAL Pump system 
 
Re: Bradford Group/Sands/ potential re-fit wells 
 
Outline of target well conditions for re-fit; 
 
Target Geologic Group/ Formation  Bradford Group/ Sands 
 
Location     Mc Kean County Pa. 
 
Depth Range of wells   1700’ – 2200’ [Ave. ~ 1900’] 
 
General well construction/ config./ *0- 550’ cemented in place 7” ID 17#/ ft. casing 
completion    *550’- ~1900’ average open hole @ 6.25” ID  
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Completion/ Stimulation *5 to 7 sand zones notched and fraced w/ average of 
3 notch and frac/ zone w/ each notch  4’ minimum 
separation 
*Notch penetration > 1’ to ~ 10’, integrity of 
formation dependant 

 
General Production history *0-3 months ave. 500-1000 Bbl/ oil and 50 mcf/d 

gas, 300-500 psi 
 *3 mo. – 1 year ~ 900 Bbl of oil and 20-30- mcf/d 

gas, 100-300 psi 
 *@ 3 years ~ 300-500 Bbl/ oil / yr. and 10-20 mcf/d 

gas 100 psi with sales line pressure @ 20-80 psi 
 
Economic life of well < / =7 – 10 years operating conditions dependant 
 
Well replacement cost * $85,000.00- $110,000.00 
 
Operating considerations *Generally brought on line with Pump Jack/ Beam 

Pump unit 
 *Cost considerations for Jack and down hole pump 

rods and tubulars @ $10,000- $15,000 
 *O and M cost $20- $40/ month for electricity 

where available.  
*Belts at 2 to 3 sets/ year on electrified Jacks = 
$120/ year 
*Well tender operations @ $125/ mo  
*Yearly total ops cost for conventional electric 
powered system @~ $2000- $2500 w/ other misc. 
incl.  
 
*Capital [add] cost for gasoline engine to drive Jack 
@ $1000 where electric power not available 

 *O and M cost for gasoline powered Jack driven 
system = $100- $150/ month for fuel and oil 
*Belts @ 6 sets belts/ year on gas engine powered 
system = $240  
*Well tender operations @ $125/ month 
* Annual total operating cost  IC Engine powered 
Beam Pump @ $3200-$3800 w/ misc. incl. 

 
Re- fit considerations   * Standard 4.5” J- 55 casing @ 10.5#/ foot 
     *4.025” nominal diameter w/ drift to 3.927” 

*Cost/ foot @ $4.50- $6.00/ foot [ June 2005 prices 
on the increase]  
* 3.5” J-55 also applicable with new 3.0” GoAL 
tool 
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*3’ and or 4” ID spoolable PolyFlow is also 
applicable 

     * Collar O. D. for 4.5” J-55 casing @ 5.00” 
* Packers where needed “Open Hole GFS type R-4 
[ former Butler Lakin] set in compression where 
nominal depth is 1000’ +- 200’ and  geologic 
formation has good integrity 
*Target wells in the field are those wells in the 3 to 
10 year age whose production has declined or cost 
to produce vs. yield in non cost effective- current 
thinking focus on one each of well working under 
Pump Jack and one on small diameter tubing 
PLUNGER-rabbit. 
* Wells current production is in the range of 
300Bbl/ oil year and 10-20  Mcf/d of gas 
 

Anticipated/ Targeted results * Maintain fluids production level with potential for 
some small increase @ 10% +-, with gas production 
increase targeted @ 1.5X to 2X 

 
Capital Cost for Pilot Work re-fit $ 27,000- $34,500  
 

2.1.1 Wells reviewed in this group were Blew # 1-5 which were/ are currently 
configured with rabbit/ tubing plunger systems inside 2.5” pipe and 
connected to a common collection line and GPU/ battery tank system. 
Collective yield from the 5 wells was/ is 5-7 bbls/ days of oil/ fluids and 
50-70 mcfd of gas/ day from the 5 wells in the system. 

2.1.2 Well Blew #1 was chosen for further evaluation and field evaluation using 
the new designed and constructed 3” tool first with standard bell cups 
inside 3.0” ID steel pipe hung in the open hole completion prior to 
completion of the integrated spoolable PolyFlow system. Further details 
on this well are shown below: 

 Well designation Blew # 1 
 Estimated production by well tender 2nd half 2005 [ flows 

into combined system w/ 4 other wells] @ 10-20 mcfd and 
1-2 bbls of oil/fluid/day 

 Well chosen for further field testing as a function of good 
gas to fluid ratio of ~ 10-1 [ GOAL tool in standard steel 
casing w/ attendant roughness coefficient generally require 
a 3-1 gas to fluid ration to automatically lift fluids] 

 Total depth 1873’ 
 Surface casing, 600’ of 7.5” J-55 
 Open hole 600’-1873’ @ 6 5/8”  
 260 psi on well in Jan. 2006 
 75 psi line pressure 
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2.1.3 Limited field testing of this well was achieved in late summer/ early fall 
2006, results and discussion are in Task 4 

  
 
2.2 Group 2 potential target wells for re-fit with GOAL Pump system 
 
Re: Venango Group, Bradford Group and Elk Group Sands 
 
Outline of Target Gas wells conditions for Re-fit 
 
Target Geologic Group/ Formation Venango/ Bradford/ Elk/ Group Sands 
 
Location    Clarion County 
 
Depth Range of wells   3200’- 3500’ 
 
General Well Construction  *20-90’ of cemented in 9 5/8”, conductor casing 

* 800-900’ of 7”, 17#  cemented surface casing 
* 6.25”open hole below surface casing to TD in 
most wells, 1 potential target wells w/ 2200’ of 
4.5”, 10.5# production casing [non cemented] 
followed by open hole @ 6.25” to TD  

 
Completion and Stimulation * 3 sand Groups/ zones notched/ fraced/ stimulated 

with 6 to 18 open hole staged fracs in total across 
three zones 

 
General Production History  * IP @ 85- 500 mcf/d w/ 300- 900psi well head 
pressure 

* Production at 6 to 7 year post completion @ 5 to 
13 mcf/d w/ 80-300 psi well head pressure 
* Fluid production [periodic] at 0.5 to 40 bbl/ 
removal 

 
Economic Life of well  * At 7 years of age currently marginal 
 
Well replacement cost   * $120,000- $145,000 
 
Operating Considerations  * Brought on line as open flow < 1 year 

*Siphon tubing installed 6 months to 1 year w/ 
periodic  
*Surfactant addition/ shut in and vent – surge to 
brine tank 
*Tubing plunger in 1 of the potential target wells 
*Annual to biannual swab with rig/ non regular 
*Beam  Pump use one well w/ modest success 
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*Operating line pressures @20 psi  – 60 psi  
*Well tending and operations fees @ $6000- $7000/ 
year/ well 

 
Re- Fit considerations * Standard J-55, 4.0” ID well casing @ 10.5#/ foot 

applicable for re-fit in 6.25” open holes. 
 *3’ and or 4” ID spoolable PolyFlow is also 

applicable  
*Venango Group sands [~depth of 1500’] are 
current low pressure- thief zone for lower 
production 
*Compression or tension packer model Butler-
Larkin applicable for setting to isolate Venango 
Group thief [with potential continued production of 
the Venango on the backside] and allow down hole 
production via tail pipe, inlets slot and GOAL Pump 
program of the Bradford and underlying groups 
*Target wells all of ~7 years of age with 
demonstratively decreased production due to 
combined down hole brine accumulation [ most 
recent data records 600’- 1000’ of brine] and up 
hole thief zones 

 
Anticipated/ Targeted results  * Remove 0.25 to 1.0 Bbl/ brine per tool cycle at 1  
     to 6 trips/ Day with targeted increase production of  
     natural gas @ 2X to 3 X. 
 
Capital Cost for Pilot re-fit work * $37,000- $44,000/ well estimated 
 

2.2.1 Wells reviewed for consideration in this group included: 
 
Table # 4 
 
Open Hole Completion Gas Wells w/ Brine Problems Reviewed for Potential Re-fit 

 
Well designation Gas yield Fluid yield/ est. recent 

production [early 
2006] via siphon 
string 

Depth 

Mlr #2 9 mcfd 0.5-1.5 bbl/ wk 3350’ 
Shftsl # 5 8 mcfd 1-2 bbl/ wk 1650’ 
Shftsl # 8 2.7 mcfd 2-4 bbl/wk 3810’ 
ECM 8.5 mcfd 1-2 bbl/ wk 3150’ 
Shfr # 1 6.3 mcfd 1-3 bbl/wk Not supplied 
Hlbh # 5 12.4 mcfd 0.5-1 bbl/wk Not supplied 
Mlr # 4 7.4 mcfd 1-2 bbl/wk Not supplied 
Shftsl # 7 2.8 mcfd 2-4 bbl/wk Not supplied 
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2.2.2 During the course of the project [ late summer of 2006] the 
availability of these wells for re-fit potential was lost in a sale 
event to a new owner/ group. The wells were no longer considered 
and or further evaluated for potential application of re-fit. 

 
 
2.3 Group 3 potential target wells for re-fit with GOAL Pump system 
 
Re: Medina [tight] sands 
 
Outline of Target Gas wells conditions for Re-fit 
 
Target Geologic Group/ Formation  Median [tight] Sands 
 
Location     Chautauqua County, NY 
 
Depth Range of wells   3300’- 3500’ 
 
General Well Construction 3000-3500’ of 4.5”, 10.5# production casing  

[cemented]   
 
Completion and Stimulation * 1 sand Group/ zones perfed/ fraced/ stimulated  
 
General Production History  * IP @ 100- 300 mcf/d w/ 700- 1200psi well head 
pressure 

* Production at 20 year post completion @ 1 to 10 
mcf/d w/ 80-200 psi well head pressure 
* Fluid production [periodic] at 0.5 to 40 bbl/ 
removal 

 
Economic Life of well  * At 20 years of age currently marginal 
 
Well replacement cost   * $125,000- $145,000 
 
Operating Considerations  * Brought on line as open flow < 1 year 

*Siphon tubing installed 6 months to 1 year w/ 
periodic  
*Surfactant addition/ shut in and vent – surge to 
brine tank 
*Tubing plunger and casing plunger in  potential 
target wells [historic] 
*Operating line pressures @20 psi  – 60 psi  
*Well tending and operations fees @ $4000- $6000/ 
year/ well 
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Re- Fit considerations * Standard J-55, 4.0” ID well casing @ 10.5#/ foot 
w/ 4.0 inch ID  
*1 of target wells produces sand [~depth of 3500’] 
are current low pressure @ 100 psi vs. line of up to 
75 psi-  
* 1 well operating characteristics may indicate 
casing leak at 500-1000’ BLS 
*Target wells all of ~20 years of age with 
demonstratively decreased production due to 
combined down hole brine accumulation [ most 
recent data records 400’- 600’ of brine]  

 
Anticipated/ Targeted results              * Remove 0.25 to 1.0 Bbl/ brine per tool cycle at 1  
  To 6 trips Day with targeted increase 

production of natural gas @ 2X to 3x. 
 
Capital Cost for Pilot re-fit work * $28,000- $36,000/ well  
 
 

2.2.3 Wells reviewed for consideration in this group included: 
 
 
Table 5 
 
Cased Gas Wells with in Well Casing and or Sanding Problems Considered for Reift 
 
Well Designation Gas Yield Fluid Production Depth 
L-54 1-2 mcfd 2-4 bbls/ wk 3425’/ perf @ 3325’ 
L-322 3-5 mcfd 7-10 bbls/ wk ~ 3350” 
 
Notes: 
1] Both of these wells have been equipped with casing swabs in the past with notable 
increase in gas yield with nominal removal of fluids in the range of 0.5 to 2 bbls/ brine/ 
day 
2] Well 322 had developed a sanding problem when dewatered to the perforations. This 
well could benefit from slip lining with 3.0” ID PloyFlow which will fit in the existing 
4.0” ID J-55 casing and be set to lift fluids from an elevation 50’ above the existing perf 
zone/ sand producing zone allowing for additional rat hole for settling of solids 
3] Well 54 appears to have a casing failure problem in the 500-700’ zone based upon past 
equipment performance and could be slipped lined with poly and packed off below this 
zone to avert pressure loss in this zone 
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Task 3 
 
Construct Tool System 
 
As noted in the Technology Overview section above several unique/ new -elements had 
to be conceptually developed, designed, fabricated, bench and field tested  for integration 
into a system for re-fitting of an  [1- one] existing stripper wells. In the initial proposal 
[non-funded Table  x, y and z]] more time, monies and effort had been proposed to 
accomplish these goals of:  

 Development of metallic to non-metallic connectors to match up to 
standard in field industry steel connectors and the currently available 
continuous spooled synthetic tubing with nominal internal diameter 
loss of < 0.3”.  

 Conceptualization, design and fabrication of unique [new] seal cups 
had to be fitted and tested  to maintain seal across the reduced and 
variable diameter metallic to non metallic transition swage/ ferrule and 

 Match a new down sized convertible tool [3/4 tool- i.e. convertible 
from 4” to 3” with appropriate diameter seal cups] with new actuator 
for deployment in the spooled synthetic tubing of 3” and or 4” ID 

 
Effort, time, testing and cost in excess of that allotted and anticipated were required to 
match the multiple elements to achieve what is now bench proven and a field prototype 
ready system for installation. SWC cost was fixed, [partial funding of the original 
proposal request] @ $75,000 while BEDCO support was raised from $86,750 to > 
$132,651 on the work project. 
 
The time, energy and monies employed were maximized in the development of this new 
hardware and system via the use of CAD assisted Rapid Modeling software. Even with 
this powerful software tool, more than a dozen [18] different sets of seal cups were 
designed, constructed and bench tested on the new  convertible ¾ tool in > 10 differently 
configured swaged ferrule [high strength steel] metallic to non metallic connectors of 
variable thicknesses, metallic strength, inside diameter and angle of transition. In part the 
effort expended here on is outlined on more detail below. 
     
 
 POLY TUBING AND NEW SWAB CUP DEVELOPMENT 

 
Background 
 
Spoolable, fiber reinforced, Poly tubing has been developed for use in open hole 
completion wells and for existing wells with questionable casing integrity.  The poly tube 
requires swaged ferrule end fittings to interface with wellhead equipment (full port valve 
and receiver) and tying poly tube sections together in wells deeper than about 1500 feet.  
Additionally, the spooling process tends to cause a slight out of roundness in the tube 
cross section.  New swab cup concepts needed to be developed to accommodate the 
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change in tube ID associated with these fitting transitions while maintaining a pressure 
seal during transit of the poly tube and wellhead equipment.   
 
A multifaceted development program was initiated:  
 

1) To develop swab cups that would be tolerant of variations in tube inside 
diameter, 
2) Proof test selected cup diameters and materials to demonstrate PetroPump 
operation in tubes with modeled ID variations,  
3) To develop Poly Tube fittings and test with/ match the smaller [3.0” overall 
diameter] PetroPump and developed swab cups. 

 
 
Experimental 
 
Development Program. 

 
Acrylic Test Chamber 

 
A 3” PetroPump casing plunger was created to accept a variety of swab cups. These were 
evaluated in a new, 3” ID vertical, clear acrylic test chamber.  The chamber was 
constructed with removable sections such that steel tubing or poly tubing sections could 
be added. Clear acrylic was used to visualize the swab cups during transit of the tube. The 
test chamber was successfully pressure tested to 120 PSI which was considered to be 
greater than the upper limit of desired operating pressures.  The PetroPump was 
evacuated with the flow valve forced closed to obtain the minimum possible 
Sensor/actuator charge pressure.  This resulted in a flow valve closing pressure of 42 to 
44 PSI.   
 
Multiple tests were conducted in which the chamber was pressurized from the bottom 
with the 3” PetroPump resting on the bottom on a soft stop.  The pressure was gradually 
increased until the flow valve in the PetroPump closed, as observed by noting the 
pressure at the top of the chamber.  (The pressure at the top stopped increasing when the 
flow valve in the PetroPump closed.)  The swab cups under evaluation were required to 
effectively seal the 3” ID acrylic tube and reverse in the upper receiver section and allow 
a free fall of the plunger.  

 
In operation, the pressure at the bottom of chamber is slowly increased (about 6 to 8 PSI 
above valve closing pressure) until the PetroPump levitates and starts to move up the 
tube. The air/ gas above the PetroPump, being compressed by the upward travel, is 
vented at the top of the chamber to maintain the pressure differential, simulating well 
conditions.  When the PetroPump reached the top of the test chamber, the pressure above 
the PetroPump is reduced to simulate well flowing conditions of 22 to 23 PSI.  At that 
point in the testing the pressure below the PetroPump is slowly reduced, as it would in an 
actual well receiver, at a pressure of about 30 PSI the flow valve opens and the 
PetroPump descends to the bottom of the chamber.  These pressures are representative 
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values as many dynamic tests were conducted with different cup and PetroPump 
configurations.    
 
Initially the chamber, plus a 3 foot section of 3” ID schedule 40 steel pipe, was used in 
evaluating the PetroPump with conventional designed swab cups.  These tests were 
successful. 

 
 

Poly Tube Test Program 
 
Potential sources for 3” diameter, spoolable, reinforced poly tubes were contacted.  And 
two sections of tubing were purchased for development testing; 3’ and 4’ lengths.  The 
design uses layers of cross woven fibers plus Kevlar axial tension fibers to provide hoop 
strength and to support the down hole weight of more than 400’ of tubing.  The end 
fittings are swaged steel outer shells with steel insert ferrules.  Two developments were 
required; 1) the inside diameter of the standard ferrule in use was 2.4” (too restrictive for 
plunger use), and 2) the swaging process further reduced the ID by about 2%.   

 
  Ferrule Inserts 
 

After initial bench work ferrule inserts were redesigned to a minimum ID of 2.7” and, 
after the swaging reduction, were machined back to the 2.7” ID.  The 3” poly tubes had 
an inside diameter of 2.91”, they were machined out at the ends to 2.930” to fit over the 
insert ferrules.  These sections of poly tubing were added to the acrylic test chamber for 
initial swab cup testing.  This indicated that flexible swab cups could pass through the 
2.7” ID restriction.  
 
Out put from bench test work and commercial evaluation of available tubing dictated new 
thin walled ferrule inserts be developed to be compatible with the commercially 
available, and preferred, 2.91” ID tubing without requiring any tube end machining.  
These were made with high strength tool steel and did not experience an ID reduction 
after swaging.  Standard tensile pull test were conducted by the tubing manufacturer to 
demonstrate the adequacy of the new end fittings.  No tube-to-fitting slippage occurred.  
At a 7,500 pound load, the poly tube had a diameter reduction of about 1% and a change 
in length of about 2%.  The testing was continued to tube failure at a 12,000 pound load.  
No end fitting slippage was indicated.  The new ferrule inserts were considered to be 
acceptable for field use. 
 
Poly Tube Ovality 
 
Long sections of Poly tubes are rolled on 8 to 10 foot diameter mandrels for shipping.  
This results in some tube flattening, the following measurements for a 2.91” ID tube are 
considered typical: 
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Table 6 
 
PolyFlow Spooled Tubing Metrics for Nominal 3” Poly pipe 
 
Nominal Poly Tube Dimensions   ID 2.91"; OD 3.5"   
       
    OD 

 
 Meas   Measurements   Major DELTA   Minor  DELTA 

Poly Tube Measurements 3.5280 0.028 3.4110 -0.0890 
BEDCO Measurements     
  End 3.5540 0.0540 3.3995 -0.1005 
  Mid 3.5825 0.0825 3.3980 -0.102 
  End    3.55    0.0500 3.3995 0-0      - 0 .105 
       
 Estimating the Out of Roundness [Based on BEDCOs “Mid Point’ Measurements  

  Nominal ID  2.91” Max ID D  2.993” 
  
 Min ID 2.808 

 
 
Swab Cup Development  

 
Multiple swab cup designs were considered and preliminarily evaluated using the CAD 
assisted rapid modeling depiction software. A multiple lip, lantern ring, type cup had the 
best potential for an adaptable tube seal to the observed ‘ovality’ of the tubing.  Several 
configurations were built and drop tested in a nominal 3” ID, pipe.  A dual set of two 
rubber compound rings was selected on the basis of simplicity, cost and adaptability.  
Additional a third ring could be added if test results indicated the need for additional 
sealing.  Swab cup diameters of 3.2”, 3.1”, 3.03”, 3“, 2.91”, and 2.85” were fabricated in 
50, 60, and 70 durometer rubber compounds.   The 3.2” cup would not drop (free fall) in 
the 3’ section of 3” ID steel pipe and the 2.91” and 2.85” cups would not pressure seal in 
3” ID poly tubing.   

 
Modifications were made to the thickness and roundness of the lantern rings to improve  
flexibility: too thick would interfere with cup reversing in the receiver as well as adapting 
to the ID restriction; too flexible would interfere with cup sealing- empirical testing 
showed a thickness of 0.11” to 0.1”was found to be optimum.   
 

 
Testing 

 
A tapered reduced diameter section was added to the acrylic test chamber, during initial 
swab cup testing, to simulate end fitting insert ID restrictions.  The inside diameter 
transition from 3” to 2.7” and back to 3”.  Swab cup sizes and shapes were modified for 
best adaptive performance. Testing with 2.85” and 2.91” diameter lantern ring swab cups 
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were unsuccessful in that the pressure blow-by in the 3” ID tube sections was too great to 
support the lifting of the PetroPump.  As noted previously, the 3.2” diameter lantern ring 
cups failed the drop test in the 3” diameter steel pipe and it was found that the 3.1” 
diameter lantern ring cups would drop but would not reverse in the 3” diameter pipe. 
(Note: the flexible cups are concave down during the upward travel and must reverse to 
concave up, in the receiver, for plunger descent.). 

 
The tapered section was removed from test chamber and two sections of poly tubing were 
installed providing three areas of insert restricted ID.  Testing with the 3” ID lantern ring 
swab cups was successful.  The PetroPump was repeatedly levitated into the top of the 3” 
ID acrylic receiver and when the pressure was evacuated (simulating actual well 
conditions) the cups reversed and the PetroPump automatically descended to the bottom 
of the test facility. This test demonstrated that the 3” cups seal through out the travel 
through the 3” ID acrylic tube sections, through the 2.91 ID poly tube sections and 
through the 2.7” ID ferrule inserts end fittings. 

 
Additional testing was conducted with a longer (3’) section of 2.91” ID [commercially 
available] poly tubing, with the new end fittings.  It had been spooled on a large shipment 
reel with the typical flattening and bending that would be exhibited in the field.  A 3’ 
section of 3” ID steel pipe was added to the test chamber to represent the well head 
receiver. Clear acrylic sections were on either end.  It was noted that some straightening 
of the poly tubing occurred during pressurization.  Numerous tests were conducted with  
this final test chamber arrangement.  It provided a realistic representation of eventual well 
conditions. 

 
The diameters and flexibility of the lantern ring swab cups were modified during the 
development to obtain the best dynamic performance in the test chamber. The selected 
cups had a diameter of 3.003” to 3.005” and ring thickness of about 0.1”.  They were able 
to pressure seal within the 3” ID acrylic sections, adapt and seal in the oval 2.91” ID  
    
 
(nominal) poly tubing, pass through the end fitting restriction of 2.7” ID and seal and 
reverse in the 3” ID steel simulated receiver.   
 
 
Results and Discussions 
 
The earlier first and second quarter testing of the Lantern Ring- lip seal  cups proved 
viability and predicted certain acceptable longevity of use in up well and down well 
simulated conditions. The tool with Lantern Ring cups were passed down well through 
the 0.3” restriction under its own weight against both the 45 degree and 7 degree taper 
which simulate the anticipated field restrictions conditions. The tool passes up well 
across the 45 degree and 7 degree taper with as little as 5 psi behind tool pressure. 
Modifications to the metallic swage ferrule/ poly transition components were made in 
Quarter 3 to improve strength and be closely matched to standard schedule 40 steel pipe 
spec. These modifications to the ferrule and swaged connections dictated the need for 
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redefined specs and manufacturing of the Lantern Ring seal cups. These seal cup 
modifications were completed and fitted to a standard 3” GOAL PetroPump and then 
tested in newly fabricated [standard/ nominal 3” ID [2.91”] poly tubing with swaged 
ferrule well head connector and down hole swage ferrule connector for wells in excess of 
1500’of depth. The results of that testing are listed below:  
 
 
Summary of Results for New Seal Cups and Transition Metallic Ferrule to poly 
Transition 

 
  1. New poly tubing end fittings were developed to reduce insert flow    
   restrictions from 2.4” ID to 2.7” ID and proved to be compatible with nominal 3”  
   ID tubing [2.91’ as measured]. 
 

2. The new end fittings were swaged on to test sections of 2.91” ID poly tubing   
 and tested to destruction at axial loads consistent with testing of older end   
 fittings providing a proof of design for field down hole use to loads in excess of 
7000 pounds [tensile]. 

 
3. Poly tube ovality of less than +/- 3% was measured on several samples of   

   previously spooled tubing. 
  

4. A new swab/ further refined cup concept was developed for the PetroPump casing 
swab. The swab features flexible “Lantern” rings capable of adapting to the poly 
tube ovality and the end-fitting insert restricted ID.  A nominal ring  
OD of 3.03” to 3.05”, with a ring thickness of 0.11” to 0.1”, was found to be 
compatible with 2.91” nominal ID tubing with 2.7” ID inserts.      

 
5. A vertical test chamber was constructed to dynamic test design variations in  

   tubing, end fittings, and swab cups. It consist of 3” ID clear acrylic end   
   sections, one or more sections of poly tubing, and three feet of a 3” ID steel  
   pipe (representing the well-head receiver). 
 
  6. The PetroPump, with “Lantern Ring” type swab cups, successfully    
   demonstrated, under simulated well operating conditions, the desired cup   
   flexibility – that is the ability to pressure seal during the upward transit,   
   adapt to the oval poly tubing, pass through end fitting restrictions, reverse in  
   the simulated receiver and free fall to the bottom of the chamber. 

 
 
All the above noted test results and findings were integrated in a final comprehensive 
system which was fabricated and successfully bench tested in commercially available 3” 
poly tubing. These late stage project changes in design and fabrication techniques and 
additional tests proved more time and resources consuming than initially anticipated. 
New metallurgy of swages and ferrule connections to the  commercially available Poly 
pipe and change in seal cup elastomers and configuration to successfully integrate into 
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the tool / tubing re-fit system consumed in excess of the allotted professional time, and 
fabrication cost.  
 
The spec for the commercially available field applicable 3” ID spoolable poly and 
metallic swage/ ferrule restriction connectors has been successfully bench tested with 
matching new designed/ fabricated Lantern Ring seal cups and agreed upon. In field 
down hole trials of the combined/ integrated system have not occurred due to late project 
redesign needs and fabrication changes to match up to current commercial configurations 
and limitations [ovality post spooling] on available down hole Poly tubing. 
 
Task 4 
 

 Re-configure select test well, deploy and adjust tool, then compare 
production pre and post 

 
4.1 Well Blew #1 was chosen for further consideration and field evaluation using 

the new designed and constructed 3” tool. 
4.2 As delays were encountered in matching a suitable swage configuration to 

PolyFlow spoolable tubing with seal cup integrity of the new “Lantern Ring” 
seal cups, a modified, interim, test of the new 3” tool was initiated. This first 
test of the converted 4 to 3” tool was conducted with standard bell cups inside 
3.0” ID J 55 steel pipe hung in the open hole completion of the target well. 
This work was conducted prior to completion of the spoolable PolyFlow 
system. Further details on this well are shown below: 

 Well designation Blew # 1 
 Well completed in 1999 
 Estimated production by well tender 2nd half 2005 [ flows into 

combined system w/ 4 other wells] @ 10-20 mcfd and 1-2 bbls of 
oil/fluid/day 

 Well chosen for further field testing as a function of good gas to 
fluid ratio of ~ 10-1 [ GOAL tool in standard steel casing w/ 
attendant roughness coefficient generally require a 3-1 gas to fluid 
ration to automatically lift fluids] 

 Total depth 1873’ 
 6 zones in open hole notched and fraced 
 Surface casing, 0-600’ -- 7.5” J-55 
 Open hole 600’-1873’ @ 6 5/8”  
 260 psi on well in Jan. 2006 
 75 psi line pressure 

4.3 The well was isolated from the other 4 wells in the system to afford its testing 
and quantification of test results. Existing piping was removed from the well. 
1800’ of 3.5” OD J-55 casing was hung in the well for the test. The base of 
the casing was fitted with a safety stop for the tool. The well head was 
equipped with a 3” full port ball valve and a 3” lubricator with catcher 
assembled atop the full port ball valve. Outlet piping from the lubricator was 
plumbed to a GPU unit with gas then piped to the old system gathering line 
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and the fluid side of the GPU plumbed to a 50 Bbl Poly fluids tank. During 
the work over and set up for testing the following data was developed: 

 Gas flow rate during the work over [Sept 2006] as estimated by the 
field engineer was recorded @ 5-7 mcfd [considerably lower than 
the previous estimate of 10-20 mcfd] 

 Fluid level/ oil level in the well was shown to be ~ 600’ above 
bottom hole [~25 bbl oil equivalent]. Previous estimated 
production by the tubing plunger/ rabbit system was for 1-2 
bbl/day. 

  Note: The 600’ of oil column is ~ equal to 225 psi [assumed spg. 
Oil @ 0.8] 

 Well head shut in pressure on the backside of the 3.5” J-55 casing 
hung in the well at the time of installation was 260 psi 

 Well head pressure on the 3.5”, before tool was deployed was 75 
psi 

 Line pressure of the gathering system was recorded at 70-75 psi 
 24 hours later the back side of the 3.5” pressure remained at 260 

and pressure on the 3.5” had increased to 190 psi 
4.4 The tool was deployed with 45 psi in the actuator targeting a closure pressure 

of ~115 psi and a 0.3-0.5 bbl lift against a 70 psi back pressure on the 
gathering line, post the 24 hour stabilization of the well. No tool runs were 
achieved over the next 7 days although some gas production occurred. 

4.5 To reduce back pressure on the system, the well was isolated from the 
gathering system [75 psi]. Over the succeeding 3 days no runs were achieved. 

4.6  In order to quantify potential problems a volumetric gas test was conducted 
on the well which showed free flow gas flow at < 2 mcfd equivalent. This was 
considerably less gas flow than had been formerly estimated and insufficient 
to lift the quantity of oil in the well bore but nominally sufficient to lift the 
target ½ bbl for which the tool was set. 

4.7 Efforts to operate the tool and system continued for an additional 3 weeks 
with no runs achieved through early October 2006 albeit gas production and 
down hole [sounds] of tool movement. 

4.8 Potential problems leading to absence of performance: 
 Insufficient gas to fluid ratio to lift quantity of oil present [ 3 mcfd 

gas to 1 bbl/ oil-fluid is normal metric for the tool] 
 Tool actuator did not seat and create pressure seal between tool 

and the 3.5” J -55 casing 
 Insufficient pressure differential exist to lift tool and column of oil 
 Up hole shallower fraced zones bleeding off pressure/ gas 

necessary to lift fluid column 
4.9 Of the above listed variables the gas to fluid ration appeared the more likely, a 

shallow take zone on the back side of the 3.5” tubing was also a possibility. 
4.9.1 Targeted follow up work to identify the limiting factors include: 

 Tool retrieval and re bench test to inspect for blockages 
 Tool re- bench test to assure open and closer pressures 
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 Swab well of fluid and re-calculate fluids and gas 
production rates 

 Detailed review of well construction and completion logs 
4.9.2 This follow on work was not achieved due in part to absence of 
availability of work over rig and closure of/ weight limitations of site 
access road for fall- winter conditions. Further project funding limit was 
reached on the SWC portion, BEDCO matching portion was exceeded as 
time ran out on project completion date in 2006. 

 
Task 5 

 Evaluate  system performance and comparison to predecessor methods 
for the target well 

 
5.1 In well operation of the 3” tool portion of the system was not achieved, as 
noted I Task 4 above.  

5.1.1  A new designed 3” GOAL tool was fabricated, bench tested and 
well cycle simulated with standard “bell shaped” cups. This tool was 
subsequently deployed to and in a target well in 3.5” J-55 steel casing to 
field prove effectiveness of the tool alone under similar well conditions to 
that in which the proven 4” tool had been deployed historically.  
5.1.2 The well, Blue #1, but did not achieve desired results with the 
deployed tool. No automatic cycles/ lift of fluids by the tool were 
achieved. Possible elements contributing to absence of performance are 
outlined in section 4.8 above. 
5.1.3 Identification of specific element [s] causing performance failure 
requires further work, beyond the allotted budget and project time period. 

5.2 During the above modified field testing of the new 3” tool with standard “Bell 
Shaped” seal cups; bench work continued on the spoolable Poly tubing system, 
poly to metallic swaged connector system with “Lantern Ring“ cups. 
Reproducible results in the bench test well were achieved and a field ready system 
comprised of: 

• New small diameter [3.0” OD] GOAL tool was developed 
and pressure cycled across anticipated field conditions 

• 3.03”- 3.05” OD Lantern Ring cups were successfully 
developed, fitted to tool and pressure cycled across the 
metallic to poly swaged connection as well as across 
connection to standard schedule 40 steel pipe 

• Market available 3” Poly pipe was found to  have a 
nominal 2.91” ID 

• 1500’-1800’ spools of 3” tubing are capable of fabrication, 
spooling and un-spooling without taking on permanent- 
long term “egging”/ ovality of the tubing which would 
interfere with cup seal. 

• The developed high strength steel swaged ferrule connector 
was designed fabricated  and fitted to the 3” Poly resulting 
in a minimum ID across the swaged ferrule of 2.7” [0.21” 
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loss of ID at the connector] This was within seal cup 
tolerance for maintenance of seal integrity while cycling 
the tool across the transitions  

• In field assembly of up to 6000’ of spooled and swaged 
ferrule connected poly tubing appears doable without 
exceeding longitudinal strength or excessive elongation of 
the tubing 

• Gravity, friction and ‘sticktion’ forces were over come with 
as little as 6-8 psi pressure differential to lift the tool inside 
the bench well spoolable poly system. This is in contrast to 
12-15 psi pressure differential needed to move the standard 
4” tool in J-55 steel casing, affording 6-7 psi more lift 
potential and lesser formation abandonment pressure  

 
Task 6 

 Estimate/ evaluate economic impact of tool 
 

6.1 Full scale field testing of the combined system was not achieved due to 
budget and time constraints. Excessive engineering time and fabrication 
dollars were diverted to design, fabricate and test the complex metallic swage 
to poly connection with smallest ID loss to accommodate new “Lantern Ring” 
seal cups 
6.2 Partial testing of the downsize 3” tool with standard “Bell Shaped” cups 
was performed with out the targeted success desired. 
6.3 An integrated system is now bench tested with spoolable poly tubing and 
downsized 3” tool.  
6.4 Based upon historic experience in development of the 4.0” GOAL tool for 
standard J-55 casing [2 iterations were necessary to achieve regular field 
success], the new system once shakedown tested can provide 1.5-4 X increase 
in gas production once fluids are regularly and  systematically lifted from the 
well via the natural lift system. 
6.5 The tool system is targeted to be able to refit a well like Blew # 1 notes 
above of current open hole completion for ~ $25,000-$30,000 [tubing, tool 
and connectors] 
6.6 Pay back on a well yielding 10 mcfd with as little as a 2x improvement in 
gas yield will pay back capital in ~ 1 year at $7/ mcf gas price. A 6 month 
time line of pay back can be achieved if / where a 3 X in gas yield is 
accomplished. This type of increase in gas yield have been accomplished with 
use of the 4” tool in 4.5” J-55 casing. Lesser friction losses in the poly tubing 
should afford greater total lift and removal of hydrocarbons from the 
reservoir. Additionally operating cost of other energy and or man power 
intensive production techniques are off set with the self actuating GOAL 
PetroPump. 
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Table 7 
 
Comparative Metrics of Steel and PolyFlow Pipe 
 
 
 3.5” Steel Frac 

Pipe 
3.0” PolyFlow spoolable synthetic 

Designation J-55 3.5” PolyFlow Thermoflex [Polypropene, Kynar strands, 
Aramid fiber and Nylon] 

Nominal ID 2.992” 2.91” 
Weight/ ft 9.2#/ ft 1.5#/ft 
Destructive pull 
test 

--- 12,000 # [did not pull out the swage connection- poly 
separated] 

Pressure 
differential to 
move tool 

12-15 psi 6-8 psi 

Unit length 30’-40’ 1500’-1800’ 
Unit cost $7.11/ ft  

[3-15-2006] 
$6.93/ ft 
 [12-30-2006] 

 
Notes: 
1] Poly Flow pipe required 6-7 less pressure [psi] to move tool than standard J-55 steel 
 
Conclusions 
 
The development and use of the Bench Test Well and the CAD assisted graphic depiction 
rapid modeling program for the seal cups developed in Quarter 1 where it focused on 
“Bell Shaped” cups and again in use again in late project work and modifications to 
accommodate poly tubing ovality work were most valuable in rapidly identifying 
problems and development of solutions which lead to workable “Lantern Ring” seal cups 
to meet field target need. The critical need of cup seal integrity, flexibility and durability 
was achieved. Test work showed the ability of the tool and cups to pass [in well] metallic 
to non – metallic transitions of ~0.21”- 0.3” in both down hole and up hole travel with 
out loss of seal or significant pressure drop. The tool and cups easily pass down hole 
through the 0.3” restrictions under weight of tool/ gravity. The tool and cups similarly 
easily reversed and passed up restriction with as little as 6-8 psi below tool pressure vs. 
similar test of 12-15 psi for standard schedule 40 steel well casing. Life cycle test of the 
new cups achieved acceptable results for the anticipated field use. The projected life 
cycle of these cups in tests is shown to be equal to or greater than life cycle for existing in 
use/ in field standard GOAL cups operating in steel casing for 6 months of use or more. 
 
 The modified design and fabricated cups are shown to accommodate the ‘ovality’ 
[egging] of the tubing and fit the new designed new metallurgy and fabricated metallic 
ferrule to poly connection while maintaining needed sealing properties to lift in well 
fluids.  
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Strength [elongation and shear] and ops testing [> 7000 pounds of tensile load- tubing 
failure not swage pull out at 12.000 #’s] of the tubing to swage connection and tubing to 
ferrule connection at the bench test facility have shown results in acceptable range for 
anticipated field conditions. 
 
Current commercially available field scale flexible [non- metallic]– spoolable poly 
matched up with standard schedule 40 steel specs for well head change over to steel has 
been identified and successfully bench tested to re-fit  open hole and large diameter [4” 
ID or larger] cased stripper wells using the modified 3”GOAL PetroPump with Lantern 
Ring seal cups. 
 
The system is ready for in field deployment and full scale testing in a joint venture 
operation with an existing owner of large diameter > 4.5” J-55 cased stripper well or open 
hole completion well. 
 
Findings and conclusions presented here in are the results of work conducted by and or 
directed by BEDCO unless otherwise referenced. 
 
References:  
 
Business News, Fox News Network. Neill Cavuto, October 2006. 
 
“2005 Marginal Oil and Gas Wells Survey”,  Interstate Oil and Gas Compact 
Commission, 2005. 
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Table 9   
 
Comparison of Initial Proposed Financial Metrics, SWC authorized work and total 
spending by BEDCO 
 
Original Proposed Work and cost by Brandywine for work on 2 wells [Appendix B] 
Vs.-- Unit Cost Equivalent/ Well,  
Vs.—SWC Authorized Financed Program for work on A/ 1 well [Appendix A] 
Vs—Actual Expenditures 
 
 [1] Original 

Proposed Work by 
BEDCO for 2 
Wells [Appendix 
B] 

[2] Equivalent 
Unit Cost per Well 

[3] Authorized 
Funding by SWC 
for revised work 
on A [1] Well 
[Appendix A] 

[4] Actual 
expenditures to 
date on work 
program 

SWC Portion and 
[%] equivalent 

$208,942.70 
[63%] Portion 

$104,471.35 
[63%] Portion 

$75,000 
[44%] Portion 

$74,977.46 
[36%] Portion 
$4x,xxx 
reimbursed to 
date 

Brandywine 
Energy Portion & 
[%] equivalent 

$121,661.80 
[37%] Portion 

$60,830.90 
[37%] Portion 

$86,750.00 
[56%] Portion 

$132,651.13 
[Through Feb 
2007- On going 
works self 
funded] 
[64%] Portion 

Total Cost $330,604.50 $165,302.25 $161,750.00 $207,628.59 total 
end of Feb 2007 

     
 
Notes: 
 
1] Original proposal by BEDCO- “ Re-fit Two Stripper Wells with Existing Large Diameter or Open Hole 
Completions with Spoolable Non – Metallic Tubing, Transition Connections, Variable Diameter Seal Cups  
and Modified G.O.A.L. Casing Swab to Automatically Lift Fluids and Enhance Performance [$330,604.50 
for 2 wells] 
 
2] Equivalent proportioned cost to SEC and BEDCO per wells assuming equivalent cost between wells [ 
i.e. no variables] [$165,750 proportionate cost/ well] 
 
3] Authorized funding by SWC- “Revised” Original proposal by BEDCO- “ Re-fit A Stripper Well with 
Existing Large Diameter or Open Hole Completions with Spoolable Non – Metallic Tubing, Transition 
Connections, Variable Diameter Seal Cups  and Modified G.O.A.L. Casing Swab to Automatically Lift 
Fluids and Enhance Performance 
[$161,750] incl. $75K from SWC 
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4] Actual Expenditures to date [end of Feb 2007] and apportion equivalent share of total cost [BEDCO 
continued on with the work under its own expense] $207,628.59 total, SWC maximum $75,000 
[approximately $45,000 reimbursed to BEDCO as of Feb 2007] 
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Appendix A 
[Revised Proposal in response to SWC partial funding of $75,000 for a re-fit 
program for a well] 
 
ATTACHMENT B – PROPOSAL COVER SHEET 
 
Proposal Submitted to:  Mr. Joel Morrison 

Stripper Well Consortium 
The Pennsylvania State University 
C-211 Coal Utilization Laboratory 
University Park, PA 16802-2308 
 

Date of Submission : 07  February 2005 
 
Title of Proposal:  Re-fit A Stripper Well with Existing Large Diameter or Open 
Hole Completion with Spoolable Non-Metallic Tubing, Transition Connections, Variable 
Diameter Seal Cups and Modified G.O.A.L. Casing Swab to Automatically Lift Fluids and 
Enhance Performance  
 
Company Name:  Brandywine Energy and Development Company 
 
Principal Investigator: Brandywine Energy and Development Company 
 
Phone : 610-388-3824 Fax: 610-388-3825  
Email: yanigapm@aol.com, gswoyer@comcast.net 
 
Address: P.O. Box 756 Frazer, Pa. 19355 
 
Other Participants: RJB Well Service, Lenape Resources Inc 
 
Amount Requested from SWC :   $75,000.00 
 
Cost Share Commitments:    Cash   >>>   
(Minimum 30% Required)                                                     ===>     $86,759.00 
BEDCO cost share ~56%    In-Kind >>> 
 
Total Project Costs      $161,759.00 
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Submitted by:  BEDCO    Approved by: 
 
___________________    ______________________ 
Signature of PI      Authorized Representative 

 
 
 
 

Last modified October 20,2004 
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Appendix B  
Original Proposal and proposed economic commitment  [ non funded] by SWC  
 
ATTACHMENT B – PROPOSAL COVER SHEET 
 
Proposal Submitted to:  Mr. Joel Morrison 

Stripper Well Consortium 
The Pennsylvania State University 
C-211 Coal Utilization Laboratory 
University Park, PA 16802-2308 
 

Date of Submission : 07  February 2005 
 
Title of Proposal:  Re-fit Two Stripper Wells with Existing Large Diameter or 
Open Hole Completions with Spoolable Non-Metallic Tubing, Transition Connections, 
Variable Diameter Seal Cups and Modified G.O.A.L. Casing Swab to Automatically Lift 
Fluids and Enhance Performance  
 
Company Name:  Brandywine Energy and Development Company 
 
Principal Investigator: Brandywine Energy and Development Company 
 
Phone : 610-388-3824 Fax: 610-388-3825  
Email: yanigapm@aol.com, gswoyer@comcast.net 
 
Address: P.O. Box 756 Frazer, Pa. 19355 
 
Other Participants: RJB Well Service, Lenape Resources Inc 
 
Amount Requested from SWC :   $208,942.70 
 
Cost Share Commitments:    Cash   >>>   
(Minimum 30% Required)                                                     ===>     $121,661.80 
BEDCO cost share ~37%    In-Kind >>> 
 
Total Project Costs      $330,604.50 
 

F-38



 38 

 
Last modified on October 20,2004 

 
Figure #1 

F-39



1 

  
 
 
 
 
 
 

New Technology for Unloading Gas Wells 
 

Final Report 
 
 

July 1, 2005 
 

to 
 

December 31, 2006 
 
 
 
 
 
 

by 
 

Richard L. Christiansen 
 
 

February 2007 
 
 

 
Penn State Sub-Contract No. 2970-CSM-DOE-2098 

DOE Award Number DE-FC26-04NT42098 
 
 

Petroleum Engineering Department 
Colorado School of Mines 
Golden, CO 80401-1887 

U.S.A 

F-40



2 

 
 
 
 
 

Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Abstract 
 

When initially completed, many natural gas wells are capable of blowing water and 
hydrocarbon liquids to the surface.  But, with depletion of the reservoir pressure, there comes a 
time when liquids can no longer be lifted to the surface by the flowing gas and they begin to 
accumulate in the bottom of the well, dramatically inhibiting or stopping gas production.  Tests 
in 2004 with the flow loop at the Colorado School of Mines (CSM) showed that constrictions in 
the well could help lift liquids, especially those that accumulate below the end of tubing (EOT).  
The primary objective of this project was to explore the benefits and alternate designs of 
constrictions below the EOT.   

Using the flow loop in the High Bay Laboratory at the Colorado School of Mines, critical 
flow rates were measured for gas-water flow in a vertical annulus.  This constricted geometry 
was chosen because it preliminary tests showed that it provided many of the benefits of 
constrictions and it could be easily implemented commercially.  Indeed, some operators in the 
Rocky Mountains have used this approach below the EOT.  The flow loop tests showed that the 
critical flow rate for the annular geometry was 20% to 50% lower than expected using the 
Turner-Hubbard-Dukler correlation for critical velocity combined with the cross-sectional area 
of the annulus.   

A second objective of this project was to study transient phenomena and their effects on 
liquid lifting.  Unfortunately, we made no progress on this objective because I left CSM. 

The third objective of this project was to deliver short courses using the flow loop for 
demonstrations of liquid lifting problems and solutions.  Three two-day short courses (October 
2005, March 2006, and November 2006) were held with about 10 participants in each course.  In 
addition, a half-day short course was delivered for 50 participants from the 2006 Gas Well De-
Liquification Workshop that was held in Denver at the end of February 2006.  These short 
courses were as beneficial for us as they were for the participants.  The feedback from industry 
on our research directions was especially valuable. 
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Introduction 
 
Removal of water and hydrocarbon liquids from gas wells is increasingly recognized as 

an important topic for mature gas reservoirs.  Accumulation of these liquids in the bottom of a 
gas well (often referred to as liquid loading) can cause two conditions: increased back-pressure 
on the reservoir, and reduction to gas relative permeability in the near-well region.  Both of these 
conditions lead to reduced productivity.  There are many approaches for reducing liquid loading: 
some are costly (pumps), and some are not (soap sticks).   

In our previous research, we observed that liquid loading starts in the casing below the 
end of tubing (EOT) where the cross-sectional area is relatively larger, and the velocities are 
correspondingly smaller than in the tubing.  We found that constrictions in the casing below the 
EOT could help lift liquids from the casing to the tubing.  We tested a number of variations on 
this idea, including circular baffles, golf balls, and dead-end tubing extensions.  We chose to 
focus attention on the third variation. 

Dead-end tubing extensions have been implemented by a number of producers in the 
Rocky Mountain region.  With dead-end tubing extensions, produced fluids flow up the annular 
gap between the casing and the tubing extension to the top of the perforated interval.  At the top 
of the perforated interval, the fluids pass through a “cross-over sub” and into the tubing for the 
rest of the journey to the surface.  This approach responds to two questions: Where should the 
EOT be placed in a long interval (1000 feet or more) of perforations? How can liquids below the 
EOT be lifted to the tubing?  Hanging a dead-end tubing extension on the bottom of the tubing 
reduces the cross-sectional area for flow, which reduces the critical flow rate for lifting liquids.  
And, because the dead-end extension forces produced fluids to flow in the annular gap between 
the casing and the tubing, the EOT is effectively eliminated.   

Although dead-end tubing extensions have been implemented by some producers, the 
benefits of the approach at the start of this project were not clearly defined.  We were able to 
explore with flow-loop tests some of the variations in design that have been considered for dead-
end tubing extensions.  Results of these tests will be summarized below.   

Following the Executive Summary, the approaches are reviewed that were used for the 
five tasks of this project.  Then, the results of the five tasks are presented, followed by 
conclusions and references. 
 
 
Executive Summary 
 

With depletion of pressure in gas reservoirs, there comes a time when liquids (water 
and/or hydrocarbon condensate) can no longer be lifted to the surface by the flowing gas and the 
liquids begin to accumulate in the bottom of the well, dramatically inhibiting or stopping gas 
production.  This liquid loading of gas wells has huge economic significance: about 50% of US 
production comes from wells with liquid loading.  The general goal of this project was to better 
understand liquid loading and to find ways to reduce it. 

The primary objectives of this project were to study effects of constrictions on lifting 
liquids below the end of tubing (EOT), to study transient effects during liquid loading, and to 
organize short courses to demonstrate key principles for unloading gas wells.    Listed below are 
three tasks specific to these objectives. 
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Task 1: Constrictions below EOT. Use the existing flow loop in the High Bay Lab at 
CSM to experimentally study designs of constrictions for application to stripper gas wells. 

Task 2: Transient Design Simulation of Gas Well Loading and Unloading.  Use 
commercial flow line simulating software to investigate the effect of condensation, transient 
fluid flow, and transient heat transfer on performance of stripper gas wells.  

Task 3: Liquid-Lifting Short Course.  Organize short coursea on lifting liquids from gas 
wells using the CSM Flow Loop for hands-on demonstrations.   
 

Accomplishments for each of these tasks are summarized below. 
Task 1: Constrictions below EOT. Critical flow rates were measured for dead-end tubing 

extensions of two diameters in 4-1/2” casing.  Critical flow rates were found to be 20% to 30% 
less than expected based on the Turner-Hubbard-Dukler correlation combined with the annular 
cross-sectional area. 

Task 2: Transient Design Simulation of Gas Well Loading and Unloading. 
Unfortunately, we made no progress on this objective because I left employment with the 
Colorado School of Mines.  Consequently, a portion of the project funds was not spent. 

Task 3: Liquid-Lifting Short Course.  Three two-day short courses (October 2005, 
March 2006, and November 2006) were held with about 10 participants in each course.  In 
addition, a half-day short course was delivered for 50 participants in the 2006 Gas Well De-
Liquification Workshop that was held in Denver at the end of February 2006.   
 
 
Experimental - Description of Approaches 
 

Task 1: Constrictions below EOT. An existing flow loop in the High Bay Lab in the 
Petroleum Engineering Department at the Colorado School of Mines was used to experimentally 
study the relationship between pressure drop and flow rate for foam flow. 

The layout of the flow loop is shown in Figure 1.  In brief, gas from the blower mixes 
with recycle liquid at the bottom of the test section, then the combined stream travels up inside 
the vertical test section, from which it is re-circulated to the gas-liquid separator.  At the gas-
liquid separator, the gas exits up to the blower, and the liquid exits down to the recycle pump.  
The vertical test section and portions of the recirculation lines are made of transparent PVC pipe 
to allow visual assessment of flow. The flow loop operates near ambient pressure and 
temperature. 

For tests with dead-end tubing, the test section consisted of 4-1/2” OD transparent PVC 
casing, which has a 4.00” ID.  The length of the casing was 10 feet for most tests; in a few tests, 
the casing was 20 feet long.  Dead-end tubing of three outside diameters (2-3/8”, 2-7/8”, 3-1/2”) 
was mounted inside the casing.  For tests with 10-foot-long casing, the dead-end tubing was 
about 9’ 10” long. For tests with 20-foot-long casing, the dead-end tubing was about 19’ 10” 
long.  The dead-end tubing could be centered in the casing, or placed against the casing, or in 
any intermediate position.   

Two different methods were tested to determine the critical flow rate. In the first method 
(Fixed-Charge Method) that we used, 1 liter of water was charged to the bottom of the flow loop.  
Gas flow rate was incrementally increased, starting at a rate well below the expected critical flow 
rate.  Any produced water was recycled to the base of the test section.  Data obtained with this 
method, which were reported in quarterly reports, did not clearly indicate a critical flow rate. 
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In the spring of 2005, we found that another approach gives a relatively clear indication 
of the critical flow rate. In the this method (Constant-Water-Rate Method), water was circulated 
at a constant rate while gas rates were incrementally decreased, starting from flow rates well 
above the expected critical rate. At each gas flow rate, sufficient time was allowed to reach 
equilibrium loading of water in the test section.  At the highest gas flow rate, volume of water in 
the test section was very small, less than 100 ml. With each incremental decrease of gas rate, the 
volume of water in the test section increased.  We defined the critical flow rate as the rate at 
which the volume of water in the test section continued to increase without obtaining an 
equilibrium condition.  This method provided a fairly objective indication of critical flow rate. 

 
 
 

Figure 1.  Schematic of Flow Loop. 
 

 
Task 2: Transient Design Simulation of Gas Well Loading and Unloading. We planned 

to use commercial simulation software to investigate the effect of liquid condensation, phase 
behavior, transient liquid accumulation, transient multiphase fluid flow, transient heat transfer, 
and pumping on performance of stripper gas wells.  
 

Task 3: Liquid-Lifting Short Course.  The intent of these short courses is to provide a 
new opportunity for learning about multi-phase flow based on a broad set of demonstrations with 

Gas-Water 
Separator 

Gas 
Blower 

Re-Circulation Line  
(2 inch ID) 

Water 

Gas 

Gas & 
Water 

Casing (10 or 20-
feet-tall, 4-inch-ID) 

Dead-End Tubing  
  OD: 2-3/8”, 2-7/8”, 3-1/2”  

  Axial Position: Centered, 
or against the Wall of the 
Casing 

Water Pump 
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the flow loop. The set of demonstrations includes topics such as critical flow and critical flow 
rates, foam flow, annulus flow, vortex flow, and plungers.   
 
Results and Discussion 

 
Task 1: Constrictions below EOT.  Results from constant-water-rate tests are shown in 

Figures 2 through 6.  Figure 2 shows results for 3.50” OD dead-end tubing in the 10-ft-tall 
casing.  The “e” in the legend refers to eccentricity of the dead-end tubing.  If the tubing is 
centered, e=0.  If the tubing is fully against the wall, then e=1.  Tests were performed with two 
water flow rates: 4 and 8 bbl/day.  To clarify interpretation of these figures, let us consider the 
right-most collection of data in Figure 2, indicated as solid triangles.  The connecting line 
through the points was added to show association of points; the trend of the line has no other 
meaning.  The vertical axis gives the gas flow rate, and the horizontal axis gives the time elapsed 
after a reference time.  For this particular series of measurements, the dead-end tubing was 
against the wall (e=1) and the water flow rate was 4 bbl/day.  Ten groups of solid triangles 
appear in Figure 2, starting on the left with a gas flow rate of about 120 mcf/day and elapsed 
time of about 15 minutes.  Starting at 120 mcf/day, the gas rate remained fairly constant for a 
couple minutes; so, data collection was stopped.  The gas rate was decreased to about 110 
mcf/day at 20 minutes.  Again, the gas rate remained fairly constant, so data collection was 
stopped after a couple minutes.  The same pattern repeated until the gas rate was reduced to 
about 62 mcf/day.  After that reduction, which occurred just before 1 hour of elapse time, the gas 
rate declined to just under 60 mcf/day.  This decline in rate corresponded to increased liquid 
loading in the annular gap between the dead-end tubing and the casing.  Finally, in the 10 step of 
this series, the gas rate quickly fell to zero from its initial value of about 55 mcf/day as the 
annular gap loaded with water.  Thus, the response to this series of stepped gas rates shows that 
the critical flow rate is between 55 and 60 mcf/day.  The other three series of tests in Figure 2 
yield a critical flow rate in the same range.  For the series of tests in Figures 3 and 4, the casing 
was 20 feet long.  The critical flow rates for these tests are also between 55 and 65 mcf/day.  For 
the 3.50” OD dead-end tubing in the 4.00” ID casing, the length of the casing had no effect on 
observed critical flow rate. 

Figures 5 and 6 show results for a 2.88” OD dead-end tubing in 10-foot-long, and 20-ft-
long casing, respectively.  Critical flow rates from Figure 5 are between 70 and 80 mcf/day.  
Results in Figure 6 show that the critical flow rate for e=1 exceeded 140 mcf/day.  For centered 
tubing, the critical flow rate is between 80 and 90 mcf/day. For the 2.88” OD dead-end tubing in 
the 4.00” ID casing, the length of the casing did affect the observed critical flow rate: the critical 
flow rate was higher for the longer section of casing.  Also, the critical flow rate was sensitive to 
side-to-side positioning of the tubing.   
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Figure 2. Results from Constant-Water-Rate Tests for 3.50” OD Dead-End Tubing 
in 4.00” ID by 10-Ft-Long Casing. 

 
 

Figure 3. Results from Constant-Water-Rate Tests for 3.50” OD Dead-End Tubing 
in 4.00” ID by 20-Ft-Long Casing. 
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Figure 4. Results from Constant-Water-Rate Tests for 3.50” OD Dead-End Tubing 
in 4.00” ID by 20-Ft-Long Casing. 

 

Figure 5.  Results from Constant-Water-Rate Tests for 2.88” OD Dead-End Tubing 
in 4.00” ID by 10-Ft-Long Casing. 
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Figure 6.  Results from Constant-Water-Rate Tests for 2.88” OD Dead-End Tubing 
in 4.00” ID by 20-Ft-Long Casing. 

 
 
 
These results for critical flow rates are summarized in Table 1, and they are compared to 
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combined with the cross-sectional area of the annular gap.  The definitions and units of Equation 
1 are as follows: 
 
 vc = critical velocity, ft/s 
 ρl, ρg = liquid and gas densities, g/cm3 
 σ = gas-liquid surface tension, dyne/cm 
 

                                                
1 We have found that the THD correlation without the 20% correction gives good estimates of 
critical flow rates for flow in a tube at the low absolute pressures (about 12 psia) at which the 
flow loop operates. 
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The observed critical flow rates for the annular geometry are 20% to 50% lower than estimated 
with Equation 1.  

Table 1.  Comparison of Measured Critical Flow Rates with Estimates using the 
Turner-Hubbard-Dukler (THD) Correlation. 

Casing ID 
(in.) 

Tubing OD 
(in.) 

Measured Qc 
(Mcf/Day) 

THD Qc 
(Mcf/Day) 

4.00 2.88 70-90 (for e=0) 152 
4.00 3.50 55-65 (for all e) 74 

Task 2: Transient Design Simulation of Gas Well Loading and Unloading. As noted 
previously, we made no progress on this task because I left employment with Colorado School of 
Mines prior to completion of the project.  A corresponding portion of the project funds was not 
spent. 

Task 3: Liquid-Lifting Short Course.  Three two-day courses were held (October 13 and 
14, 2005; March 2 and 3, 2006; November 2 and 3, 2006) with about 10 participants in each 
course.  These short courses were organized at the request of Marathon Oil Company; but in the 
third course, engineers from Chevron also participated.  A portion of the time (3 to 4 hours) was 
allotted to general and specific discussion of liquid-lifting issues with a lot of participation by 
attendees.  The remainder of the time was devoted to the following demonstrations with the flow 
loop: 

Flow regimes (Bubble, Slug, Churn, Annular) 
Loading-up of well with water and termination of gas flow 
Breakup of water droplets (critical Weber number) 
Critical flow rates (Compare flow loop observations with estimates from THD 

correlation) 
Tubing-casing junction 
Effect of tubing couplings and tubing inserts 
Vortex tools 
Plungers 
Annular flow 
Foam flow  

The time for each demonstration varied from 30 minutes to 1 hour.  The demonstrations inspired 
a lot of discussion. 

In addition, a half-day course was delivered (February 27, 2006) for 50 participants from 
the 2006 Gas Well De-Liquification Workshop that was held in Denver from February 27 to 
March 1 of 2006.  This short course contained many of the demos of the two-day courses, but at 
a much faster pace.  A repeat of this short course was requested for the 2007 Workshop. 

In addition to these short courses, we presented a paper at the 2005 SPE Annual 
Technical Conference and Exhibition on early results from this project (Christiansen et al., 
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2005).  On January 26,2006, I gave an update on the project to the Production & Completions 
Study Group of the Denver Section of SPE.   

Conclusions 

1. Critical flow rate for flow the annular gap between tubing and casing was observed in a flow
loop using a constant-water-rate method. 

2. The critical flow rates obtained from these tests for 3.50” OD tubing in 4.00” ID casing were
independent of eccentricity and length of the test section.  For 2.88” OD tubing in 4.00” ID 
casing, the critical flow rates depended on eccentricity and length of the test section. 

3. The observed critical flow rates are 20% to 50% less than estimated from the THD correlation
(without the 20% correction). 
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Abstract 

 

The Stripper Well Consortium (SWC) sponsored this project, Demonstration of Hydroslotter Technology 
on New York Stripper Wells, to demonstrate an innovative stimulation technology named hydroslotting 
on marginal producing wells on three important plays in New York State: Onondaga, Medina, and 
Theresa.  Under this project, Hydroslotter Corporation prepared, conducted, and evaluated demonstrations 
of its proprietary technology on four stripper wells in NY State.   This report documents the project.  
Technical and economic conclusions for hydroslotting technology are made and are generally positive. 
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Hydroslotter Corporation 
 

Executive Summary 
 
The overall program objective is to demonstrate hydroslotting on three different types of geological 
formations and four different wellbore environments in New York State.  The three geological zones were 
the Onondaga, Medina, and Theresa formations.  Special focus is to be paid to the precision, efficacy, 
performance, and cost of hydroslotting.  The two ultimate objectives of this project were to gain greater 
acceptance for hydroslotting technology and to understand and decrease the costs of using hydroslotting 
technology on mature and depleted formations in oil and gas wells. 
 
The demonstration can be categorized into three broad sets of tasks: 1) to analyze each candidate well 
based on a geological / geo-physical process that includes a review of the gas field in general and in the 
immediate area in order to identify near-wellbore stress regimes and make recommendations for 
hydroslotting; 2) plan and demonstrate hydroslotting in different situations that present common 
challenges for all stimulation techniques; and 3) monitor the wells and make evaluations, conclusions, and 
recommendations. 
 
Hydroslotting is a method of increasing the productivity of oil, gas and hydro-geological wells that uses a 
proprietary hydrojet machine to remove drilling-related compression in the near-wellbore zone with a 
deep incision into the producing formation and re-distribute these support stresses outwards, thereby 
causing an artificial pressure drop and increased permeability in the near-wellbore zone.  The 
hydroslotting method treats the formation with powdered cyclical re-agents to further clean out this zone. 
 
The raw data for this project was provided by the New York State Museum of Geology (Albany, NY).  
The data was compiled, organized and presented for analysis by Quest Energy (Buffalo, NY).  Several 
meetings between Hydroslotter geo-scientists and Quest Energy resulted in the creation of a number of 
mappings, graphical, and spreadsheet presentations that assisted in the formation of hydroslotting 
reservoir models.  The field demonstrations were located in western and upstate NY: two wells in the 
Medina formation in the town of Alden, Erie County, and in Darien, Genesee County, and two wells in 
Chautauqua County, in the town of Pomfret, on Onondaga and Theresa formations, were used to 
demonstrate the technology. 
 
A number of accomplishments were achieved during the course of the project.  These are listed below: 
 

• The interim report offered a fresh look at the Onondaga, Medina, and Theresa formations 
 
• Hydroslotter Corporation developed and refined a new universal geo-physical methodology 
 
• We eliminated more inefficiencies in analysis and design than in the hydroslotting procedure 
 
• Hydroslotter encountered and overcame three major procedural engineering impediments 
 
• The work performed under this project directly resulted in design and material improvements 

 
 
The engineering on all the demonstrations experienced no technical glitches; the Theresa well 
demonstration required two procedures but otherwise also went smoothly.  The perforation aspect of the 
technology was demonstrated on all wells but not the chemical aspect: instead lease water was used as the 
working fluid.  The design and use of a chemical reagent on the formations in accordance with the 
patented method was finally disregarded after argument regarding lack of information on the wells, 
disagreement over the chemical treatment protocol, and financial restrictions.   

F-57



 Hydroslotter Corporation 
 

Demonstration of Hydroslotter Technology on New York Stripper Wells 2 

 
Actual technological and economic results were mixed.  With further experience expected in the future in 
New York State, it is strongly believed that the productivity and reliability of the technology can increase. 
 
Conclusions and Recommendations 
 
1. Hydroslotting can be commercially viable if several conditions are met. 
 
2. While durability is important for the hydroslotter machine, it is a necessity for the nozzles. 
 
3. It is recommended that new technologies such as hydroslotting be used to enter into the attic gas 

reserves of the Medina formation. 
 
4. It is recommended that the governmental and regulatory bodies in charge of collection of information 

set stricter guidelines for reporting requirements. 
 
5. Impediments to the development of this technology include the inefficiencies relating to geological / 

geo-physical qualification process and hydroslot design, and not the actual procedure.  
 
6. SWC leadership and partnership with industry plays a significant role in encouraging the use of 

hydroslotting for stripper wells. 
 
7. A critical leadership role for the SWC is to convince the industry and society at large that future gas 

reserves will be produced from stripper well reservoirs.  
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Demonstration of Hydroslotter Technology on New York Stripper Wells 
 

Section A: Project Overview 
 
 

Project Objectives 
 
The primary objective of this project was to test hydroslotter technology on three important New York 
plays: Onondaga, Medina, and Theresa formations.  These formations were chosen because of their 
development and economic significance for the Appalachian Basin but also because they represent three 
different types of geologies: carbonates, tight gas sands, and shale gas sands.  Tests were to be conducted 
in Chautauqua, Erie, and Genesee counties, New York.   
 
Originally, the objective was to demonstrate the technology in five (5) different types of wellbore 
environments, including: 
 

• in a previously completed zone 
• near a gas-water contact 
• in a by-passed zone of pay 
• in a problematic or complicated well 
• in a previously fractured zone 

 
When the proposal was formalized and accepted, Hydroslotter was requested to release one of the 
initiatives and concentrate on the other four.  Hydroslotter chose to release the demonstration in a 
previously hydraulic fractured well.  The reason for this choice was because it was left for a future 
demonstration.  We had discovered in early 2005 that hydroslotting in combination with fracturing (or in 
a fractured zone) offers supplemental benefits that exceed the singular benefits of hydroslotting alone in 
certain geological formations.  A patent was issued regarding this improvement in 2006. 
 
The work was planned into three main stages.  The first stage was to select and assess candidate wells 
using geological and engineering analysis and treatment protocol calculations.  The second stage was to 
conduct hydroslotting treatment procedures according to the objectives above on candidate wells selected 
for the project.  The third stage was to monitor the selected wells and evaluate the effectiveness of the 
technology application for one year.  In general, the four objectives were not difficult to complete and 
Hydroslotter was able to stay within the budget requirements of the project.  This report models the 
results to show the economic benefits to operators, including reduced payout times, and increased well 
productivity and longevity. 
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Project Background 
 
With the advent of high-pressure water-jets in the 1980’s, the world oil & gas industry soon figured out 
that water-jetting abrasive slurry straight through the walls of the casing would cleanly flush out all metal 
and debris and reach inside the oil-bearing formation and stimulate oil and gas wells better than did 
standard perforations.  Very different from ideas and practices that were forming in the USA, primarily 
the Russians differentiated near-wellbore damage caused by drilling from compressive stresses caused by 
drilling, and concluded the latter to have a greater negative influence on near-wellbore permeability.  This 
reality has been virtually ignored in western geo-physical academia.  The USSR began developing their 
water-jetting concept into vertical slotting of the wellbore casing to reverse the negative effects of near-
wellbore stress on permeability.   
 
The Russians created a method to deal with these compressive stresses, which was to precisely cut a 
“door-frame” shaped slice of pre-determined depth and vector through the casing and create a cavity in 
the hydrocarbon formation to a much greater horizontal depth. Slotting purportedly offered many benefits 
without the inherent disadvantages of the American methods.  After the collapse of the Soviet Union in 
1991 and subsequent decline in world oil prices, this new method, which Hydroslotter Corporation coined 
abrasive hydrojet slotting or “hydroslotting”, made no material advancements until we revived the idea 
and began R&D in early 2001. 
 
Originally the invention had numerous deficiencies.  Primarily, the downhole hydroslotting tools were 
irreparably damaged, frequently and unexpectedly, making the method unreliable and expensive.  The 
problem was that single, short applications routinely destroyed the down-hole tools.  The original Russian 
prototype was virtually hand-made and of rudimentary design and could not hold up to continuous use.  
Two other problems were that technical documentation was not clear and all the historical field results 
could not be verified. 
 
We discovered through our extensive theoretical and field research, that hydroslotting is effective in all 
oil- or gas-bearing formations, but is only superior to other technologies in certain types of rock.  From 
this investigation, we found that our technology counter-intuitively worked better in specific geologies 
with higher pressures. High pressure formations are generally found in deeper rock formations.  This is 
not a “restriction,” but actually a predilection.  In fact, being able to grasp where the technology excels 
best has allowed us to focus on many opportunities.  We developed our mathematical models by playing 
with variables that included using raw data to calculate the reduction of density of the rock, the effects of 
slotting depths or changing the orientation of the slots, and designing chemical reagents for a variety of 
scenarios within the same formation interval. 
 
Our research on the tool design was very effective and we made strong inroads.  We investigated various 
metallurgies, electronics, and sub-systems that could potentially be used in our 3rd-gen machines. Many 
times, research was challenging because we were contemplating things that had never been used before in 
the oil and gas industry.  We were able to make informed decisions about new ideas that would help 
durability, stabilize working pressure, lengthen application times, and extend service life. Therefore the 
two main areas we focused on were design of new parts to increase efficiency and reduce wear (abrasion 
& corrosion), and making all parts stronger by using better metallurgies. We also experimented with 
multiple perforators to increase the slotting rate without surrendering efficiency or increases in cost or 
working pressure. 
 
The ultimate goal of the company was to commercialize the technology as quickly as possible in order to 
have the benefits widely available to the industry and society at large.  However, it was apparent that 
many operators, especially those of marginal wells, had neither the discretionary capital nor the risk 
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profile to invest in a new technology with unproven results.  It was a business challenge that widespread 
acceptance would not occur until hydroslotting could be shown and verified to have worked in various 
geologies and wellbore environments – the more examples, the better – and could be marketed at a cost-
effective price.  In the beginning, this caused the company to direct its efforts on acquiring and re-
working its own wells to demonstrate the technology, a business plan that was successful because the 
profits created from increased production continue to this day.   
 
The company pursued the assistance of the SWC to demonstrate the technology to operators in an 
independent and public forum.  The successful application of hydroslotting in this type of forum would 
provide the credibility to prove that a large number of wells in various formations could benefit from 
hydroslotting.  This could spur the future application of hydroslotter technology on thousands of wells 
and result in increased supplies of domestic natural gas and petroleum.   
 
A new prototype with increased durability, strength, and additional flexibility needed to be designed and 
constructed for the demonstration.  To do this, we augmented the original Russian creation with North 
American engineering and superior materials, to create what we called a second-generation, intermediate 
or hybrid design.  The goal was to create a more advanced third-generation prototype that would function 
properly in various oil and gas geologies and down-hole engineering environments and respond better to 
the restrictions and limitations of the method.   
 
In the end, Hydroslotter field tested the second-generation design for this SWC project.  Technologically 
the demonstrations were a success, but economic analysis pointed to uncertain or moderate financial 
returns, which indicate that factors other than efficiency improvements may need to be considered to 
ensure profitability.  Results and analysis of the field tests are described in this report. 

F-61



 Hydroslotter Corporation 
 

Demonstration of Hydroslotter Technology on New York Stripper Wells 6 

Section B: Experimental 
 
 

Overview of the Hydroslotting Method 
 
Drilling and completion with standard perforation necessarily causes compression of stresses in the 
formation adjacent the casing (the “near-wellbore zone”), and often also causes damage.  Both these 
factors inhibit or block the flow of fluids between the wellbore and formation.  (It is not an indication that 
compressive stresses do not exist if is not noticeable with strong well production.)  One solution to the 
damage associated with jet perforating is abrasive water jetting or “notching”.  Notching makes shallow 
holes in the casing and cement and reaches a little farther into the oil- or gas-bearing rock and avoids the 
destructive effects of perforations.  Abrasive fluid is pumped down the pipe string to the jet body and is 
directed against the inside of the casing with a nozzle(s), thereby cutting a hole.  Returns of the fluid 
along with debris from the casing, cement, and formation are taken up the wellbore annulus. 
 
Companies researching this method include Halliburton, Schlumberger, Penetrators Canada, Centura Oil, 
Blast Energy Services, and Tempress Technologies, among others.  Historically, the objective of notching 
is to create clean communication between the wellbore and formation only, so in practice it has always 
been used as a precursor to hydraulic fracturing or acidization.  This is not much different from what was 
done some 50 years ago when water-jet perforation was invented.  In contrast, hydroslotting goes two full 
steps beyond abrasive jetting with expectations to enhance productivity results on its own. 
 
Hydroslotting is distinct from notching because the water-jets are used for deliberate removal of pressure 
around the wellbore by adding a vertical component, and deep horizontal excavation to expand the 
drainage radius.  Hydroslotting removes the mechanical compression stresses in the near-wellbore zone, 
which in turn eliminates the decisive influence they have on productivity.  Hydroslotting creates a low-
pressure area in the near-wellbore zone, creating an osmotic pressure difference from distant higher 
pressure areas, allowing fluids to move toward the well.  The symmetrical and vertical design of the 
hydroslot, not the fact that it is made by water jets, is what increases permeability by 20-40 times in the 
near-wellbore zone.  The deeper the horizontal excavation, the greater the drainage area and longer the 
commercial life of the well.  An overview of the scientific principles of the hydroslotting method is 
discussed in Appendix A: Scientific Principles of Hydroslotting.  
 
In the marketplace, there is no other technology that achieves the objectives of hydroslotting or at the 
same price.  It should be noted that only hydroslotting (and no other technology) transfers near-wellbore 
damage to the distant tips of slots as a method of maximizing productivity and extending a well’s life.  It 
is evident that the marketplace needs better education about how a decrease in near-wellbore pressure 
causes an inverse boost in porosity, permeability, and productivity. 
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Hydroslotting System Description 
 
The method for abrasive hydrojet perforating a well uses a standard service rig and a high-pressure pump 
unit, and requires a small crew and supporting equipment, including a BOP.  Safety is the first priority in 
the operation of a hydroslotting procedure.  The objectives of the procedure is to clean out the well to 
below the pay zone; log the well and correlate production zones; slot the selected intervals; apply the 
chemical treatment; and return the well to production.  For small zones, the process requires one day of 
work or less, depending on the vertical length of the slotted intervals.  Typically, the slotting procedure 
begins at the bottom of the targeted production zone.  The tool is repositioned by raising the tubing for 
each new slot to be cut.  The normal procedure used in hydroslotting a well is found in Appendix B: 
Typical Hydroslotting Procedure. 
 
The hydroslotter machine is a stand-alone device that is placed in the wellbore at the desired interval(s) 
on the end of drill or production tubing, and is removed at the end of all hydroslotting procedures.  It 
weighs 160 lbs and is 10.1 feet long.  When the operation is ready to begin and the pump pressure is 
increased to the working level (3000 – 6500 psi at surface), abrasive sand is added.  The machine locks 
itself into place in the wellbore so that it cannot shake, turn, or move vertically, ensuring the cutting 
activity is smooth and consistent and at the correct interval depth.  The machine diverts the abrasive slurry 
through sets of nozzles pointing directly at the casing, which takes a few minutes to cut through.  Once 
through the casing, the cement bond and the rock formation behind the pipe flush away “like a knife 
through butter”.  As the procedure continues, the internal throttle system causes the vertical descent of the 
nozzles at a speed that is needed to create a slot that is consistently deep and wide at all points. 
 
One important mechanical difference between the hydroslotter machine and the tools of competitors is 
that the slotting procedure is controlled at the point of engagement and not from the surface.  It has been 
shown that controlling a vertical descent of nozzles from the surface results in an inconsistent cut that 
resembles “chicken scratch” with no predictability of any vertical depth or vector.  A second important 
difference is the durability of the metallurgies used in the hydroslotter equipment.  
 
Hydroslotter Corporation manufactures all equipment to API Standards and at an ISO 9000 standards 
compliant facility.  Hydroslotter machines are designed for versatility, to exceed the needs of the tasks at 
hand.  Hydroslotter can furnish the equipment with or without certain specialized components that assist 
the customer in completing the well according to important geological and/or engineering pre-requisites.  
In addition, Hydroslotter can provide real-time development and recording systems to gather important 
real-time data about the procedure, the rock formation being hydroslotted, and the well.  
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Accomplishments 
 
A number of accomplishments were achieved during the course of the project.  These are listed below. 
 
1.  The interim report offered a fresh look at the Onondaga, Medina, and Theresa formations.  In 
the Report on Geological and Field Data Investigation, attached as Appendix C hereto, reservoir models 
were created from complex analyses of gas exploitation and log data.  Conclusions were able to be made 
about the Onondaga and Theresa formations, but data was generally insufficient because these formations 
are not well explored.  The following conclusions were able to be made about the three formations: 
 

• All three formations suffer from low pressure, where hydrostatic exceeds reservoir pressure 
• Total well production is sourced from less than 50% of the entire Medina reservoir 
• Gas production in the Medina could be increased by 

o Primary completion of existing pay zones using hydroslotting 
o Secondary completion by hydraulic fracturing in poor drainage zones even after 

hydroslotting 
o Selective exploitation of the top part of the Medina that is currently not the choice for gas 

production (by-passed pay), which contains, on average, 30% of all Medina gas 
resources, with maximum and minimum ranges from 10 to 70% 

o Drilling of additional new wells in the most prospective zones minimally or not impacted 
by the drainage of gas from nearby production wells. 

• Gas production in the Onondaga could be increased by  
o Hydroslotting where conventional perforating was previously ineffective 

• Upper Cambrian Theresa wells can be high producers with hydroslotting 
 
2. Hydroslotter Corporation developed and refined a new universal geo-physical methodology. As 
presented in Appendix C: Report on Geological and Field Data Investigation, this methodology was able 
to correctly: 
 

• Describe reservoir characteristics and natural fracture systems 
• Determine reservoir permeability, gas saturation, “filtration-capacitor” characteristics  
• Define effective thicknesses of gas saturation & filtration, porosity & gas saturation coefficients 
• Determine volumetric drainage areas and drainage radii and recoverable gas for existing wells 
• Create filtration model for all of Medina formation  
• Forecast increase in total cumulative gas production from infill drilling 
• Evaluate hydroslotting treatments and their impact on well drainage area and infill well potential 

 
3.  We eliminated more inefficiencies in analysis and design than in the hydroslotting procedure, 
contrary to what was expected.  It was always believed that the greatest inefficiencies of the hydroslotting 
method would be found in the actual procedure on the basis that it contains the bulk of the expenses.  In 
fact, the time and expense relating to the preparation of the procedure had the most room for improvement 
and cost reduction.  Items include the construction of a mathematical model for each individual well to 
calculate optimal slot depths, vector dynamics, and chemical reagents for a variety of scenarios within the 
same formation interval; the development of the appropriate constitutive relationships to relate excavation 
geometry to permeability enhancement; and the resulting hydroslot design, which is needed to predict 
spatial permeability distribution as a function of the imposed perforation or slot.  Going into the 
demonstration stage of the project, Hydroslotter Corporation had a strong understanding of stress 
redistribution, but there were still many unknowns that had to be learned and tested. Some of these 
unknowns may have been caused by the reticence of the Russian experts to reveal evidence of some 
education that was considered so basic and necessary that it had to be built from scratch.  There were also 
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cultural / hierarchical issues.  Work on eliminating inefficiencies in this area continues.  That being said, 
we demonstrated hydroslotting successfully and showed that, practically speaking, hydroslotting works.   
 
4.  Hydroslotter encountered and overcame three major procedural engineering impediments.  
First, hydroslotting a zone in which the hydrostatic pressure exceeds the formation pressure means that 
the drilling will be overbalanced and this hurts the formation.  At the time, the hydroslotting procedure 
did not call for a lifting mechanism such as foam or nitrogen to lift the water out of the annulus, thereby 
creating an under-balanced drilling operation.  The problem is that under-pressured formations indeed 
drink water.  We now use these lifting mechanisms.  Similarly, working fluid cannot be left in the hole 
overnight because the freshly cut formation will absorb the water and the water will take time to release.  
Second, the vertical stretch or shrink of the tubing while under pressure was not properly calculated.  This 
could have happened from stretch under high pressure or if the string got “hung up” against the inside of 
the casing, if the hole was unknowingly deviated.  In either case, our assumption that the jet was being 
properly directed was mathematically calculated but never checked in any of our jobs and generally, we 
must conclude that we may have been in error.  We continue to use the formula, but verify the calculation 
with a logging procedure that is performed at working pressure.  Third, we tested three different 
configurations.  We tested different length slots.  We purposely manipulated sand concentrations.  We 
used three sets of perforators (6 nozzles altogether) for the first time.  By reducing the number of nozzles 
to two (one perforator set) from six, the abrasion on the nozzles was accelerated.  Our solution was to 
manufacture better nozzles but also testing of the variable components of the procedure continues. 
 
5.  The work performed under this project directly resulted in design and material improvements. 
One of the greatest achievements of the demonstrations was the understanding gained from working with 
the intermediate or second-generation tool.  Using the guidance of our experience from this project, we 
were ready to begin designing the brand new “3rd generation” prototype – powerful, standardized, 
mobile, efficient, and flexible – with the following general goals: 
 

• Durability (stronger metallurgies) for longer service life 
• Automated (to some degree) & fewer components for reliability 
• Better protection from sand invasion, wear & tear 
• Standardized to the industry API standard 
• Minimize costs of expensive surface equipment with longer continuous work 
• Make better use of the surface equipment, like pumping at maximum pressures 

 
After each demonstration, we were able to take apart the chassis and make deductions.  In real time, we 
saw the technology interact with the surface equipment, such as the rig, pump, sand blender, etc., and how 
to improve compatibility.  By the last demonstration, we understood how to achieve an application cost 
reduction of more than 50%.   
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Section C: Results and Discussion 
 
 

Project Tasks and Work Completed 
 
 
Task 1: Analysis and Candidate Well Selection 
 
 
Hydroslotter first started its analysis from a historical point of view and in-depth consulting from Quest 
Energy.  It was discussed that the common method for completing all wells in NY state is with hydraulic 
fracturing, and secondarily or following up with acidization or acid washes.  Hydraulic fracturing is the 
preferred method because of the underground naturally fractured block system of the Medina formation, 
highly influenced by natural fractures.  Hydraulic fracturing opens up the access to adjoining blocks 
beyond these natural fractures and creates an increased drainage radius.  Very limited production can be 
created from completions using standard perforation only.  Therefore, in known mature and/or stripper 
wells, hydroslotting was generally expected to create an enhancement in geological formations that would 
have started as poor producers in the first place. 
 
One of the initial problems encountered was lack of information and inability to collect available 
information.  Generally, NY State reporting requirements are low:  most well files do not contain even the 
most basic of initial information such as wellbore diagrams, core sample analyses, formation tops, gas 
pressure or other full-value gas dynamic analysis, and filings contain incomplete statements about flow 
tests or initial shut-in or reservoir pressures.  Production information, if available, is often incomplete, 
missing relevant ongoing wellbore and line pressure information.  Further complicating the collection of 
data was that the current operator purchased many of the wells being reviewed from a purportedly 
bankrupt previous operator, and neither had filed any permits nor submitted any secondary workover 
histories on the basis that the state did not require such information.  Permits are only required for 
workover in the different zones of a well, or to change the designation of the producing formation. 
 
Two geological/geophysical reports were written for the project, one public and one private, showing the 
gas potential of all of the candidate wells and their neighbors in the immediate area.  The private report 
was not submitted due to confidentiality of the subject matter: it identified wells with near-wellbore stress 
and made recommendations about hydroslotting and geographical locations for in-fill drilling.  The public 
interim report, titled Report on Geological and Field Data Investigation, offered complex analysis, 
discussion, conclusions, and recommendations regarding the Onondaga, Medina, and Theresa formations.   
 
A significant characteristic of all three formations is that there is a correlation between total gas 
production of a well and the well’s initial reservoir pressure.  The maximum gas production of any well is 
obtained from zones where initial reservoir pressure is the lowest.  As discussed in the Report on 
Geological and Field Data Investigation, the calculated drainage radii of the wells in these formations 
suggest with a high probability that gas migrates from distant high-pressure areas of the reservoir to low-
pressure areas where it is collected and extracted.   
 
In this respect, recommendations for hydroslotting are therefore somewhat positive. By lowering the near-
wellbore pressure to a minimum, the effects of the compressive stresses are reversed and drainage is 
improved.  Drainage parameters can practically define the total gas production and are characterized by 
very low rate of extraction compared to the total in-state gas of the reservoir.   
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Counter-balancing this positive note is the geological challenge facing the hydroslotting method.  In all 
three formations, the reservoir pressures are significantly lower than hydrostatic pressure.  During the 
hydroslotting procedure, the weight of the column of fluid being circulated back up to the surface will be 
heavier than the formation can bear and lead to an overbalanced condition.  This means that in each 
workover, significant fluid will be lost into the formation.   The result of water invasion is reduced gas 
productivity as the wells produce water, and it will take time for them to clean themselves up.  At the time 
of the demonstrations, there was no clear answer as to how to deal with the over-balanced nature of the 
method.  Now, in order to create an under-balanced condition in the future, Hydroslotter now adds 
nitrogen or foam to the circulation to ensure that the formation pressure exceeds the hydrostatic and give 
the column of fluid the momentum to lift out quickly.  In any event solutions were not known at the time 
and each hydroslotting workover was done in an over-pressured state, which caused production problems.  
 
 
Task 2:  Technology Demonstrations 
 
 
The strongest recommendation was the expediency of carrying out hydrodynamic testing on the basis that 
it would assist in developing a program for hydroslotting as well as drilling new in-fill wells.  The 
recommendation was resisted by the operator on the basis of cash flow requirements.  Well into the 
program, the selection of wells was reduced to a narrow band with low potential for increased production.  
All were in an extremely mature or damaged state and/or ready to be plugged and abandoned.  At the 
same time, these wells offered limited opportunity for Hydroslotter to gain further insight into the 
expansion or improvement of the technology.  Nonetheless, having satisfied the technological 
requirements of the program, the decision was made to push forward.  In the end, this decision was the 
right one because all workovers produced sufficient gas to be marginally profitable. 
 
The key objectives were not to show the value of re-working an entire well, but to show that hydroslotting 
could increase production in the different formations.  Each demonstration succeeded in showing pressure 
increases and improved gas production.  Equipment costs were inordinate for the purposes of these 
demonstrations.  For financial reasons and issues with the operator, workovers were limited to one day 
per demonstration.  Only in the case of the Theresa well was the workover extended to two days.  
 
 
1. Our first Medina well demonstration.  Drilled in May 1984 to TD 1358’, and completed at the 
interval 1190-1238’ ft., with 52 ft of effective pay, this well had the lowest initial reservoir pressure of 
only 380psi compared to all the other wells in the nearby area. The initial flow was 1057 mcfd, much 
higher than nearby wells.  Cumulative production is 159,628 mcf.  After hydroslotting the same zone, 
daily production increased from <10 mcfd to 35mcfd.  However, water production also increased, 
producing over 450 barrels of working fluid in 2006.  In the evaluation period, production declined to less 
than 15mcfd whenever a column of water would build in the tubing and restrict the flow.   
 
2. The second Medina well demonstration.  It is the classic example of a mature stripper well.  Drilled 
in 1983 to TD 1300’ and completed at 1192 – 1242’, with 31 feet of effective pay, this well had initial 
flow was 975mcfd and cumulative gas production is 29,183mcf.  After hydroslotting the same zone, 
performance increased 10x from 1.5 mcfd to 15mcfd and flush production was sustained for 3 months.  
Production continues at 5mcfd, which is a 50% sustained improvement over historical production.  In 
2006, the well has produced over 100 barrels of working fluid / water production.  
 
3. The third demonstration was the Theresa well demonstration.  Drilled in 1996 to a TD of 6174, 
this well produced 6744 mcf at 5478 – 5496’ at an ISIP of 1510 psi from 1996 to 1998 but sat idle until it 
was hydroslotted in August 2005.  Several intervals appeared to be prospective for additional gas within 
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the Theresa formation: (i) 5555 – 5560’, (ii) 5565 – 5572’, (iii) 5608 – 5611’, and (iv) 5623 – 5628’.  The 
second interval was chosen as it was closest to the previous production and near a water layer.  We 
hydroslotted using 3 sets of nozzles but mechanically could not optimize working pressure and shut down 
the procedure.  Production increased to 75 mcfd followed by a rapid decline.  The zone was re-slotted and 
resulted in an IP of 107 mcfd.  Reducing the number of nozzles increases the slotting time and accelerates 
the abrasion on the nozzles.  The objective of isolating and/or preventing water problems was successful.  
In the end, 8ft was slotted, which was sufficient to receive 2135 mcf before the well was shut-in again.   
 
4. The Onondaga well demonstration.  Drilled in 1996 to TD 3021’, this well’s inherently low pressure 
made the Onondaga Formation the toughest of the three NY formations to tackle because of the risk of 
overbalanced slotting. This gas well could have been damaged by the overbalanced procedure when it 
went under vacuum would have an adverse impact.  Three small intervals totaling 12 feet of by-passed 
pay were slotted at (i) 1842 – 1848’, (ii) 1852 – 1855’ and (iii) 1865 – 1868’.  This Onondaga formation 
well now produces 11mcfd, over production for the previous 5 years of 2-3 mcfd.  The result has 
evidenced a major water problem, unloading over 3000 bbls in 2005 and over 250 bbls in 2006. 
 
 
Task 3: Evaluation of Results 
 
 
In the following year of monitoring, hundreds of barrels of water were produced from the wells on a 
declining basis. While it is clear that water production was a direct result of hydroslotting (in comparison 
to years prior to the workover, in which water production was zero), the quantification of gas production 
increases became more difficult due to operator issues.  Results of the demonstration are shown below:  
 
 

2005 20061  Cumulative 
Production 

(mcfd / mmcf) 
Gas  

(IP / mcf) 
Water  
(bbls) 

Gas  
(mcfd / mcf) 

Water  
(bbls) 

Total 
Gas 

mcf / (% inc.) 
Medina1 2 <17 / 159.6 35 / ~2700 120 12.5 / ~3700 450 6400 (+15%) 
Medina2 1.5 / 29.2 15 / 1034 0 5.2 / 1550 120 2584 (1000%) 
Theresa 0 / 6.744 100 / 1830 0 20 / 305 0 2135 (+32%) 
Onondaga 12.7 / 87.9 12 / 4336 3150 11 / 3300 250 7636 (+10%) 

 

                                                
1 2006 figures may not correspond with official state figures that have not been released yet. 
2 This figure is not total production, but volume increase attributable to slotting. As negotiated with operator. Total reported mcf 
vol. = 6193 (2005), ~ 5500 (2006). 

F-68



 Hydroslotter Corporation 
 

Demonstration of Hydroslotter Technology on New York Stripper Wells 13 

Economic Analysis 
 
Marginal quantities of gas increases in this demonstration should not be considered negative, because the 
absolute numbers relate to the fact that very little gas existed in-place. For example in the Theresa well, 
the relative increase should be regarded as a positive because hydroslotting increased the commercial life 
returns by 32% in comparison to conventional completion technologies.  It is therefore surmised that if 
the reserves exist, hydroslotting can reach farthest into the drainage area to make the well a large producer 
in a way that no other technology can.  This leads us to believe that only a fraction of total reservoir is 
being produced & BCFs of gas are unexplored.   
 
Analysis of the economics of the hydroslotting tool highlights a great obstacle to commercialization.  
Cost-based models understate the value of the technology.  Costs to manufacture the machine are not 
individually expensive.  Tests to date show a relatively long service life for the machines, and this trend in 
durability is expected to continue as the technology is further improved.  Therefore on a rental basis the 
machine might have a pay-out in a week at $5,000 daily rental charge.  The total billing cost of using the 
machine is more expensive than simple perforation, and less than hydraulic fracturing: these relations 
have not changed in the last three years.  The daily total billing cost of the machine incorporates the cost 
of the supporting services needed to put it into operation.    A third model using the development cost of 
the machine, because it required highly trained engineers and machinists with a large amount of testing is 
also ineffective.  R&D costs do not continue in the preparation, trouble-shooting, maintenance, and 
operations on a continuing basis and R&D costs are expected to be recovered with proper marketing. 
 
The increased productivity from using the machine is disconnected from the costs of the hydroslotting 
machine or services.  Depending upon the attributes of the well, productivity increases can have a wide 
range, from 15% to 200%, as seen in the results of this set of demonstrations.  The first Medina well 
evidenced stabilized production with barely any improvement over the historical production while water 
was being produced.  The second Medina well, on the contrary, showed a massive increase on a sustained 
basis, with an IP of 1000% the previous production and sustained production of 50% greater. 
 
Based on the market cost of the typical surface equipment to be used in a hydroslotting operation, the 
total billing cost approximates $10 per foot of depth per application, with a minimum application cost of 
about $20,000.  (There is no price advantage for wells shallower than 2,000 ft.)  Thus, for example, 
surface equipment may cost $50,000 on a 5,000 foot well for one day of work.  The productivity of the 
machine is able to slot 36 feet in a 12 hour day, which allows time for rig-up and rig-down of high-
pressure pumping equipment.  This amount of slotting is sufficient to cover the majority of effective pay 
zones in all New York formations. 
 
Pay-outs required to justify hydroslotting in NY are calculated.  The cost model assumes the paid-out cost 
of an operator equals the cost of the operation, plus the added surcharge for royalties (assume 20%) and 
wellhead expenses, divided by the price of gas (assume US$6.00).  The formula below can be used to 
approximate the cost of a hydroslotting procedure.  
     

Q = [ Cost + Royalty + Expenses ] / Gas Price 
 
Based on this formula, necessary production for an operator to cover the costs of a hydroslotting 
workover ranges between 3,500 mcf and 8,000 mcf for deeper formation intervals: 
 

Onondaga cost = $20,000 = 3,500 MCF 
Medina cost = $25,000 = 4,400 MCF 
Theresa cost = $50,000 = 8,800 MCF 
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In terms of technological improvement, the Theresa well was the outstanding performer, as the 
commercial life of the well was increased by 32%.  The second Medina well was also an important 
producer except that the gross volumes of gas and drainage acreage available to the well were low (please 
refer to Report on Geological and Field Data Investigation for details.  The Onondaga well, which was 
fracced two years earlier, expanded the drainage volume allowed hydroslotting to connect to this increase 
without creating expanded production.  The expanded drainage volume increased reserves from 100mmcf 
by 50% to 150mmcf.  Hydroslotting by-passed pay contributed only to drainage volume, evidenced by an 
increase in the wellhead pressure, although actual increased production is difficult to verify. 
 
In terms of return on investment, the Onondaga well can be considered to be the most successful, with a 
payout in approximately 7.8 months.  On the other end of the spectrum, the Theresa well did not attain its 
minimum productivity requirements to become profitable, resulting in fact in a loss of nearly $48,000 
according to the formula above.  The Medina wells will be able to pay off the workovers in just less than 
one year, at 11.7 months.  This marginal profit is not strong enough for widespread commercialization 
and forces Hydroslotter to continue research and development with an objective to reduce costs to a 
preferred pay-out time at less than 6 months. 
 
In terms of comparing hydroslotting to other technologies, the ball remains in the air.  More wells require 
to be completed using this novel technology to show definitive answers.  At present, financial 
comparisons are easier than technological comparisons.  The relative economic cost of hydroslotting is 
more than simple perforation and marginally less than the cost of hydraulic fracturing, and less than the 
cost of completing a well using simple perforation followed by hydraulic fracturing.  Technological 
comparison would be more easily facilitated if two operations were done side-by-side.  On an absolute 
basis, hydroslotting can be deemed a success as a remedial technology, but has not been used yet as a 
primary completion technology on a newly drilled well.  This is a goal for the future.  
 
Rising or buoyant gas prices are helpful to offset the increasing prices of oilfield service costs, especially 
rig costs, which rate of increase is astronomical.  Due to improvements in the machine and especially in 
the durability of the nozzles and perforators, hydroslotting cost now has been reduced to the range of 
$6.00-7.00 per foot of depth.  This estimate is based on an in-hole service life of 300 hours and the ability 
to hydroslot 1,000 feet of formation, as well as the technical supervisor of the machine. These new 
economics should show that many stripper wells can use hydroslotting economically in today’s price 
environment. 
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Conclusions and Recommendations 
 
 
1. Hydroslotting can be commercially viable if several conditions are met.  Results of this 
demonstration effort show that generation of hydroslotter machine used can be economically successful in 
even the most difficult or marginal of stripper wells.  However, it is important to note that from our 
experience in NY State, first and foremost, hydroslotting is not recommended for use in wells that 
produced, during their entire commercial lives, less gas than what would be required to pay for a single 
hydroslotting workover, because the risk-reward balance cannot be justified.   
 
2. While durability is important for the hydroslotter machine, it is a necessity for the nozzles.  All 
aspects of the downhole procedure rely completely on the robustness of the nozzles.  Increasing the work 
load of the operation or the harshness of the downhole environment will require development of a new 
platform of more durable metallurgies and sub-components. After the demonstrations, Hydroslotter 
developed a new nozzle made of powerful ceramic carbide metallurgy, and hardened perforators with 
special alloys with exotic metals.  The result of these upgrades has made for faster and deeper cutting 
(6000 psi and 0.3 lbs/gal).  There is an economic saving in that no time is wasted pulling tubing out of the 
hole every second day and this maximizes the slotting time.  The tool now regularly cuts between 15 and 
20 feet deep without deterioration.  It is clear that the machine can slot 80 hours continuously without 
deterioration, so money should be saved on surface equipment and pumping pressures can be maximized. 
 
3. It is recommended that new technologies such as hydroslotting be used to enter into the attic gas 
reserves of the Medina formation.  In many cases these reservoirs exceed 25% of the formation.  For 
example, as discussed in Report on Geological and Field Data Investigation, it was shown that the listed 
analyzed wells had attic gas reserves of 30%, on average, where gas saturation exceeded 30% and 
porosity exceeded 11%. The upper reserves offer plenty of potential for gas exploitation and hydroslotting 
demonstration because of the low porosity characteristic.  By-passed pay may be plentiful however; if the 
initial production of the main object of exploitation was low, then the economic collection of gas in the 
attic reservoir is going to be difficult, and review of offset wells and logs is necessary.  All attic reserves 
are possible candidates with further evaluation. 
 
4. It is recommended that the governmental and regulatory bodies in charge of collection of 
information set stricter guidelines for reporting requirements.  At present, guidelines are grossly 
inadequate. If an operator wishes to acquire or work over a target well, access to information must be 
sufficient to determine with clarity whether there is any gas left in-place to pay for a workover.  
Production history, logs, and formation characteristics should be included in the very basic information 
that is needed.  NYSDEC reporting requirements are currently not strict enough in this regard. 
 
5. Impediments to the development of this technology include the inefficiencies relating to 
geological / geo-physical qualification process and hydroslot design, and not the actual procedure.  
Some of the inefficiencies may be attributable to normal growing pains or learning curves of a new 
technology, while others can be associated with cultural and hierarchical norms.  We feel strongly that 
developing or educating the company with important scientific principles will be the foundation for future 
generations of the technology and is basic and necessary to improving the design and economics of the 
hydroslotting procedure. 
 
6. SWC leadership and partnership with industry plays a significant role in encouraging the use of 
hydroslotting for stripper wells.  The SWC has given Hydroslotter the platform needed to market the 
hydroslotting technology.  Industry’s current R&D goals and (political) perception of future R&D 
requirements do not focus on technological operations in stripper wells and there was no other similar 

F-71



 Hydroslotter Corporation 
 

Demonstration of Hydroslotter Technology on New York Stripper Wells 16 

platform that could be used for the development of hydroslotting at a critical time in its growth...  It is 
important that industry and the SWC collaborate to encourage the development and use of new 
technologies like hydroslotting to prepare for the future. 
 
7. A critical leadership role for the SWC is to convince the industry and society at large that future 
gas reserves will be produced from stripper well reservoirs. The SWC’s prediction of future 
requirements to extract gas from stripper wells is correct.  The US oil and gas industry must have the 
means to exploit reserves to meet the nation’s current and future demand.  This will in turn have a 
significant impact on the US economy.  In addition, the SWC’s focus on new technologies helps reduce 
the risk and offset chances for loss.  On a broader note, the political vision of the government does not 
strictly agree with the vision of the SWC that the development of new oil & gas technologies will be an 
important factor in maintaining energy reserves in the future.  It is vital that SWC maintain and that the 
industry support and strengthen the SWC’s leadership role to improve the production performance of the 
nation’s natural gas and oil stripper wells. 
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Appendix A: Scientific Principles of Hydroslotting 
 

1. Introduction 

 

There has been abundant research in USA and abroad that shows that the physical state of the area 

immediately around a wellbore (near-wellbore zone or NWZ) in a fluid-producing interval or zone 

significantly affects the well inflow during the process of drilling and exploitation of oil and gas 

reservoirs. Therefore, stress concentration in the NWZ by definition also exerts critical influence.  NWZ 

stress is almost always caused in the drilling process, but NWZ stress is most evident in older or mature 

wells, because the NWZ has undergone years of slow damage.  Research has found that in vertical 

wellbores, increased tangential stresses in the NWZ negatively affect the physical characteristics of the 

formation rock.  In particular, there is a considerable decrease in the permeability of the productive layers. 

(It is understood that directional or horizontal wellbores will also sustain NWZ damage, but this has yet to 

be demonstrated or quantified through publicly available research.)  Further, Hydroslotter and other 

investigators have shown through laboratory simulations of true physical conditions, this correlation 

between formation permeability and pressure exerted upon it.   

 

 As a result, the method used by Hydroslotter, under which the pressure in the NWZ is essentially 

decreased, reverses this dependence, creating an artificial condition in the NWZ where formation pressure 

is reduced below what is found in the pre-drilling natural state, arousing a multi-fold increase in NWZ 

permeability in the collector.  This report describes the hydroslotting method, the results of industrial 

hydroslotting demonstrations in New York State, and discusses further steps in discharging pressure in 

the NWZ, overcoming mud invasion in newly drilled wellbores, and further increasing the area of 

filtration, the drainage radius, and the use of hydroslotting in conjunction with other completion methods. 
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1. The Near-Wellbore Zone 

 

 A hydrocarbon-producing rock formation begins a process of alteration after the stratum is 

opened by a drill hole.  As the rock adjusts to the presence of the wellbore, there is a transformation of the 

properties in the collector immediately around the wellbore.  The part of a collector adjusted to the well, 

where the quality of reservoir has been changed, is called the near-wellbore zone (“NWZ”).  The most 

important practical impact of this process is the reduction of permeability of the collector in the NWZ.   

 The NWZ appears in various forms, especially in fractured and fractural-porous reservoirs, but in 

practice, it is accepted as cylindrical in shape and is characterized by a relatively uniform radius and 

height.  For hydrodynamic calculations, in the absence of core samples and other physical materials with 

which to test under laboratory conditions, the actual properties of the zone cannot be used.  Instead, for 

the simplification of hydrodynamic calculations, the formation rock inside the NWZ is mathematically 

considered to be homogeneous and isotropic.  Therefore, the hydrodynamic effects are estimated as if the 

rock was homogeneous, and this causes calculations to differ seriously from the real characteristics of the 

rock formation in the NWZ due to the actual heterogeneity, fluid movement, and non-isotropic stress. 

  The sizes and parameters of the NWZ change constantly throughout all the periods of a well’s 

existence, from the state prior to drilling, to the drilling of adjacent wells, to the eventual plugging and 

abandonment. The diameter of the NWZ ranges from less than a meter (approx. three feet) to rarely 

exceeding a few meters, in porous formations.  The condition of the NWZ defines the hydraulic 

relationship between the well and the reservoir; despite its small size, it is the largest single influence on 

well productivity.  A large decrease in permeability in this zone during drilling or long-term preservation 

of the well could lead to complete isolation of the well from the reservoir.  

 There is general agreement that wells drilled a longer time ago contain NWZ with greater damage 

and size than in those wells drilled recently.  Advancements in the oil and gas E&P industry have led to 

better drilling methods to reduce compression of the rock in the NWZ, better drilling muds to reduce 

F-75



 Hydroslotter Corporation 
 

Demonstration of Hydroslotter Technology on New York Stripper Wells 20 

chemical and physical effects on the reservoir, and better perforation, fracturing, and other well 

completion techniques to reduce plugging of porous channels by fines and emulsions. 

 There are a number of stimulation methods used for the remediation, recovery and/or increase of 

the natural permeability in NWZ.  The main methods of recovery or remediation include open flow 

drainage, pumping of surface-active materials and thermal influence. The most widely used methods to 

increase permeability include acid treatment and hydraulic fracturing.  

 Open flow drainage is the most widely applied method of well completion, providing good results 

during well completion, especially in highly permeable collectors or those with relatively low penetration 

of drilling mud.  In low permeability collectors, open flow drainage cannot provide such positive effects 

on its own and other methods need to be used.   

 Surface-active materials applied to the NWZ can eliminate emulsions, reduce clay-type minerals 

swelling, and destroy fines or asphaltenes in the filtration channels and phase boundaries (gas/oil/water), 

all of which promote a renewal of natural permeability.  Generally, surface-active materials are used 

jointly with other methods since their effectiveness on their own is not high enough.   

 Thermal methods are increasingly used in heavy oil collectors to reduce oil viscosity and clear the 

filtration channels of paraffin or other resinous substances.  

 Acid treatment is widely used and is highly effective.  The main disadvantage of acid treatment is 

economic and related to the necessity of hydraulic connection between the well and reservoir, as well as 

the fact that there is no single treatment for all collectors, especially in the case of heterogeneous 

reservoirs.  Besides this, when acid treatments fail, the ensuing decrease in collector permeability is often 

irreversible.  In numerous cases, this is just a result of incomplete removal of the reaction products, 

especially in terrigeneous collectors.  

 Hydraulic fracturing creates bottom-hole zone fractures by injecting liquids at high pressure.  Of 

all the methods, it is the most technical and complex.  Special proppant material, such as frac sand, is 

added to liquid or gels, in order to fix open the apertures of the cracks.  This is the most effective method 

of increasing well productivity because the depth of influence extends up to tens or even a few hundred 
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meters.  However, the main deficiency of this method, of course, is the absence of control, direction, and 

manipulation of the fracture(s).  For example, a fracture will propagate in the most permeable rock of a 

heterogeneous collector; orientation of the fracture is defined by the natural complex stress-strain 

condition of the rock and orientation of natural fracturing; often the direction and extent of a fracture 

cannot be predicted, especially in newer, softer deposits.  The uncontrollability of the hydraulic fracturing 

process can lead to the unwanted spreading of cracks to water-saturated collectors. 

 None of the present methods listed above eliminate the original reason for the decrease in 

collector permeability – stress concentration around the near-wellbore zone. 

 

2. The Relationship of Formation Pressure and Permeability. 

 

The critical role of pressure on permeability.  The major sources of natural formation pressure are 

overburden, tangential, and lateral (pressure from all sides).  The deeper the formation, the greater is the 

pressure.  In a well, or more specifically the near-wellbore zone (“NWZ”), the pressure that requires 

being relieved is the difference of the overburden and hydrostatic pressures.  For example, at a depth of 

1000m (3300ft.), the pressure to be relieved might be 250atm – 100atm = 150atm (3700psi – 1500psi = 

2200psi), to achieve proper unloading of the stress in the NWZ.  Bearing in mind that the density of rock 

increases by 1% and porosity decreases by 1% for every 100m (330ft.) of depth; permeability declines at 

a much higher rate, approximately 10-20% per 100m (330ft).  For example, if permeability at 1000m is 1 

Darcy, then at 1500m (5000ft.), it will be one-third to one-half less, yet the hydrostatic pressure will only 

have increased by 50atm (750psi).  Therefore, in a lower zone of the same productive layer, but 500m 

(1700ft.) deeper, the well productivity will be proportionally less due to this decrease in permeability.  

An illustration of the critical role pressure plays on inflows of fluids is shown by the fact that the 

different geometry introduced into the formation by drilling, doubles the pressure on the wellbore.  In our 

example, if the efficient formation pressure at 1000m (3300ft) is 150atm (2200psi), the pressure on the 

wellbore walls will be over 300atm (4400psi).  This is identical to a pressure increase that would be 
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expected if the formation depth was tripled, i.e. if the well was deepened from 1000m (3300ft.) to 3000m 

(9900ft.).  There is a proportional drop in porosity, and likewise a drop in inflow of fluids.  Conversely, if 

a method could remove or reverse this pressure, it would be identical to a pressure decrease that would be 

expected if the well was half as deep, from 1000m (3300ft.) to 500m (1700ft.).  

The stress dependence of permeability is well established for hydrostatic stress state in laboratory 

experiments under confining pressure.  Compilation of some published data on a variety of rock types 

(Gray and Fatt, 1963; Marmorshteyn, 1975; Yale, 1984; Walls et al, 1982; Morrow and Byerlee, 1988) 

clearly demonstrates that rock matrix permeability decreases with increasing pressure and the magnitude 

of this reduction is related to initial, low pressure permeability values.  Permeability reduction curves 

basically cluster rock types into two major groups (1) granular reservoir rocks with higher porosity and 

initial permeability; and 2) low porosity/low permeability rocks with micro-crack related permeability.  

The decrease in permeability caused by stress is much greater in the latter rock type and can reach 

reduction 70 to 90% reduction at a very moderate mean stress of 100-150atm (1500-2200psi).   

State of pressure around the wellbore.  The drilling of a wellbore alters the pressure regime in the 

NWZ from an isotropic state to anisotropic compression.  The wellbore, the dominant factor in 

determining near-wellbore stress, exerts considerable negative influence on permeability.  The greater the 

distance from the wellbore, the less will be the influence of the compressive and radial stresses caused by 

the wellbore on the formation; at some distance the stresses caused by the wellbore will equal the stress 

condition of the rock in its natural state, which can be approximated as hydrostatic pressure.  The deeper 

the well, the farther out from the wellbore will the zone exert its influence to its derivative limit; the stress 

regimes in the zone of influence will dilate proportionally.  Additionally, in all types of rock, the greater 

the natural hydrostatic pressure, the less is the natural permeability and the possibility of inflow of fluids.   

To calculate stress around a cylindrical hole at a certain depth z one needs to know the 

overburden pressure Pz = µgz, where µ  is the bulk rock density, g is 9.8 m/s2.  There are also two 

principal horizontal stresses Px (lateral pressure) and Py (tangential pressure), whereby P1 = Px + Py + Pz.  

For deep wells in sedimentary basins characterized by extensional paleotectonic regime the stress state 
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can be qualitatively approximated as Pz > Px = Py where Px and Py are approximately identical values.  

The horizontal (uniaxial) stress condition for P1 results in a formula that can be described as: 

 

P1 = Pz [v / (1-v)] = λPz 

Where λ  is the Poisson coefficient of a rock at the depth of interest, which is the ratio between the 

transverse and longitudinal stresses in a solid body.3  Assuming as a first approximation that a formation 

is subject to isotropic stresses, P1 would be the total stress state around a cylindrical hole filled with fluid.  

Bear in mind that this math is inaccurate because of the improper assumptions about isotropy. 

Removal of pressure from around the wellbore.  The objective of Hydroslotter Corp. is to 

calculate the force required to unload the wellbore-related stress in the NWZ.  For this, it is necessary to 

know the elastic modulus of the rock because, for practical purposes, Hydroslotter’s industrial method to 

eliminate the uniaxial compressive stresses of the rock inside the NWZ (i.e. those impacted by drilling 

and operation of a well) will have a different effect on the same rock beyond the NWZ. 

In an example of removal of pressure in nature, formation pressure will be (partially) discharged 

in an area bordering a cavernous space, because the proximal elastic-plastic rock gradually fills it in and 

undergoes a process of relaxation; however the distal rock does not transform.  In the case of a wellbore, 

the formation exposed to the borehole can partially discharge while the borehole is open, but much of the 

drilling-related compaction pressure becomes restored beyond the wellbore wall just after the casing has 

been cemented in place.  Therefore, any permanent cavity, natural or man-made, with sufficient depth and 

thickness, can be used to remove stresses in the NWZ completely that will not be restored later.   

It should be noted that accuracy in determining the elastic modulus of a rock is the result of a 

somewhat subjective evaluation by the practitioner testing the rock behavior.  Results of the different 

methods used to calculate the elastic modulus tend to vary slightly.  While this technical discussion is not 

                                                
3 It should be noted that Western geophysical academia commonly accepts that the Poisson coefficient may only 
have values ranging from 0.0 to +0.5.  In the more complex Eastern European interpretation, it has been shown 
through thermodynamic analysis of several rock types that no law of geophysics forbids a negative value of λ , and 
that λ  may in principle have values between –1.0 and +1.0. 
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directly important to the subject of the report, the general conclusion that requires transfer is that the 

compaction in the entire depth of the NWZ must be neutralized, or if possible reversed, for the 

hydroslotting effect to be optimized. 

The depth and thickness of such a cavity can be calculated.  In general, it can be said that the zone 

of influence of the NWZ in elastic rock types extends outwards about two to three wellbore radii from the 

wellbore.  In elastic-plastic rocks, the zone of influence extends deeper into the formation, but the 

maximum stress level does not abut against the wellbore.  The maximum size and magnitude of a man-

made cavity that exceeds the size and magnitude of the NWZ, i.e. at the limit of collapse, can be predicted 

using the Basin ratio, ϑ , which becomes a critical parameter in designing hydroslot structures in wells 

with abnormal formation conditions, such as those that are high-pressured, mobilized, or unconsolidated.  

Stress state around the hole with symmetrical longitudinal slots.  The hydroslotting method 

designs two fairly deep, artificial cuts parallel to the well axis across the whole thickness of the potential 

pay zone.  The effectiveness of this novel well completion technique is expected to be especially high in 

low porosity/permeability gas reservoirs wherein the production rates are strongly influenced by fracture 

permeability and formation damage.  The theory is that the symmetric cuts relieve the radial stress around 

the hole, bypass the formation damage zone, increase the drainage surface, and, as a consequence of all 

these effects, significantly increase reservoir permeability.  In what follows, we will discuss the physical 

basis for this technique, geological prerequisites of its most effective utilization, and some representative 

field results.   

 

The schematic drawing of the situation is shown in Figure 1.  Given a sufficient aperture 2t of the slots, 

the hole with the two symmetric slots can be approximated by a straight cut with dimensions in the 

vertical plane 2a by 2b. 
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Figure 1: the stress state around a wellbore with longitudinal cuts. 
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Figures 2(a) and 2(b) demonstrate the transfer of near-wellbore stress (in red) away from the near-
wellbore zone out to the distant tips of the hydroslotter slots.  Note that near-wellbore permeability 
from hydroslotting has increased to 5.0 times the original in situ permeability potential of the zone of 
interest of 1.0, compared to a decrease in permeability to 0.1 from standard perforation. 
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If 2b/2a >= 2, the stress calculation around the cut is reduced to a plane strain problem solved by 

Muskhelishvili (1953): 

 

 

 

 

 

 

Where the Cartesian coordinates x, y, and z are oriented with respect to the cut as shown in Figure 1.  The 

slot, unlike a circular hole, results in a significant stress relief of the productive bed in the y-direction, i.e. 

perpendicular to the cut.  This is shown in Figure 2(b).  Note that (i) all three stress components are 

subject to reduction, (ii) the most dramatic effect is achieved for the Px stress component (2.5 fold 

reduction on the wellbore wall) and (iii) the stress relief zone extends deep into the productive bed (up to 

10 borehole radii).  The minimal aperture 2t of the slot that would prevent the tips of the hydroslot from 

closure for an elastic, isotropic bed in an isotropic field is given by (Nordgren, 1972): 

 

2t  =  

 

For example, a slot with x-axis dimensions of 2a = 1 meter, at a depth of 3000m, where v = 0.25 is the 

Poisson co-efficient and E = 5GPa is the Young modulus of the formation zone, one obtains 2t = 18mm.  

It is noteworthy that while the minimum aperture required to enhance stress relief is 2t, for practical 

purposes, the ratio of the aperture to the wellbore diameter exceeds 15 times, d/t >= 15.  By increasing the 

depth of the zone of interest to 7000m, the required dimensions become a = 50cm, b = 1m, and t = 

36mm.  The maximum concentration of stresses decrease between 20 and 40 times.  There is no need for 

a subsequent hydraulic fracture to induce greater near-wellbore permeability. 

2a(Pz – P1)(1 – v2) 
E 

(Px + Py) 
2 Pz = 

(y4 – 1)(1+ 2y2 + y4 – 4y2cos2θ) 
(y4 – 2y2cos2 θ  + 1)2 Px  = Pv – (Pv – Pf ) [ 1 –                                                     ] 

(y2 – 1)3(y2 + 1) 
(y4 – 2y2cos2θ  + 1)2 Py = Pv – Pf [ 1 –                                  ] 
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Effect of the stress state on reservoir permeability.  Interesting that, unlike the cylindrical hole, 

the artificial cut leads to a pronounced reduction in the vertical stress which is beneficial in terms of 

including bedding-parallel micro-fissure permeability. 

By making use of the stress distribution around the hole before and after cutting, one can map the 

permeability as a function of distance away from the wellbore wall.  For practical purposes of estimating 

the effect of hydroslotting on the predicted rate of hydrocarbon production, it is probably sufficient to 

visualize that the wellbore radius has expanded by several radii into the near-wellbore zone, where the 

permeability around the hydroslot interval of the wellbore will be greater than that in the undisturbed 

reservoir.  The radius of this zone will be greater than the radius of effective permeability reduction due to 

the former tangential stress around the cylindrical hole. 
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Appendix B: Typical Hydroslotting Procedure 
 

The objective of the procedure is to clean out the well to below the pay zone; log well and 

correlate production zones; slot selected intervals; and return the well to production.  Safety is 

the first priority in the operation and maintenance of the hydroslotter. 

 

Surface Equipment Checklist 

 

Hydroslotter plus accessories 

Workover Rig w/ shaker pit 

Tanks to hold 2 wellbore volumes 

High Pressure Pumping Unit(s) (5,000 psi)    

Sand Blender w/ filters 

Blow-Out Preventer (B.O.P.) 

Tubing to depth of well (pressure 6,000+ psi 

Additional tubing – 10 joints 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Casing scraper – OD fits casing ID 

Pup joints – two each of 2 ft., 4 ft., 6 ft. 

Logging unit (Gamma / CCL service) 

Pressure gauges and Valves – 2 each 

Completion fluid   

Quartz Sand 20/40 mesh 

Gauge Ring 

LAYOUT OF SURFACE EQUIPMENT 
 

 1. Wellhead   

   
2. Pulp-cleaning filter.

  

3. Manifold unit.  

 
4. Pump set.  

 

5. Sand-mixing set.  

 
6. Tank.  
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Step-by-Step Procedure Checklist 

 

1.  MIRU workover or service rig.  Spot rig, pump & miscellaneous equipment. 

2. POOH with old tubing and packer. If applicable clean out cement retainers, bridge plugs, etc. 

with power swivel, drill collars and metal muncher mill.  Circulate junk to top and remove. 

3. RU surface equipment to enable circulation of completion fluids and slurry.  Reverse flow 

connections are helpful but not necessary, i.e. forward and reverse circulation.  All surface 

equipment is connected with the block manifold configured to allow formation sludge to be 

removed during the hydroslotting operation.  Filters installed throughout connections to enable 

changing mid-process without stopping circulation. 

NOTE:  Ensure wellhead fitted properly with standard blow-out prevention equipment (B.O.P.). 

4. Tally & drift in hole with gauge ring on end of tubing to PBTD.  Pull up off bottom. 

5. Circulate hole with clean working fluid.  Circulate bottoms up or until free of all debris in #1 

(if applicable). POOH. 

6. Tally & PU fully assembled hydroslotter machine DHA.  Select positioning of hydroslotting 

DHA (to be determined and coordinated by HSC) to lowest zone to be slotted. 

7. RIH with Hydroslotter DHA on end of 1 jt. Tubing, 2 x 2’ pup joints, and remaining tubing. 

8. Circulate well at low pressure to re-check that wellbore is clean. 

9. RU high-pressure surface equipment in accordance with HSC recommended design, including 

pump, blender, and recorder unit.  Manifold in tanks, lay hard line to tubing.  All equipment is to 

be reviewed by HSC on location. 

10. Hold safety meeting with all personnel.  Review job and all safety issues.  Review 

parameters.  

11. Pressure test tubing to 5000 psi for leaks using Hydroslotter test sub in DHA. Pressure down. 

If test good continue; if not, replace failed joints. 

12. RU wireline unit with Neutron / gamma ray / collar locator logging tool.  RIH & log with 

locator tool in target interval(s) & pay zone(s).  Use centrator to orient direction of tool. 

13. Pressure up tubing and correlate log again to 2 x 2’ pup jts. Use centrator to orient direction 

of tool.  Calculate & verify tubing stretch / shrink.  

14. RD wireline loggers. 
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15. Correct placement and direction of hydroslotter DHA across selected first target interval at 

bottom of pay zone according to logs & centrator. 

16. Close safety valve and pressure hard line. 

17. Wash well and test pressure, flow for different scenarios and test surface equipment with 

6,000 psi. Follow pump operator’s recommendations for pumping procedures.  Lay return line 

from backside to return to pits. 

18. Forward circulate working fluid 1x tubing volume.  Drop hydroslotter working ball to seal 

off opening in bottom of hydroslotter and allow ball to seat.  Set pressure to 1.3 times the pre-

calculated working pressure (P).  

NOTE:  Operation should do mechanically what was calculated mathematically in pretreatment 

analysis, which is to optimize working pressure P.  If P is approximated but not optimized, it 

is strongly recommended that the hydroslotting operation be re-calculated before proceeding.  If 

recalculated procedure is not attainable, POOH, reconfigure hydroslotter, start again.     

19. Slowly raise circulation to P.  If any unexpected, abnormal, or unexplainable pumping 

operation occurs, i.e. poor or no circulation, stop operation.  POOH, fix problem, RIH again. 

20. Function test hydroslotter for five (5) minutes with working fluid at rate of 1 barrel / minute 

(bpm) for friction check.  Increase pump pressure to 5,000 psi and monitor.  Pump until satisfied 

with hydroslotter tool performance. 

21. Proceed to mix sand and begin slotting of first selected interval.  Measure sand concentration 

constantly for first ten minutes until concentration has stabilized.  Monitor sand concentration 

and filters to maintain appropriate sand concentration level. 

22. Job to slot from bottom to top of interval.  Estimated time is 50 – 60 minutes for each slot.   

NOTE:  During slotting, HSC engineers will control rate or any other changes to system. 

23. Pull up to next slotting position at end of first slot.  When hydroslotter is ready to be moved 

to next interval, circulation should be started again with necessary P.  Hydroslotter machine 

remains in well until nozzles are destroyed or until necessary P can no longer be attained.   

NOTE:  TO PREVENT GETTING STUCK, TIME TO REPOSITION HYDROSLOTTER IN 

BETWEEN SLOTS MUST NOT EXCEED FOUR MINUTES.  IF REPOSITIONING 

EXCEEDS FOUR MINUTES, WORKING FLUID SHOULD BE CIRCULATED AND 

CLEANED OF ALL SAND BEFORE OPERATION RECOMMENCES ON NEXT SECTION. 
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24. If necessary P can no longer be attained, POOH.  Remove old nozzles and return to step 9.  

When replacing nozzles, visually check integrity of hydroslotter machine.  

25.  After slotting, is completed, reverse circulate clean working fluid through hydroslotter 

machine 2 wellbore volumes or until no sand appears in fluid returns.  Watch for working ball to 

come to surface. 

26. Re-position hydroslotter tool at initial slotted intervals.  Pump chemical reagents to slotted 

formation as follows: 

i. Pump chemical in tubing 

ii. Pump working fluid 

iii. Close casing head valve 

iv. Pump working fluid 

v. Wait 0.5 hour stop 

vi. Bleed off pressure 

vii. Open casing and tubing head valve 

viii. Circulate well minimum 2 annular volumes of working fluid. 

Move up hydroslotter DHA and treat each slotted zone. 

27. RD & release pumper / blender. 

28. POOH with work string and hydroslotter DHA.  LD hydroslotter DHA. 

29. RIH with packer & (other production DHA if required).  Set & test packer. 

30. Nipple down BOP and nipple up production tree / pumping head assembly. 

31. RU swab unit to swab well.  Swab well until flow starts on its own.  Solids from slotting 

process must be removed to prevent damage to rod pump in the case of an oil well. 

32. Return well to production and monitor. 

33. Disassemble hydroslotter according to standard procedure.  Wash and dry hydroslotter.   

Clean all working surfaces with diesel.  Polish if necessary.  Cover all parts with lubricant to 

prevent rust.  Check and change if necessary all screws, nozzles, and other worn parts.  All 

interior parts must be free of scratches, corrosion, or dents.  Note any threads or parts damaged 

or broken for repair & replacement.  Package hydroslotter and prepare for transportation. 

34. Mission complete! 
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Demonstration of Hydroslotter Technology on New York Stripper Wells: 
Report on Geological and Field Data Investigation 

 
The main task of the geological and field data investigation was to estimate the possibilities and 
methods for gas recovery for Hydroslotter Corporation’s project with the Stripper Well 
Consortium.  In upstate New York, we investigated production wells that are located in two main 
areas: Genesee County (60 wells) and Chautauqua County (15 wells), where the main production 
object is the Medina formation, which consists of Early Silurian sandstones; and we investigated 
all Chautauqua deeper wells for access to the Theresa formation, discussed in its own report.  
Although this report is based on the results of our analysis of log data and field-geological 
observations that were received in the process of drilling and exploitation of gas wells in 
Genesee County and Chautauqua County (mainly), it also represents Erie and Wyoming 
Counties (practically).  Data analysis was difficult due to the blatant absence of minimum 
necessary initial information that is collected under New York State regulations; for instance, 
missing well bore diagrams, core sample analyses, full value gas-dynamical analyses, and 
regular measurements of bottom-hole and reservoir pressures, etc. 
 
Initial Data:  
• Geo-physical Investigation System (“GIS”) Log Results of 43 production wells 
• Annual gas production for 60 production wells in the period from 1985 to 2003. 
• The initial reservoir pressure of 18 wells for 1984. 
• The initial production (gas flow) of 21 wells and bottom-hole pressure of 14 wells. 
• A geographical map showing the locations of the wells 
• Another 100 wells are located in the immediate area, but well data was absent. 
 
Work Procedure: 
• Reviewed and analyzed the initial data, especially the log information to estimate gas 

saturation intervals and their “filtration-capacitor” characteristics. 
• Determined the following characteristics about the Medina formation in the area and for each 

of the 43 individual wells: the effective thicknesses of gas saturation (HN) and filtration 
thicknesses (HF), porosity coefficient (m) and gas saturation coefficient (SG). 

• Determined possible volumetric gas drainage (Vdr) for 57 production wells. 
• Determined min./ near-max. drainage radius (Rdr) (for wells where linear gas reserves exist). 
• Created filtration reservoir model from complex analysis of gas exploitation and log data. 
 
Summary of Conclusions and Results: 
• Determined that total well production is sourced from less than 50% of the entire reservoir. 
• Displayed methods to increase gas production from the Medina formation by: 

• Primary completion of existing pay zones using hydrojet slotting 
• Secondary completion by hydraulic fracturing in poor drainage zones even after slotting 
• Selective exploitation of the top part of the Medina that is currently not the choice for gas 

production (by-passed), which contains, on average, 30% of all Medina gas resources, with 
maximum and minimum ranges from 10 to 70% 

• Drilling additional wells drilling in the most prospective zones minimally or not impacted 
by the drainage of gas from nearby production wells. 

1. Characteristics and Properties of the Gas Reservoir. 
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The object of gas production is Early Silurian sandstone of the Medina group.  Structurally, the 
Medina object is confined to a monotonous monocline that slopes downward from the north to 
the south.  The deepest absolute altitude of the lower face of this gas productive layer is in the 
well Foss 1 (652 ft.) and the highest is in the well George 2 (217 ft.).  Therefore, the gas column 
is 400 ft., if one supposes that those wells are related to the same reservoir. We note, that water 
saturated sediments in the well Foss 1 are not evolved.  The total average thickness of the 
Medina formation is 100 ft., with variations from 70 to 150 ft. along the area.  
 
The main exploitation object is the massive sandstone at the bottom of the group (“Object I”).  
The thickness of Object I varies from 35 to 85 ft. in different zones, with an average thickness of 
approximately 50 ft.  The shale layer in this object is insignificant.  In the upper part of the 
formation, above Object 1, there is another gas-saturated sandstone with less significance.  This 
part contains, on average, 30% of the in-state gas that is available from the total thickness of the 
Medina group, with variations between 3-60%.  This part of the section was not flow-tested.  
GIS logs and geological-field well data were used for characteristics of production sediments. As 
follows from the log data analysis, the porosity of the gas-saturated sandstones varied from 2 to 
11% and gas saturation from 20 to 75%.  Variation of rock characteristics of parameters m and 
SG are shown (Figures 1 and 2).  For more than 80% of the gas-saturated part of the section, the 
value m varies in the interval 4-8% and on average is equal to 5.5% for 770 ft. of section.  In this 
section approximately 65% of gas saturated rocks has a value SG of 40-75%, thus the most part 
of the gas-saturated rocks has value of SG that is inherent to sediments with waterless gas flow. 
However, approximately 35% of gas-saturated rocks has a gas-saturation of less than 40%.  From 
practice, it is well known that for this value of SG from the well we can obtain water, water and 
gas, or neither.  Water flow for the 20-year period is not registered.  Because of the absence of 
flow test data for each interval, a criterion was developed for maximum possible gas saturated 
thickness, HN, in other words the layer’s ability to produce gas for the existing exploitation 
system, and also a criterion for filtration gas in gas-saturated thicknesses, HF.  The gas filtration 
thickness is the layer’s thickness where the process of gas filtration can be described according 
to Darcy’s Law. 
 
First criterion. From analysis of data m and SG, it appears that these two parameters clearly show 
a correlation for layers where SG is more than 33-35% (depending on porosity) and separated 
layers for Objects I and II.  On Figures I and II, we compare the values WG (WG = m*SG) and m, 
which also accounts for the correlation above. On Figure I, these parameters are compared for 
Object I, and on Figure II, for Object I.  All points near Line I include rocks with maximum gas 
saturation; Lines II and III are the average correlation lines for Objects I and II; and all points 
below Line IV includes rocks with minimum gas saturation, where there is no connection 
between m and SG.  In general, this analysis shows that the rocks in Object I and Object II can be 
characterized as low porosity granular, mostly hydrophilic, sandstones, with middle and fine 
grain sizes.  
 
From experience, it can be assumed that water and gas flow mobility in this type of rock, below 
Line IV, are characterized by very low, practically nil phase permeability for gas and water.  It is 
possible that the gas in this rock is in a dispersed phase condition and has no connection to the 
water.  From this rock, gas can still be partially extracted even after reservoir pressure has been 
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significantly reduced.  The main feature of these gas-saturated sandstones is that gas saturation 
strongly depends on the elevation level in the section, but also on the characteristics of the 
producing layer.  We can see that the upper object is mostly unsaturated, and this is registered in 
Object I in the well Kazmak 1.  On the contrary, for well Buckenmeyer 2, the sandstone for 
Objects I and II is characterized as fully gas-saturated.  It is possible that this feature of 
saturation has to do with the fact that the water and gas are not completely segregated in the 
reservoir.  The maximum value of effective thickness, HN, is the sum of all rock thicknesses 
where SG > 33% (see Table 1).  In the future, it would be expedient to check this criterion 
experimentally, to elaborate all active gas resources and more accurately estimate the 
exploitation system. 
 
Table 1. The main parameters for total and filtration gas reserves for Objects I and II. 

Well Name 
 

Object Depth, ft. Altitude, ft. HN (ft)   Lg (ft)       Lgf (ft)        WG            WG f  

I 1329-1379 399-449 44           1.40          1.30         0.0279        0.0255 DLSP 2 
 II 1271-1321  15           0.40           -             0.0080          - 
DLSP 3 I 1330-1372  42           1.38           -             0.0330          - 

I 1408-1457 433-482 41           1.29           -             0.0276 DLSP 4 
II 1350-1399  14           0.31           -             0.0064 
I 1362-1406  39           1.36           -             0.0310 DLSP 5 
II 1306-1360  25           0.62           -             0.0115 
I 1342-1400 412-470 49           1.62           -             0.0271 DLSP 6 

 II 1300-1340  12           N.D. 
I 1402-1454 442-494 50           1.6             -             0.0307 DLSP 7 

 II 1353-1400  10           N.D.   
I 1406-1448 456-498 42           1.39           -             0.0333 DLSP 8 

 II 1370-1404  10           N.D     
I 1366-1416 411-461 48           1.60           -             0.0320 DLSP 9 

 II 1310-1354  10           N.D 
I 1352-1400 442-470 32           0.89          0.59        0.0186        0.0122 DLSP 10 
II 1314-1350  10           0.33           -             0.0091 
I 1319-1370 389-440 42           1.22           -             0.0240 DLSP 11 

 II 1258-1311  24           0.60           -             0.0114 
I 1320-1370 405-455 47           1.68          1.64        0.0337        0.328 DLSP 13 
II 1262-1318  19           0.58           -             0.0104 
I 1280-1344 310-434 56           1.86           -             0.0291 DLSP 14 
II 1230-1272  9             N.D     
I 1284-1335 364-415 49           1.79           -             0.0351 DLSP 15 
II 1228-1280  28           1.73           -             0.0140 
I 1342-1384 404-448 39           1.28           -             0.0308 DLSP 16 
II 1300-1336  14           N.D 
I 1364-1414 414-464 50           1.65           -             0.0330 DLSP 17 
II 1310-1360  6             N.D 

DLSP 18 I 1378-1420 428-470 37           1.02           -             0.0238 
I 1338-1382 386-432 28           0.92           -             0.0210 DLSP 19 
II 1310-1320  5             0.012         -             0.0012 
I 1366-1410 406-450 37           1.15           -             0.0261 DLSP 20 
II 1327-1362  11           0.34           -             0.0097 
I 1189-1243 319-373 38           0.92          0.8          0.0170-0.0157 DLFC 1 
II 1131-1177  6             0.56           -             0.0023 
I 1198-1256 343-401 36           1.39           -             0.0239 DLFC 2 
II 1142-1192  22            N.D 
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I 1186-1244 324-382 52           1.28          1.06        0.0197           0.0162 DLFC 3 
II 1143-1181  14           0.31           -             0.0082 
I 1188-1271 298-381 78           2.18           -             0.0263 DLFC 4 
II 1156-1176  14           0.40           -             0.0020 
I 1238-1274 358-404 40           1.11          0.92        0.0241           0.0201 DLFC 5 
II 1180-1220  10           0.18           -             0.0046 
I 1540-1589 500-549 42           1.18          0.82        0.0242           0.0167 Os 3 
II 1488-1528  14           0.31           -             0.0077 
I 1498-1542 481-530 38           1.27          1.39        0.0189           0.0316 Buck 2 
II 1460-1496  16           0.71           -             0.0196 
I 1434-1467  33           1.08          0.74        0.0270           0.0185 Kub 2 
II 1374-1430  10           0.28           -             0.0050    
I 1568-1616 508-566  42          1.48          1.33        0.0308           0.0277 Kurn 1 
II 1530-1560  14           0.34           -             0.0113 
I 1443-1512 458-527 56           1.58          1.07        0.0229           0.0155 BNT 1 
II 1416-1426  5             0.12           -            0.0125 
I 1640-1678 528-566 24           0.93          0.59        0.0244           0.0155 BigH 2 
II 1590-1637  14           0.38           -             0.0082 

Os 2 I 1545-1588 513-556 20           0.49          0.21        0.0113 
A.Schm 1 I 1510-1564 538-592 23           0.58          0.36        0.0107           0.0067 

 1511-1554 561-604 35           1.80          1.49        0.0419           0.0346 W.Schm 2 
II 1474-1508  24           0.84           -            0.0248 
I 1175-1228 337-390 49           1.37          1.04        0.0258           0.0196 Zola 2 
II 1146-1172  8             0.20           -            0.0078        
I 1192-1242 327-377 31           0.84          0.73        0.0167           0.0146 Zola 1 
II 1145-118  6             0.21           -             0.0042 
I 1646-1674 624-652 15           0.27          0.152       0.0104          0.0054 Foss 1 
II 1586-1640  17           0.32           -             0.0060 
I 1498-1558 536-596 41           1.66          1.22         0.0276          0.0203 W.Schm 1 
II 1447-1495  15           0.49           -             0.0103 
I 1208-1246 348-400 29           0.87          0.48        0.0228           0.0126 Snyd 2 
II 1153-1203  6             0.18           -             0.0036         
I 1376-1420 465-509 10           0.44          0.174      0.010             0.0040 Kazm*1 
II 1321-1373  15           0.31           -             0.0066 

Kirkm 1 I 1346-1397 435-486 46           1.16          0.81        0.0227           0.0159 
I 1483-1531 473-520 46           1.59          1.39        0.0331           0.0289 Buck 1 
II 1422-1478  14           0.31           -             0.0056           

Guerra 2 I 1521-1549 501-529 24           0.83          0.34         0.0180          0.0074 
I 1168-1213 281-326 43           0.83          0.22        0.0181           0.0048 George 2 
II 1104-1159  8             N.D 
I 1548-1592 498-541 38           2.19           -            0.0497  Pariso 
II 1492-1540  19           0.72           -            0.0179 

Meiler 1 I 1530-1578 505-553 48           1.58          1.58       0.0329            0.0329   
* Interval perforation 1321-1394 ft, including Objects I and II 
 
Second criterion. To determine the filtration thickness, HF, we determined the limited values WG, 
m and SG, from which we obtained the influx of gas into the existing production system.  Table 2 
shows how WG, m and SG, were determined, for more possible values.    
 
Maximum values of the limited parameters correspond to the maximum values of WG, m, and SG 
in the intervals of perforation from where gas was extracted.  In this way, the average values of 
WG*, m*, and SG*, are from productive sections of wells where gas was extracted, from layers 
with relatively low required parameters (Table 2).  Maximum values of the limited parameters 
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are WG* = 2.7%, m* = 5.0%, and SG* = 54%.  According to lithological classification, possible 
permeability for this rock is 1.3md.  The probable value of the limited parameters taken from 
results of estimation of maximum WG, m, SG in the condition that for influx, the necessary 
minimum thickness of an object-collector is 5, 10, or 15 feet.  From Table 2 we see that if the 
minimum thickness in the well is > 10 ft, then probable values for the limited parameters are: 
WG*=2.0%, m*=4.4%, and SG*=45%.  For these rocks, permeability is approximately 1md.  The 
values calculated above do not contradict accepted ideas about conditions of productive 
formations that have influx of waterless gas and the filtration process can be described by 
Darcy’s Law. 
 
Table 2. Limited values of WG, m and SG, and more possible values.  
Well Name WG * max/m, % WG * m (%) WG * m (%) WG * m (%) 
  5ft 10ft 15ft 
Kub 2 4.0/7.7 3.9/6.6 3.4/6.7 3.1/6.8 from 14ft 
DLSP 10 3.5/6.3 3.5/7.0 3.2/6.7 2.8/6.2 
Meiler 1 4.7/7.3 4.1/6.3 3.8/5.8 3.4/5.3 from 16ft 
Foss 1 2.5/4.8 2.5/4.8 1.8/4.8 1.8/4.7 
George 2 3.1/5.2 3.1/5.3 2.1/4.4 1.8/4.4 
Buckm 2 5.6/8.2 4.6/7.1 4.5/6.2 4.4/6.2 
DLFC 1 4.4/6.1 3.2/5.7 2.8/5.4 2.6/5.5 
Os 2 4.0/6.1 3.2/5.8 3.1/5.8 2.1/5.1 
Kirkm 1 3.7/6.4 2.8/6.3 3.2/6.1 2.8/6.3 
E.Kazm 1 3.5/6.2 2.3/5.0 2.1/5.6 1.8/4.7 
A.Schm 1 3.5/6.5 3.3/6.6 2.8/5.7 2.4/5.4 
Min from Wgmfx 2.6/3.1-3.5 2.3/2.8-3.1 2.0/2.1 1.8/2.1 
SG *,% 53/60-54 46/50-45 51/48 =45 
m,% 4.8-5.2 5.0/5.3 4.4/5.0 =4.4 
WG * 2.7 2.5/2.3 2.2/2.5 =2.0 
Kmd =1.3 =1.2 =1.05/1.2 =1.0 
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2. Estimation of capacity parameters of gas saturation in the Medina reservoir. 
 
According to the log data of the 43 wells, we estimated the capacity parameters: effective 
thickness (HN) and filtration thicknesses (HF), linear gas reserves in the limits HN and HF 
respectively, LGi and LGfi, and the concentration of the gas reserves on a unit basis (per foot of 
total thickness), respectively WG �  and WGf� . These parameters are calculated according to the 
following formulas: 
 

• Values of total line gas reserves for interval -LGi 
                         LGi = ΣHNi * WG i 
 
• Value of  filtration  line gas reserves – LG fi 
                         LG i= Σ HFi * WG i 
 
• Concentration gas reserves on the unit total thickness HO- W WG �  and WG f�  
    WG �  = LGi / HO 

WG f�  = LGfi / HO 
 

 
Practice shows that the parameter WG� , which is the concentration of gas reserves for total 
reservoir thickness by unit, is a more stable parameter that is commonly used because it enables 
an accurate evaluation of gas reserves by the volumetric method.  Parameter Wgf�  is 
characterized by the variability of the concentration of filtration of gas reserves by space. 
Enumerated parameters, excluding HF, for Object I, are shown in Table 1.  Evaluation of 
filtration parameters was possible only for wells in which proper data was available.  For Object 
II, the necessary data was absent: often this section does not have log data or other evaluations.  
Data analysis, shown in Table 1, demonstrates the following. 
 
Objects I and II are very not homogenous in the distribution of total and filtration gas reserves by 
area of reservoir.  Research of gas reservoirs shows that even for very big reservoirs with very 
high filtration-capacity characteristics, the ratio of maximum and minimum WG�  is more than 5 
(in the case that average reservoir permeability is approximately 100 md).  For Object I, the 
distinction between the best well, Pariso 1, and the worst well, Kazmak 1, is the same (see Table 
1), but the sizes of reservoir around the Pariso 1 is small.  The biggest value WGf�  for this object 
is in the well W. Schmidt 2 (0.0346) and the smallest is in the well Kazmak 1 (0.004).   
 
For Object II, the maximum value of WG �  is in the well W. Schmidt 2 (0.0248), and the 
minimum is in the well DLSP 19 (0.0012).  Significant variations of Wg�  and WGf by area 
indicate the high possibility that there are large sections of lithological blocks that have no gas-
dynamical connection between them.   
 
For the main Object I, the 18 wells in the DLSP group is more homogeneous.   For this zone, 
value variation Wg�  is 0.0186-0.0351 with an average of 0.0293.  The least homogeneous, by 
value WG, is the zone around the southern wells Big Hill 1 and Kazmak 1.  Object II is less 
homogenous than Object I.  Approximate characteristics of gas reservoir in this Object were 
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derived from the ratio of linear volumes in the Objects I and II, XII= LgII/LgI, because data of 
layer’s area are not defined.  Results of this calculation are given in Table 3a. 
 
Table 3a. The ratio of the gas reservoirs between Object II and Object 1 (XII). 
 Well Name XII Well Name XII 
2DLSP 0.34 4DLSP 0.23 
5DLSP 0.45 10DLSP 0.28 
11DLSP 0.51 13DLSP 0.30 
19DLSP 0.14 20DLSP 0.30 
1DLFC 0.10 3DLFC 0.24 
5DLFC 0.22 3Os 0.27 
2BUCK 0.50 2Kubik 0.25 
1 Kurn 0.24 1BNT 0.08 
1 Bid Hill 0.42 2 W.Schm 0.65 
2 Zola 0.15 1Zola 0.19 
1 Foss 0.80 1 W.Schm 0.30 
1 Kazm 1.14 1Buck 0.28 
2 Snyd 0.20 1Pariso 0.31 
15 DLSP 0.40 4 DLFC 0.18 

 
  
From this data, it follows that lowest value of XII = 0.008 in the well BNT 1. and the highest XII 

= 1.14 in the well Kazmak 1. Value XII for groups of wells that are close together are 
 
 
Table 3b. 
Wells Range of XII Average Number of wells 
DLSP 0.14-0.51 0.33 9 
DLFC 0.10-0.24 0.18 4 
BNT-Buck 0.08-0.50 0.29 3 
Bid Hill-Os 0.24-0.43 0.30 5 
Foss-Kazm 0.30-1.14 0.72 4 
Zola-Snyder 0.15-0.20 0.18 3 

 
 
For all wells, the average value for the Medina formation (28 wells ) is XII = 0.30.  Therefore, 
Object II can become an additional object for gas exploitation in some of the reservoirs zones. 
The decision about developing Object II can be made after log analysis in each well. 
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3. Peculiarities of the Medina reservoir structure according to hydrodynamic observations.  
 
 
The amount of hydrodynamic observations in the productive wells is very limited.  We have flow 
tests for three wells, completion reports for 18 wells, where flow and pressure have been 
recorded, and for 15 wells, the value of initial pressure data.  Table 4 shows the results of 
permeability evaluation according to Dupuy’s formula in the supposition that the wells were 
revealed completely. 
 
For calculation of thicknesses, two values were used – HN and HF respectively, and possible 
minimum and maximum values for permeability were obtained. On Figures 1 and 2, 
permeability and volumetric gas saturation are compared.  There is not enough data, but even 
from the data available (just 14 values), a system of double porosity of the Medina sandstone 
reservoir appears – porosity from pore space in the main gas-saturated volume, and also porosity 
created by cracks, faults, fractures, or other discontinuities in the earth. On Figures 1 and 2, it is 
shown that for low values, correlation between permeability and volumetric gas saturation exists 
as usual for granular rocks.  At the same time, for permeability values higher than 10 md, there is 
no correlation.  Therefore, according to the limited data, we can say the following about double 
porosity: gas-saturated low permeability block matrix (with permeability lower than 6md, 
averaging approximately 3md) and with added cracks into the matrix, not connected with 
porosity, but providing significantly increased permeability. 
 
Table4. Permeability of Object I according to the initial gas dynamical test of production wells 
Well Name Initial Flow, 

Mcfd 
Pro, PSI ΔP, PSI ΣHN / ΣHF, ft Kn/Kf, md 

1DLFC 790 500 38 36/32 14/15 
2DLFC 957 540 30 53/- 17/- 
3DLFC 1057 380 76 52/32 10/16 
5DLFC 436 460 69 40/29 6/8 
18DLSP 315 500 185 37/- 1.7/- 
1Bid Hill 623 450 36 30/22 20/27 
1BNT 486 480 80 56/40 3.5/5 
1Buck 936 530 29 46/25 20/37 
2Buck 276 530 38 36/36 6/6 
1Kurn 301 570 43 42/38 4.5/5 
2Os 322 530 48 20/16 10/12.5 
3Os 164 520 41 42/32 3/4 
2Kubik 79 450 41 33/29 2/2.5 
1Ders 321 580 36 35/- 4.5/- 

 
 
This conclusion corresponds to other data, which is shown below.  Existing data of initial 
formation pressure (Pro) shows significant differences in Pro values in different parts of the 
reservoir.  Measurements of Pro values varied in the interval 380PSI to 580PSI.  To analyze the 
variations in these initial pressures, we evaluated the ratio of initial reservoir pressure (Pro) and 
hydrostatic pressure (αp) for two filtration models of the Medina reservoir: 
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1. The reservoir consists of separated blocks with no hydrodynamic connection between them or 
separated by layers where gas is filtering when the gradient pressure is greater than the initial 
(critical) pressure - Gg.  For this model, the hydrostatic pressure, Pgd, was recorded at the middle 
point of the perforations, and the corresponding hydrostatic pressure is αP1. 
 
2. The reservoir is one hydrodynamic pool, hydrodynamically connected with water-saturated 
rocks.  Accordingly, the initial reservoir pressure for all wells corresponds to the hydrodynamic 
pressure at the level of the gas-water contact (we corrected for both the vertical distance between 
the gas-water contact to the point of measurement and the density of the gas). Accordingly, we 
named the ratio between reservoir pressure and hydrostatic pressure, αP2.  In this variant, for the 
theoretical gas-water contact, the gas-saturated bed floor was taken from the well Foss 1, the 
lowest of all the considered wells.  Results are shown in Table 5. 
 
 
Table 5.  Corresponding reservoir and hydrostatic pressures for the Medina reservoir. 
Well Name Perforation Interval Pro, PSI αP1/αP2 Initial Prod’n /ΣQ, 

 MCF/dMMCF 
8DLSP 1408-1445 450 0.73/0.63 315/30.2 
10DLSP 1358-1394 480 0.80/0.67 546/69.5 
13DLSP 1324-1364 450 0.77/0.63 386/60.1 
18DLSP 1378-1420 500 0.82/0.70 315/58.7 
1DLFC 1190-1238 500 0.95/0.70 790/75.5 
2DLFC 1200-1248 540 1.02/076 957/78.7 
3DLFC 1190-1238 380 0.72/0.53 1057/159.6 
5DLFC 1231-1263 460 0.85/0.64 436/106.0 
1BidH 1643-1676 450 0.62/0.62 623/44.2 
1BNT 1447-1504 480 0.75/0.67 486/6.7 
1Buck 1487-1528 530 0.81/0.74 936/24.4 
2Buck 1498-1537 530 0.80/0.74 276/19.0 
1Kurn 1570-1610 570 0.83/0.79 301/36.1 
2Os 1548-1585 530 0.78/0.73 322/14.9 
3Os 1543-1486 520 0.76/0.72 164/21.8 
2 Kubik 1434-1467 451 0.71/0.63 79/8.0 
1Ders 1503-1539 580 0.84/0.76 321/6.3 
1Foss 1652-1672 535 0.75/0.74 -/11.6 

 
From the calculations shown in Table 5, we conclude: 
 
• The value of initial reservoir pressure in the most 

investigated wells is essentially lower than the hydrostatic pressure for both filtration 
reservoir models. 

• In the drilled area, it appears that there are a number of 
gas-dynamic, isolated, lithological and tectonic blocks.  For geological reasons, the blocks 
are evidently small sizes: it is practically impossible to find areas where two or more wells 
have constant initial pressures. 
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• In the closely situated wells, such as the DLSP and the 
DLFC wells for example, the pressure difference is not caused by some inaccuracy of 
measurement of reservoir pressure. 
 

Hydrodynamic well isolation with anomalous low pressure indicates the high possibility of local 
escape of gas, depending on the existence of vertical cracks. The vertical drainage canals 
properly correspond to large values of total production, ΣQg, from the wells with lower initial 
formation pressure (See Table 5, Figure 4).  As seen on Figure 4. the result is that for the last 20 
years of exploration, wells located in zones of low formation pressure obtained maximum gas 
production.  It is clear that registered on the Figure 4, correlation between ΣQg and Pro is 
complicated by possible detached blocks of different sizes, changing gas-production regimes etc. 
As previously discussed, this corresponds well to the model of double porosity, deduced from the 
comparison of permeability data and volumetric gas-saturation.  The conclusion about the block 
structure of the Medina reservoir and the existence of faults or cracks is very important and 
needs to be checked very carefully.  

F-97



 

 11 

4. Evaluation of the sizes of drainage zones by productive wells. 
 
 
Existing well data for the last 20-year period and results of the processed log data enables us to 
evaluate of the sizes of drainage zones for productive wells – in the first place for the explanation 
of the character of exploitation and second, the degree of extraction from the reservoir.  These 
evaluations were made as follows. 
 
1. Evaluation of drainage volume (Vdr) was calculated according to the formula of material 
balance: 

ΣQ= AVdr (Po/Zo- Pk/Zk)293/(273+t), 
 
where  ΣQ – total gas production from i well,  
 Vdr –  drainage volume from I well, 
 Po – initial reservoir pressure,  
 Zo –  initial coefficient overpressure,  
 Pk  – final reservoir pressure ( taken Pk=80PSI),  
 Zk – final coefficient overpressure;  
 t –  average reservoir temperature;  
 A  – scale coefficient taken for calculation. 
 
2. Evaluation of drainage area (Sdr) and drainage radiuses (Rdr) were calculated for minimum 
(Sdr min, Rdr min) and maximum (Sdr max, Rdr max) variants: 
                                                                   
  Sdr min= Vdr/Lgn, Rdr min= (Sdrmin/� )0.5 

Sdr max= Vdr/Lgf, Rdr max =( Sdr max/� )0.5 

 
In the calculation of Sdr and Rdr, we assume that the drainage zone has a cylindrical form with 
the height, Lgn (ft).  Calculation of drainage parameters is shown on Table 6.  We note that these 
calculations allow us to presume that: 
 

1. Pressure in the stripped gas-saturated rocks (intervals from which gas was extracted) in the 
drainage zone of each well depleted to 80psi, independent of individual well characteristic 

2. In the drainage zones of the wells, reservoir characteristics remained constant over the 
whole area and equal to the characteristics that were established according to log data. 

3. Gas does not migrate from parts of the reservoir that are not involved in the exploitation, 
and not included in evaluation linear gas reserves calculation.  

 
Table 6.  Calculated parameters of drainage zones for production wells. 

Well ΣQ, 
MCF 

Pro, 
PSI 

Vdr, 
MCF 

Lgn/Lgf,ft Sdr/Sdrm
ax ac 

Rdr/Rdr 
max,ft 

3DLFC 159628 380 7505 1.28/1.06 135/163 1360/1550 
5DLFC 105951 460 3735 1.11/0.92 77/94 1030/1140 
1DLFC 95525 500 2947 0.92/0.80 73/80 1000/1050 
2DLFC 78700 540 2188 1.39/1.21 36/41 700/710 
10DLSP 69542 480 2290 0.89/0.59 59/89 900/1100 
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13DLSP 60188 450 2119 1.68/1.64 29/30 630/640 
18DLSP 58739 500 1813 1.02/0.65 40/63 740/940 
1 Big H. 44272 450 1590 0.93/0.59 47/62 800/930 
1 Kurn 36171 570 970 1.48/1.33 15/16 440/470 
8 DLSP 30234 450 1067 1.39/1.21 18/21 490/630 
lBuck 24490 530 700 1.59/1.39 10/12 360/390 
3 Os 21853 520 643 1.18/0.82 12/18 390/490 
2 Buck 19028 530 544 1.39/1/39 9/9 34/36 
2 Os 14951 530 428 0.49/0.21 24/38 570/710 
1 Foss 11657 530 327 0.27/0.152 26/50 600/850 
2 Kub 8033 450 289 1.08/0.74 7/9 300/340 
1BNT 6700 480 219 1.58/1.07 3/5 200/250 

1 Ders 6320 580 304 0.98/0.58 7/12 300/390 

 
 

From Table 6, it follows that drainage parameters can practically define the total gas production 
and are characterized by very low rates of extraction compared to the total in-state gas of the 
reservoir.  However, the significant variation of parameters complicates the use of average 
evaluations for characteristics of degree of exploitation of gas from the reservoir.  In this 
connection average evaluations were made about the drainage parameters for 35 wells, using the 
correlation between ΣQ:Pro (Figure 4), the correlation between Vdr and ΣQg, and also the 
resulting correlation between Lgn and Lgf . Results of these evaluations are shown in Table 7.  
For this process of calculation, we selected 53 wells out of all the wells in the area. 
 
Table 7. Evaluation of parameters for zones drainage for production wells. 
Well Name ΣQ, MCF Vdr, MCF Lgn/Lgf,ft Sdrmin/Sdrmax,ac Rdrmin/Rdrmax,ft 
4 DLFC 64593 1740 2.18/2.18 18/18 500/500 
2DLSP 71159 2550 1.40/1.30 42/45 750/800 
3DLSP 53159 1830 1.38/1.20 30/35 630/690 
4 DLSP 62842 2070 1.29/1.05 37/45 700/800 
5DLSP 38733 1270 1.36/1.10 22/27 550/600 
6 DLSP 57412 1975 1.62/1.62 28/28 600/600 
7 DLSP 35344 1110 1.60/1.60 16/16 460/460 
9 DLSP 73992 2360 1.60/1.60 34/34 680/680 
11 DLSP 64971 2330 1.22/0.90 44/60 780/900 
14 DLSP 61157 2200 1.86/1.86 2727 590/590 
15 DLSP 51282 1840 1.79/1.79 24/24 560/560 
16 DLSP 53872 1720 1.28/0.95 31/42 650/750 
17 DLSP 65573 2090 1.65/1.65 29/29 620/620 
19 DLSP 36577 1235 0.92/0.53 31/54 650/860 
20 DLSP 78835 2630 1.15/0.80 53/76 850/1020 
lMeiler 29579 2070 1.58/1.58 30/30 630/630 
2 Guerra 25485 845 0.83/0.34 23/56 550/900 
1 Kazm 14901 495 0.44/0.17 22/57 540/900 
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IKirkm 6516 175 1.16/0.81 3.5/5.0 200/250 
lW.Schm 2279 60 1.62/1.62 <1 110/110 
2Snyd 24330 830 0.87/0.48 22/40 540/740 
lZola 29183 975 0.84/0.73 27/34 600/670 
2 Zola 35320 1180 1.37/1.04 20/26 510/600 
2 George 30565 1020 0.83/0.34 28/68 600/970 
2Wozn 25328 780 - 15/23 440/550 
lUrq 18909 580 - 11/17 370/470 
lKlosn 11956 370 - 6/10 280/370 
1 Gamm 11582 375  7/11 300/380 
10s 51353 1700 - 47/62 800/920 
1 Graue 35375 1170 - 26/38 590/710 
1 Guerra 25929 860 - 57/41 750/900 
1 Sharpe 12657 420 - 6/11 280/380 
2Foss 7653 255 - 4/7 220/300 
1 Ch-Sm 7554 250 - 4/7 220/300 
4 Ch-Sm 14667 490 - 40/57 740/900 
lFry 23018 770 - 15/23 460/550 
3 Hers 37473 1280 - 29/43 620/750 
4 Hers 51478 1720 - 40/56 740/890 
5 Hers 64817 2160 - 64.778 950/1050 
 
 
Comparing the radial sizes of different drainage zones show that for wells DLFC 1, 2, 3, and 5, 
maximum drainage volume (Table 6) often overlaps over each other.  The capacity characteristic 
of the rock of Object II, in these wells only, is approximately equal to the average capacity for 
Object I.  However, when gas exploitation began in each well, their reservoir pressures were 
different.  For the well DLFC 3, which produces the most gas in the area, the initial pressure was 
the least of all parts of the reservoir involved in extraction (See Table 6).  The calculated 
drainage radius of the enumerated wells suggests with a high probability that gas migration from 
distant parts of the reservoir with higher pressure. 
 
According to the selected 53 wells, it is possible to make a square evaluation of the completeness 
of gas extraction by the coefficient of drainage:  Kdr = Sdr / Sres, where S res – the area of the 
reservoir from which the drainage coefficient is calculated.  The maximum drainage radius for 
all candidate wells is approximately equal to 1600 ft (Table 6), which is equal to half of the 
distance usually used in practice for the space between gas production wells. Accordingly, in the 
reservoir area, for the wells that were closer than 3200 ft, the borders of their zones was taken at 
1600 feet from the point of each well’s location.  This same condition was widespread for older 
wells to prevent offsetting gas to other wells, if they were located in the overlapping zone. 
  
Further, for all wells of overlapping zones, ΣSdr min and ΣSdr max have been calculated, using 
data from Tables 6 and 7.  For one old well, the value Sdr=60 acres was accepted, corresponding 
to the average Sdr max for all new wells + 20 acres, where 20 acres is the root-mean-square 
deviation from average.  In Table 8 is shown the results of the Kdr evaluation for 16 allocated 
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zones and in the sum for all zones, including 53 new wells and 21 old wells.  Calculations testify 
to the rather low drainage areas of the reservoir that is obviously caused by the small sizes of 
blocks comprising the reservoir. 
 
Table 8.  Sizes of drainage zones for group of productive wells. 
Well area Square, 

ac 
Quantity of Wells 
New / Old 

ΣSdr, ac  
max - min 

Kdr,%  
max- min 

Choate- Smith 235 2/0 64 - 44 0.27- 0.19 
Fry 1-Zola 2 738 4/0 123- 84 0.17 -0.11 
George 2 340 1/3 248- 208 0.73- 0.61 
Hersee3-4 290 2/0 99 -69 0.34-0.24 
Hersee 5 290 ½ 198 -184 0.68- 0.63 
DLSP-DLFC 2950 22/3 1340 1095 0.45- 0.37 
Wozniak-Urquhart 415 2/2 160 -146 0.38 -0.35 
Bontragerl-Buckenmeyer 2 365 3/1 78- 75 0.17 0'15 
Big Hill l-Ffammack 1 575 2/2 193 - 174 0.34- 0.30 
Kurnik 1 415 1/1 76 - 75 0.18- 0.17 
Guerral2-2 340 2/2 271 -213 0.80 0.63 
Osuchal-3 Meiler 740 2/2 268 - 233 0.36 0.31 
Kubik 2-Kirkman 1 850 ¾ 265- 257 0.31 -0.29 
Foss2-Kazmarkl 480 2/0 64- 26 0.13- 0.05 
Dersam 1-Schmidt 490 4/0 13 8 0.03 -0.02 
Fossl 500 ½ 170- 146 0.30- 0.26 
Total 10070 53/21 3323- 3035 0.33 -0.30 
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5. Discussion of results. 
 
The lead analysis of data logs and the results of geological field data allows us to categorize the 
following features of the Medina formation, which characterize the filtration model and allow us 
to formulate recommendations on the optimization of its development.  
 
1. Object I consists of low-porosity, gas-saturated sandstones (porosity in interval 4-11%; gas 
saturation 40-70%).  Permeability of rocks in the interval is 1-20 md.  Gas-saturated rocks, 
visibly, have the double porosity system: matrix with permeability 1-6 md, on which cracks are 
imposed, with permeability of more than 10 md.  Object I is characterized by significant non-
homogeneity in the drilled zone. 
 
2. Gas is present in the Medina reservoir in the area above of Object I.  Productive sediments are 
the same as the rocks in Object I, which are characterized by very thin layers of sand.  The gas 
reserves of this part of the section account for approximately 30% of the reserves of gas in 
Object I.  These sediments above Object I were drilled in one production well, Kazmak 1, where 
gas exploitation in this well was made jointly with Object I.  
 
3. The initial reservoir pressure in Object I is essentially different in difference parts of the 
reservoir and in most wells, the pressure is significantly lower than the hydrostatic. 
 
4. In the closely disposed (nearby) wells, there are significant differences in initial reservoir 
pressure, from 380 to 540 psi, with distances between wells of 1500 ft. These differences are 
caused by the local escape of gas from the reservoir through vertical filtration canals (faults).       
 
5. In Object I, there is a significant correlation between the total gas production by a well and the 
well’s initial reservoir pressure.  The maximum gas production of any well was obtained from 
the zones where the initial reservoir pressure was the lowest.  
 
6. The total gas production from the wells is defined by the existence of vertical faults or cracks 
and the existence of gas-saturated rocks with relatively higher capacity-filtration characteristics. 
Lower total gas production is caused by a lower quantity or degree of cracks in the rocks.   
 
7. Geophysical characteristics and the functionality of a well indicates with a high degree of 
probability that well productivity is determined mostly by the number of cracks in the zone near 
the well’s location.  Probably, the cracks in the reservoir and the existence of filtration canals 
(faults) in the sediments above Object I (possibly they had permeability only during a period of 
tectonic activity) caused gas to escape prior to commercial gas exploration.  The reservoir 
represents a set of blocks, between which there is no hydro-dynamical communication.  Thus the 
level of total gas production is defined by the sizes of the blocks and the degree of faults.     
 
8. If the represented model of the reservoir can be confirmed, then it will be possible to expect an 
important increase in gas extraction, after revealing the zones of development cracks and hydro-
dynamically isolated blocks.   
 
9.  In several parts of the reservoir, it is prospective to begin exploiting Object II. 
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6. Conclusions. 
 
 
1. The results of our analysis show that within this reservoir, there exists significant gas 
reservoirs not currently involved in exploitation. 
 
2.  Object I is characterized by block structures and the existence of local zones of intensive 
cracks.  
 
3. It is expedient to use distance methods (satellite or aerospace imaging) to reveal cracks in the 
zones available for drilling and add these results to the existing information about the Object.   
 
4. To directly check the hydrodynamic isolation of the reservoir and the volumes of gas not 
currently involved in drainage, we need to complete a hydrodynamic flow test of the well Pariso 
1, still not perforated.  The well is located in sufficiently favorable conditions. The works should 
include perforation and an open flow test after the well has been shut-in 5-10 days.  
 
5. It is expedient to carry out repeated or secondary hydrodynamic tests for the with the object of 
preservation control of filtration canals, made by commercial hydro-fracturing.  This is 
especially important in wells with lower initial reservoir pressure and relatively small total gas 
production.  On the basis of this data, we may develop a program for increasing the gas recovery 
rate and completeness of its extraction from the reservoir, and drill additional new wells. 
 
6.  Recommendations for hydrojet slotting are favorable, including all wells in Table 1, plus 
other wells in the surrounding Counties (if opportunity arises).  Priority wells are shown in Table 
9, including sections of preference.  Note that, when it is prospective to enter a section, 
completion of hydrodynamical testing is necessary. 
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Disclaimer Page: 
 
This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor 
any agency thereof, nor any of their employees, makes and warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe 
privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or 
otherwise dies not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any 
agency thereof. 
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Abstract:  
The original Glass silicate system was evaluated in the lab for water shutoff 
field applications in oil and gas wells. In the effort to improve that system, a 
new silicate-polymer based, multi-component gel formulation, now called 
SPI Gel Technology, was discovered.  It is felt that this is an important 
finding for industry which has been funded by the Stripper Well 
Consortium. The bulk of this project’s time and funding was spent on 
evaluating this new gel formulation by laboratory testing to first define the 
matrix parameters that impact SPI gel formation (delayed gel timing and 
resultant gel properties) for water mitigation, casing repairs and other 
applications. A US patent application has been submitted for this new 
technology. All project tasks, except Task 6- Field Testing, have been 
accomplished. Task 6 was deferred to allow for further lab testing of the new 
SPI Gel system.  We are now preparing to go into the field (with laboratory 
backup) for initial pressure testing of the SPI system in actual oil field wells. 
This project is being continued by SWC contract 3180-IT-USDOE-2098. 
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Experimental Work: Experimental work was performed in Tasks 3, 4 and 
5 in this project.  Almost 500 laboratory tests were conducted during this 
project toward evaluating the original Glass process and the new SPI Gel 
Technology.  The SPI test matrix included the following (generic) 
parameters in evaluating gel times and resulting gel properties:  silicate 
concentration, polymer concentration,  polymer types, other components 
concentrations & types, pH, temperature, mixing, brines/ cations/ 
multivalent ions, shearing, gel strength (final and over time), and other 
factors deemed important to the process. While the SPI gel process has been 
defined, it has not been fully evaluated and this lab work continues.  Based 
on the laboratory findings to date the process is considered an important 
technology improvement for the industry due to its low cost materials, 
flexible gel times and gel properties and environmentally friendly 
components (i.e. no heavy metal crosslinkers).  A patent application has 
been filed with the United States Patent Office on 28 November of 2006 
covering this new formulation.   While a patent application has not been 
published and, thus, the specific chemical formulation and lab work results 
must be held confidential (ie., proprietary) until publication. However, 
approved selections from the patent application are discussed in the 
Appendix C. 
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Executive Summary: 
The original Glass silicate system was evaluated in the lab for water shutoff 
field applications in oil and gas wells. We talked to many silicate, polymer 
and water shutoff experts in the industry. We also performed a very 
complete SPE literature review and a very detailed patent search and review 
of existing silicate and polymer processes.   In the effort to improve that 
Glass silicate system, a new silicate-polymer based (multi-component, single 
stage pumped) gel formulation, now called SPI Gel Technology, was 
discovered.  It is felt that this is an important finding for industry, which has 
been funded by the Stripper Well Consortium. All project tasks, except Task 
6- Field Testing, have been accomplished. Task 6 was deferred to allow for 
further lab testing of a newly discovered gel system.  The bulk of this 
project’s time and funding was spent on evaluating this new gel formulation 
by laboratory testing to first define the matrix parameters that impact SPI gel 
formation (delayed gel timing and resultant gel properties) for water 
mitigation, casing repairs and other applications. A US patent application 
has been submitted for this new technology. We are now preparing to go 
into the field (with laboratory backup) for initial pressure testing in actual oil 
field wells. This project is being continued by SWC contract 3180-IT-
USDOE-2098 entitled “Novel Single Stage Water Mitigation Treatment”. 

In a sign to the importance of this technology, the Oklahoma Center for 
Advancement of Science and Technology (OCAST) approved additional 
funding for SPI gel development toward casing repair applications.  These 
(SWC and OCAST) projects were joined to allow sharing of common 
development data so that lab tests would not have to be repeated and 
allowing both projects to progress further and faster than individually. After 
field proving, this technology will be made available to industry (via sale or 
license) for commercial applications in the very near future. 
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Introduction: 
In many areas of the oil and gas industry, and especially for many stripper 
wells, operators handle 7 barrels of excess, unproductive water for every one 
barrel of crude oil (PTTC water conformance workshop, August 2004 in 
Houston, Texas).  The University of Texas-Austin’s Center for Petroleum & 
Geosystems Engineering (www.cpge.utexxas.edu/pe/water_shutoff.html) 
reports that 20 billion barrels of ware are re-injected in the US every year. 
Shell reported producing 6.29 million barrels of water in 2000, Elf-
Aquitaine reported producing 1 barrel of water for every 1 barrel of oil, and 
Total reported producing 3 barrels of water for every barrel of oil its 
produces (per www.dordis.lu/data/PROJ_JOULE/ACTIONeqDndSESSION 
eq5715200595ndDOC). This unwanted water increases the cost to produce 
every barrel of crude oil or mcf of natural gas due to the cost of lifting to 
surface, processing, treating and disposing/ re-injection of that excess and 
unwanted water.  This cost to industry is estimated by the authors to be 
between $2 billion (at $0.10/bbl water) to $5 billion (at $0.50/bbl water).  If 
that cost is translated into the price of crude oil, this water handling would 
cost between $0.70 to $3.50 per barrel of every produced crude oil.  Such 
excess water also reduces oil and gas reserves due to the increased operating 
cost (uneconomic earlier) and due to the damaged reservoir’s rock flow 
properties (relative permeability and imibition) concerns. 
 
Some oilfield processes utilize injected water (waterfloods) to move oil from 
the reservoir rock into the wellbore where it can be lifted to the surface and 
sold. Other processes utilize injected water to maintain reservoir pressure to 
allow additional oil to be recovered than if the pressure were allowed to 
drop. However in both processes, the efficient use of the injected water is 
desired. Cycling of the water between the injection well and production well 
and back into the injection well causes increased repeated handling costs.  
 
Other oilfields have unwanted water production native to the reservoir and 
not due to injection of any water. This is due to the naturally occurring fluids 
in the original reservoirs (examples are Arbuckle and Hunton formations) 
allowing both to flow to the well. Even in these ‘primary’ production 
operations, when water production get too high for the amount of oil or gas 
produced, the operation becomes uneconomic, production is stopped and the 
well is plugged.     
 
Drilling also has problems with unwanted water production. Air drilling is 
often stopped because water influx cannot be lifted to the surface with 
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available volume/pressure air compressors. Thus efficient air drilling must 
be converted to less efficient mud drilling at that point.  Plugging off that 
water influx would allow efficient air drilling to continue deeper.  
 
Drilling operations may also be stopped due to loss of circulating mud into 
high permeability zones, just the opposite of unwanted water production.  
However the remedy of plugging off this high permeability zone to solve 
this problem is similar to excess water, allowing drilling to continue. 
 
Excess water production also comes from holes in the casing from wear, 
erosion, corrosion (inside and outside) and tectonic forces.  Repair of that 
rupture would stop that unwanted water production. For injection wells, such 
holes or ruptures can cause the well to be taken out of service and plugged. 
 
Many methods have been employed by industry to reduce this excess water 
over the last century including: mechanical means (wellbore equipment to 
isolate the influx depth interval); cement across and into the offending zone; 
chemical means including silicates, polymers, cross linked polymers, grouts, 
and epoxies; and specifically placed horizontal laterals. It is interesting to 
note that silicates were utilized before crosslinked polymers in the oilfield’s 
attempts to reduce water production. 
 
Mechanical equipment and cements are mostly limited to the wellbore and 
thus are important but not the best method for all occasions.  Epoxies are 
very expensive and normally reserved for casing repairs and small volumes. 
Indepth methods to permanently or not permanently reduce or redirect water 
are primarily polymers and crosslinked polymers. The polymers utilized are 
mostly polyacrylamides.  Crosslinking of the polymer is normally 
accomplished with heavy metal chrome and an activator. Many and most 
governmental agencies are moving away froom such heavy metals due to 
enviromnmental concerns.  This is especially true when treatments are in 
fresh or ‘treatable’ water zones. Field treatments of these systems are only 
about 60%  to 90% successful depending on operator experience (2004 
PTTC workshop).  Other reports suggests that such near-wellbore treatments 
are less than 45% successful (www.dordis.lu/data/PROJ_JOULE/ 
ACTIONeqDndSESSIONeq5715200595ndDOC). 
 
A more effective and lower cost method to reduce or stop this unwanted 
water production is needed by industry.  Silicates hold the promise of a 
lower cost and more environmentally friendly alternative than current 
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chrome crosslinked polymer or epoxy systems. However most silicate 
systems are difficult to use, difficult to control and can form brittle 
precipitates. Properly utilizing silicates and finding an improvement to that 
system was the promise of this project. 
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Project Tasks 
This Project’s original and primary goal was to improve and field test an 
existing low cost two-stage silicate water mitigation treatment, known as the 
Glass system.  To do this we were tasked to – 

1. Perform a more complete literature search and review of the 
existing silicate processes in the industry;  

2. Talk to leading experts in the industry and academia;  
3. Better understand the Glass silicate system chemistry for more 

accurate/ successful treatments can be performed;  
4. Investigate methods to use brines for mix and buffer waters for cost 

savings;  
5. Investigate methods to allow a single stage pumped silicate systems 

for better performance and easier field handling; and  
6. Perform field treatments.    

All but Task 6 has been accomplished, as will be discussed in later sections. 
From Task 5 a new gel system was discovered and a US patent applied. 
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Project Milestones: 
• February 2005  SWC proposal submitted 
• April 2005  SWC meeting to present proposal 
• 25April2005  Notification of project acceptance by SWC at a 

reduced funding level of $107,200 and 70% cost share 
• June 2005   Notification of SWC award on project 
• 22 Sept 2005 SWC contract awarded for project 
• Fall 2005   SWC meeting in San Antonio TX, presentation on 

project status and discussion with Paul Willhite 
• Fall 2005  Teleconferences w/ Randy Seright, Robert 

Sydansk and other experts in the field 
• Fall 2005  Researched laboratories with silicate experience 
• January 2006  Hired TEPCO/ RTA lab headed by Lyle Burns  
• 20 Jan 2006  Contract and IP agreement with all project parties 
• Feb 2006   First full project group meeting in Bartlesville OK 
• 6 Feb 2006   Report on research of literature on related systems 
• 13 Feb 2006  Report on research of patents on related systems 
• Feb 2006  Discovered and confirmed new SPI formulation 
• 20 Feb 2006  Teleconference with Robert Sydansk 
• 27 Feb 2006  Teleconference with Betty Felber 
• 27 Feb 2006  Teleconference with Sam Sarem 
• 31 March 2006  Technical Progress Report 
• 4 April 2006  SWC meeting in University Park, PA 
• April 2006   Prepared matrix of all known parameters that 

influences SPI formulation gel times and gel strengths/ properties 
• Summer 2006 Tested various chemical systems, salts, pH, 

polymer type, extrusion test, temperature, additives, ………. 
• Summer 2006 Tested SPI formulation boundaries to determine 

range and properties of gels 
• Summer 2006 Second patent search and review- over 100 patents  
• 30 June 2006  Technical Progress Report 
• 1 July 2006   Awarded contract from the Oklahoma Center for 

the Advancement of Science and Technology (OCAST) for a related 
project on using the SPI gel for casing repairs.  

• Summer 2006 Continued process development in the lab on 
understanding the full SPI system. 

• 31 September06  Technical Progress Report 
• July-Oct 2006   Obtained field oil and waters for laboratory testing 
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• 18 August 2006 Filed a DOE Report of Invention Disclosure form 
on the new SPI Gel Technology 

• 29 August 2006 Received SWC approval to modify budget and 
tasks, primarily to officially defer Task 6 into second SWC project. 

• Sept 2006  Designed/prepared extrusion apparatus (not finished) 
• Sept 2006  Designed/prepared coreflood apparatus (not finished) 
• 26 Oct 2006  Booth at the Oklahoma Marginal Well 

Commission’s Oklahoma City Trade Fair 
• 9 Nov 2006   SWC Meeting presentation in Pittsburgh, PA  
• 28 Nov 2006  Filed SPI Gel Technology patent at US Patent 

Office with reservation for foreign filings 
• 31 Dec 2006  Final Technical Report- draft for approvals 
• 15 Jan 2006         Submitted Final Report to Stripper Well Consortium 
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Discussion 
After discussions with selected experts in the water mitigation field (Paul 
Willhite, Randy Seright, Betty Felber and Bob Sydansk), review of Union 
Oil Company of California’s (UNOCAL) earlier silicate work and a review 
of silicate laboratories and silicate experts, we hired RTA Systems for our 
silicate chemistry advisor and testing laboratory. RTA Systems, Lyle Burns 
and Jim Hessert have extensive knowledge of silicates and PAMs uses in 
industry.  Upon agreement of intellectual property rights, we began 
reviewing current and targeted changes in the Glass silicate system.   
 
After performing a very complete literature (Appendices A and B) and 
patent search (portions of Appendices B and C) and reviewed existing 
silicate and polymer water shutoff/ mitigation processes, we better 
understood the existing Glass silicate system, satisfying Task 1 and 3.  RTA 
then performed gel tests on selected silicate (multi-component) mixes for 
improving the Glass silicate system, Task 5.  A specific multi-component 
silicate-polymer mixture was found that provides many of the attributes 
desired in a single stage, controlled delayed gel system, which we now call 
the SPI Gel Technology.  Multivalent ions were tested against the SPI gel 
with up to 3% KCl tested, Task 4.   
 
Next, we talked to several industry experts/ consultants, including Bob 
Sydansk, Sam Sarem, and Betty Felber to fulfill Task 2 and better 
understand the full range of systems available in the industry.  Dr. Felber 
was very intelligent and helpful in understanding silicate, lignosulfonates 
and PAM chemistry and their applications. Mr. Sydansk provided a very 
concise review of polymer systems.  Methods of chelating or precipitating 
the problematic multi-valent ions were identified and confirmed by Dr. 
Sarem.   
 
Additional lab tests of the SPI gels have been continued to outline the range 
of applicability and find ‘show-stoppers’, however no such process 
“stoppers” have been found.  With permission from SWC, we put further lab 
work and all field testing on the original Glass silicate treatment method on 
permanent hold and deferred field testing of the new SPI system until 
laboratory work was sufficient to go to the field.  A new and expanded (over 
100 patents) patent search and review was performed concerning the new 
formulation with no similar technology was uncovered, Task 1 renewed.  A 
patent was filed on 28 November 2006 for this new, SWC supported 
technology development.   
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The SPI Gel Technology is basically a multi-component silicate system, 
where one of the components includes a polymer.  It uses no heavy metal 
crosslinkers which makes it much more environmentally friendly than  most 
all current gel systems.  The various combinations of components makes the 
system very versatile in controllable delayed gel times (from immediate to 
days) and gel strengths (thickening to hard ringing gels).  The rest of the 
composition is proprietary and will not be disclosed until published by the 
US Patent Office.  Examples of the formed gels have been shown at various 
SWC meetings, with a picture of such a formed gel shown below. 
 

 
   Figure 1- SPI gel example 
 
The formulation has many potential uses, as identified in the patent, such as 
oil and gas well casing repairs, oil and gas reservoir profile (vertical and 
areal) flow modification, surface pipe repairs (utility conduits, buried 
ductwork, sewer lines, etc…), grouting and other uses. 
 
Further laboratory testing is continuing and all field testing work is under a 
second SWC project, contract #3180-IT-USDOE-2098 entitled “Novel 
Single Stage Water Mitigation Treatment”.  Field mixing and injection 
equipment are being assembled at the time of this report writing. 
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Conclusions: 
Using Stripper Well Consortium (via Penn State University and US 
Department of Energy) grant funding,  we have discovered a new single 
stage, multi-component, controlled delayed gelation silicate based gel 
system for water mitigation and casing repair for the nation’s stripper well 
operators and over 400,000 stripper wells. The new gel system, called the 
SPI Gel Technology, is made from low cost materials and is much more 
environmentally friendly that existing chrome based gel polymer systems.  It 
allows a wide range of mixture combinations yielding a wide range of gel 
outcomes- from ringing hard to softer to ‘lipping’ gels to hard brittle gels.  It 
also has applications in utility line repairs, oil and gas drilling, construction 
grouting and many other applications. This project is being continued by 
SWC contract 3180-IT-USDOE-2098 entitled “Novel Single Stage Water 
Mitigation Treatment” for further defining the SPI gel’s control 
methodology and performance matrix parameters, provide lab support for 
field testing and perform numerous field tests.  The subsequent (to field 
proving) sale of technology or licensing will get this technology rapidly into 
commercial usage. 
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APPENDIX A 
Summary of Key SPE Papers  

on Silicate and Related Gel Systems 

Reviewed 8Feb06 

SPE 09104  
“Preliminary Laboratory Tests And The Interpretation Of The Results With 
Reference To The Mechanism Of Residual Oil Mobilization”, 
Z.Heinemann, G.Milley, 0.Wagner 
Laboratory discussion of successive injection of sodium metasilicate and calcium 
chloride solutions into the porous medium so that a gel precipitation will take 
place in-situ.  A succession of two series was found to be the optimum Process 
included a silicate solution containing 2 w% Si02 and then with 7 w%, both 
followed by the calcium chloride solution to provide a divalent cation for the 
reaction with sodium orthosilicate.  Gives good silicate solution characteristics 
and properties. 
Good earlier references from that paper-   
AM Sarem,  “Secondary and tertiary recovery  of oil by MCCF process”, SPE 
Reprint 4901, (1974). 
JR Johnson,  “Status of Caustic and Emulsion Methods”, J.Pet.Tech. , 1/76, 85-92 
(1976) 
DT Masan, MC Shah, K Sampath, R  Shah, “Spontaneous Emulsification and the 
Effect of Interfacial Fluid Properties on Coalescence and Emulsion Stability in 
Caustic Flooding”. 

SPE 12473 
“Selective Gas Shut-Off Using Sodium Silicate in the Prudhoe Bay Field, AK”, 
G.D. Herring, J.T. Milloway, W.N. Wilson 
Discussed diluted (16% 40 Baume’ sodium silicate and 84% water) and 
concentrated (40 Baume’) sodium silicate Corefloods of dilute and concentrated 
silicate systems were evaluated.  Two different activating agents (not identified) 
designed to gel the sodium silicate were reviewed. Halliburton activators 
Salt pellets and polymer were used as diverting agent for oil zones. In field tests, 
operator had to wash out and reperforate the wells, but it was successful 

SPE 13578 
“Profile Modification and Water Control With Silica Gel-Based Systems”, 
P.H. Krumrine* and S.D. Boyce 
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1985 
Very good review of silicate systems and related patents, lignosulfonates, CO2 
and other systems. This paper presents the chemistry of silica polymer gel 
systems and review of their properties, benefits, limitations  and methods of 
application. The properties such as gel time, strength and shrinkage vary 
considerably versus the concentrations of reactants, the particular reservoir 
environmental conditions such as temperature, salinity, hardness, and 
hydrocarbon maturation. Gels ranging from elastic to rigid can be made with set 
times area. By achieving either partial or total varying from a few seconds to 
several hours Inorganic  acids and reactants such as CaCl or NaAlO2 tend to 
react quite rapidly Organic reactants that slowly hydrolyze or oxidize give more 
gradual formation of gels. Host reservoirs that contain high salinity, hardness, or 
temperature environments tend to accelerate the gel formation 

SPE 17674 
“Reservoir Water Control Treatments Using a Non-Polymer Gelling System” , 
KS Chan- Dowell 
2-5 February 1985 
This paper discusses a non-polymer, binary system using an organic salt solution 
with an activator that increases pH as it slowly dissolves, the salt then gels. 
Claimed that it is very tolerant of salinity, i.e. salts.  It is pumped as one system. 
The system uses only two chemicals-  The first one is an inorganic salt which can 
be dissolved in any mix water up to 60% w/v. The solution has a pH of 4 to 4.4. 
The second chemical is a low molecular weight organic compound which 
decomposes with time and increases the pH of the solution. At pH 5.5, the fluid 
starts to thicken and forms a gel which has been identified to be a network of fine 
colloidal particles. The strength of the gel increases with increasing pH until the 
pH reaches about 7. The average particle size varies depending on the salinity 
and the hardness of mix water- generally of the order of 0.1 micron.    

SPE 17949 
“Design and Field Application of Chemical Gels for Water Control in Oil Wells 
Producing From Naturally Fractured Carbonated Reservoirs”, 
NN. Senol, R GiNumser, N. Tekayak 
1989 
Lab and field work was done and reported on silica gel system and a polymer 
system in Turkey. No specifics given on the activators mentioned for silicates. 

SPE 18505 
“Oilfield Applications of Colloidal Silica Gel”, 
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J.J. Jurhrak, SPE, and L.E. Summers 
1989 
After a wide range of gel chemistries were screened, the search focused on silica-
based systems. Colloidal silica gels were selected for development instead of 
conventional sodium silicate gels because of their more robust gel-time control. 
Following extensive laboratory testing, field testing of colloidal silicates, as 
differentiated from sodium silicate, were used. Casing repair, prod and injection 
well field treatments were reported.  Silica solution was neutralized with HCl on 
the surface before pumping. Report from lab tests that sodium silicate viscosity is 
about same as water, but injectivity is ½ of water in most formations and, in clay 
formations, up to 1/10 of water.  Colloidal system require fresh water in mixing. 

SPE 19896 
“Enhanced Alkaline Flooding”, 
Harry Surkalo 
Alkaline flooding only 

SPE 20997 
“Reversible In-Situ Gelation by the Change”, 
S. Vossoughi, A Putz 
Kansas State new polymer- pH activated with acid. 

SPE 37466 
“A Successful Water Shut off – A Case Study from the Stratfjord Field”, 
Raymond Boreng and Ove Birger Scendsen 
Silicate treatment (no detail given) of one well…very successful 

SPE 39617 
“Water Shutoff Treatments in Eastern Alberta: Doubling Oil Production, 
Decreasing Water Cut “, 
E. Samari,  D.L.T. Scott,  D. Dalrymple,  
1998 
Discussion of delayed gel silicate system with ultrafine cement.  Ethyl acetate 
was used (Halliburton).  Gel control was accomplished by lowering pH before 
pumping. Reacts with divalent ions (cation or anions?) to form a gel. 

SPE 49464 
“Case Histories of Successful Water Shutoff Techniques Utilized in Enhancing 
Oil Output from Minagish Oolite Reservoir of East Umm Gudair (West Kuwait)” 
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ML Chawla, A Al-Otaibi and A Waheed 
1998 
Halliburton InjectrolG treatments reported 

SPE 49468 
“Field Advanced Water Control techniques using Gel Systems”, 
P Baylocq, JJ Fery and A Grenon 
1998 
Several field applications of different gel systems including sodium silicates.  4 
drilling applications of colloidal suspended sodium silicate which were 
externally activated with a 10%CaCl2 reactive brine. 

SPE 50760 
“High-Density Monomer System for Formation Consolidation/Water Shutoff 
Applications”, 
L Eoff, GP Funkhouser, M Cowan 
1999 
Hydrogenperoxide and azo initiators were used for polymerizing 
solutions of 2-hydroxyethyl acrylate in aqueous solutions of 
sea salt, sodium chloride (NaCl), calcium chloride (CaCl2), 
calcium bromide (CaBr2), and zinc bromide (ZnBr2) with densities 
from 8.6 to 17.5 lbm/gal. These have been formulated for heavy brines or cool 
temperatures. 

SPE 53312 
“Conformance-While-Drilling Technology Proposed to Optimize Drilling and 
Production” 
R Sweatman,  J Heathman, R Faul, N Gazi, 
1999 
Lists many plugging/gel systems possible on page 4 

SPE 56739 
“Application of Silicate-Based Well Treatment Techniques at the Hungarian Oil 
Fields” 
I Lakatos, EJ Lakatos-Szabó, G Tiszai, G Palásthy, B Kosztin, S. Trömböczky 
M Bodola, G Patterman-Farkas 
1999 
Excellent paper on review of silicate and combination systems.  Hungarian work  
identified joint application of silicates and polymers or humates, in a 
multifunctional, self-controlling chemical system is usually formed which works 
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spontaneously even under harsh reservoir conditions, meanwhile the methods 
remain inexpensive, flexible and adaptable to any production technology. A 
concise summary of the diverse techniques, their principle and mainly field 
projects are discussed in the paper. It was shown that the silicates, combined 
with polymers and humates offer unique opportunity to cure numerous 
production/injection problems including water-shut-off, profile correction, clay 
stabilization, etc. in oil and gas fields and underground gas storage. Between 
1980 and 1998 the field projects, comprising more than hundred well treatments, 
yielded substantial additional oil production, life time of wells.  Excellent paper 

SPE 59322 
“Evaluation of Gelation Systems for Conformance Control” 
A Prada, F Civan, ED Dalrymple 
Halliburton Energy Services, Inc. 
2000 
Halliburton Energy Service paper which talks about and compares 4 gel systems, 
but does not say what they are! Of no use. 

SPE 60896 
“Use of Temperature Simulations in Water-Control Design” 
MA Hardy, DW van Batenburg, CW Botermans,  
Discusses  temperature estimation methods which can control gel times 

SPE 69675 
“Silica Micro-Encapsulation Technology for Treatment of Oil and/or 
Hydrocarbon-Contaminated Drill Cuttings” 
L Quintero,  JM Limia, S Stocks-Fischer 
Nothing specific for reservoir water control. 

SPE 70067 & 84966 
“A Strategy for Attacking Excess Water Production” 
R. S. Seright, R H Lane, R D Sydansk 
Discusses how to identify and solve specific water production problems.  Good 
references 

SPE 72119 
“Chemical Water & Gas Shutoff Technology - An Overview “, 
AH Kabir  
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Excellent paper on all types of sealants including many silicates. Excellent 
overview. 

SPE 77414 
“Relative Permeability Modification Using an Oil-Soluable Gelant to Control 
Water Production” 
GP Karmakar, CA Grattoni, RW Zimmerman 
2002 
Discuss silicate methods for delayed gelation. Focus on a new oil soluble silicate 
system (Tetramethylorthosilicate or TMOS) which is mixed with oil and injected 
into the formation and allows for preferential permeability change. When it come 
into contact with water it hydrolyses and gels. 

SPE 78351 
“Field Evaluation of Iron Hydroxide Gel Treatments”, 
B Kosztin, G Palasthy, F Udvari, L Benedek, I Lakatos 
2002 
Hungarian development of a old method.  Found not as effective as polymer 
/silicate treatments, but still 60% technically successful and 40% profitable. 

SPE 80206 
“Development of a Hydrophobically Modified Water-Soluble Polymer as a 
Selective Bullhead System for Water-Production Problems”, 
L Eoff, S Dalrymple, BR Reddy, J Morgan, H Frampton 
Discussed a polymer not silicate system, but interesting bullhead system that 
protects oil bearing zones. 

SPE 84904 & 89452 
“Selected US Department of Energy’s EOR Technology Applications”, 
B Felber 
2003 
Good overview of ASP, CO2 viscosifiers, microhole drilling and tools…however, 
nothing on silicates 

SPE 92339 
“High-Temperature Plug Formation with Silicates”, 
S Bauer, P Gronewald, J Hamilton, D LaPlant, A Mansure 
High temperature silicate plug 
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SPE 75163 
“A Natural Polymer-Based Crosslinker System for Conformance Gel Systems”, 
BR Reddy, L Eoff, ED Dalrymple, K Black, D Brown, M Rietjens 
2002 
A good review of the benefits and problems associated with many crosslinkers 
for polymer systems, many of which are being phased out by various 
governmental agencies. The paper presents laboratory work on a crosslinker for 
acrylamide polymers based on naturally occurring chitosan. 
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Listing of Key SPE papers 

F-127



12473-
MS Selective Gas Shut-Off Using Sodium Silicate in the Prudhoe Bay Field, AK 

70067-MS  A Strategy for Attacking Excess Water Production  
37466-MS  A SUCCESSFUL WATER SHUT OFF. A CASE STUDY FROM THE STATFJORD FIELD 
56739-MS  Application of Silicate-Based Well Treatment Techniques at the Hungarian Oil Fields 
66565-PA  Scale Dissolver Application: Production Enhancement and Formation-Damage Potential 
19896-PA  Enhanced Alkaline Flooding  

80206-MS  Development of a Hydrophobically Modified Water-Soluble Polymer as a Selective Bullhead
System for Water-Production Problems  

72119-MS  Chemical Water & Gas Shutoff Technology - An Overview 

96945-MS  Relative Permeability Modifier Treatments on Gulf of Mexico Frac-packed and Gravel-
packed Oil and Gas Wells  

9104-MS  GEL DISPLACEMENT - AN ENCOURAGING NEW METHOD FOR INCREASING
ULTIMATE OIL RECOVERY  

11970-MS  Porosity Reduction in Sandstone 
60896-PA  Use of Temperature Simulations in Water-Control Design 
59322-MS  Evaluation of Gelation Systems for Conformance Control 

66558-PA  More Than 12 Years’ Experience With a Successful Conformance-Control Polymer-Gel
Technology  

13578-MS  Profile Modification and Water Control With Silica Gel-Based Systems 
78351-MS  Field Evaluation of Iron Hydroxide Gel Treatments  
53312-MS  Conformance-While-Drilling Technology Proposed to Optimize Drilling and Production  
20997-MS  REVERSIBLE IN-SITU GELATION BY THE CHANGE OF PH WITHIN THE ROCK 
84966-PA  A Strategy for Attacking Excess Water Production  
17811-MS  How To Solve Lost Circulation Problems  
49468-MS  Field Advanced Water Control Techniques Using Gel Systems 
18505-PA  Oilfield Applications of Colloidal Silica Gel  
92339-MS  High-Temperature Plug Formation With Silicates 

69675-PA  Silica Micro-Encapsulation Technology for Treatment of Oil and/or Hydrocarbon-
Contaminated Drill Cuttings  

49464-MS  Case Histories Of Successful Water Shutoff Techniques Utilised In Enhancing Oil Output
From Minagish Oolite Reservoir Of East Umm Gudair, (West Kuwait).  

17674-MS  Reservoir Water Control Treatments Using a Non-Polymer Gelling System 
89452-MS  Selected U. S. Department of Energy EOR Technology Applications  
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17949-MS  Design and Field Application of Chemical Gels for Water Control in Oil Wells Producing
From Naturally Fractured Carbonated Reservoirs  

84904-MS  Selected U.S. Department of Energy's EOR Technology Applications 
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APPENDIX C 
Summary of Key Patents and Technical Papers 

(Taken from SPI Gel Technology US patent application-28 November 2006)

The mobility of any fluid in a permeable geological formation is the effective 
permeability of the formation to that liquid divided by the viscosity of the fluid. Thus, a 
commonly developed method for reducing the mobility of a particular fluid in a 
permeable geological formation is to increase its viscosity such as by using viscous 
solutions of partially hydrolyzed polyacrylamides such as described by Sandiford et al in 
US 2,827,964 and McKennon US 3,039529

Application of silicates in different industrial areas is well documented.  Injection of 
silicate solutions into reservoirs with the aim at enhancing the recovery factor through a 
diverting effect was proposed by Ronald Van Auken Mills in US 1,421,706 in 1922. 
Acidic gel systems may be the oldest and most commonly employed techniques that 
employ silicates.  These gels are more accurately described as precipitation type gels 
since they are extremely brittle with virtually no elasticity.  In the early 1960’s, sodium 
silicate and glyoxal were combined (US 3,028,340) to make various hard cement-like 
coatings on substrates. At low concentrations a firm gel was obtained that lacked 
cohesiveness and was not as hard as cement. In 1964, Gandon et.al. (US 3,149,985) took 
went a step further and cited sodium silicate reactions with other “reactive carbonyl” 
compounds such as polyalcohol esters to make cement like substances.  One goal of these 
technologies was to make agents to generate very hard consolidated soils for constructing 
structures such as bridges, dams and water reservoirs on the soil surface. Throughout the 
last 50 years numerous inventors patented various sodium silicate systems (US 
2,747,670, US 2,807,324, US 3,435,899, US 4,461,644, US 4,640,361, US 6,059,035 and 
US 6,059,035 all of which patents are incorporated herein by reference) to make gels for 
use in plugging high permeability areas of oil and gas producing reservoirs. 

In the literature, an SPE Paper #13578 presented by Krumrine and Boyce (“Profile 
Modification and Water Control With Silica Gel-Based Systems”, P.H. Krumrine and 
S.D. Boyce, 1985) is considered a milestone because this paper is not only a complete 
summary of the topic listing numerous papers and patents on sodium silicate chemistry as 
applied to oil field and grouting applications, but they also drew attention to a 
controversial fact that the silicate use was inequitably neglected in commercial 
applications in favor of polymer treatments in practice at the time.  

Although the sodium silicate technology was the first plugging and permeability 
modification technology largely put to practice, the use of gelled polymers based on 
polyacrylamide and chromium salts with reducing agents or organochromium compounds 
became more popular in the 1970’s and 1980’s because of their unique versatility to 
make hard and soft elastic gels rather than the inelastic gels formed using sodium silicate 
chemistry.  Phillips Petroleum Company was a pioneer in this area and was later followed 
by Marathon Oil Company with similar technology using polyacrylamide-chromium 
gelled systems.  For example, Needham in 1968, US 3,412,793, proposed the injection of 
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a stable foam into a high permeability formation. Other prior art proposed various gelled 
polymers, such as carboxyethyl and carboxymethyl cellulose (US 3,727,687, Clampitt et 
al, 1973), polyacrylamides and polymethacrylamides (US 3,749,172, Hessert et al, 1973), 
and various combinations and modifications of these (US 3,762,476, Gall, and US 
3,785,437, Clampitt et al, 1974). At Marathon Oil Company, Argabright et al proposed 
the use of low molecular weigh aldehydes as a crosslinking agent for polyacrylamide (US 
4,098,337) in 1978 and later in 1984 Falk (US 4,485,875) proposed the use of phenol 
with formaldehyde as a crosslinking combination for polyacrylamides. 

At Union Oil Company, Sandiford proposed improved methods (US 3,741,307 in 1973, 
US 4,004,639 in 1977, US 4,009,755 in 1977, and US 4,069,869 in 1978) to 
waterflooding whereby various combinations of polymer flooding with polyacrylamide 
and plugging of high permeability areas with sodium silicate and derivatives.  In this 
method, following injection of enough polymer to penetrate between 20 – 50 feet from 
the wellbore, sequential slugs of chromates and the silicate technologies of the prior art 
are contemplated as a follow-in plug that substantially reduces the permeability of the 
more permeable strata of the formation to the subsequently injected flooding media. 
These systems constitute complex solutions containing chromium cross-linkers, reducing 
agents, silicates and silicate gelling agents known in the art.   
Various methods are known in the art for preparing copolymers, e.g., (U.S. Pat. Nos. 
2,625,529; 2,740,522; 2,729,557; 2,831,841; and 2,909,508). Such copolymers can be 
used in the hydrolyzed form, as discussed above for the homopolymers. Polyacrylic 
acids, including polymethacrylic acid, prepared by methods known in the art can also be 
used in the practice of the methods and composition of the present disclosure. 
Polyacrylates, e.g., as described in Kirk-Othmer, "Encyclopedia of Chemical 
Technology," Vol. 1, second edition, pages 305 et seq., Interscience Publishers, Inc., 
NewYork (1963), can also be used. Examples of such polyacrylates include polymers of 
methylacrylate, ethylacrylate, n-propylacrylate, isopropylacrylate, n-butylacrylate, 
isobutylacrylate, tert-butylacrylate, n-octylacrylate, and the like. Polyacrylate acrylamide 
copolymers may also be used. 

Polymers of acrylamide and AMPS and/or vinyl pyrrolidone have better thermal and 
brine tolerance in oil field applications (Stahl et. al. US 5,382,371).  These polymers have 
become known as the Hostile Environment (HE) polymers.  HE polymers are highly 
tolerant to hydrolysis eliminating the formation of precipitates with divalent ions such as 
calcium and magnesium at high temperatures up to and including 300 F. 
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APPENDIX D 
Full Patent List & Additional SPE Papers 

US 1,421,706 
July 4, 1922,  Ronald Van Auken Mills, Assignment: Self 
“Process of Excluding Water From Oil & Gas Wells” 

US 2,402,588   
June 25, 1946, Kurt H. Andresen , Assign to Essex Royalty Corp. 
“Method of Oil Recovery” 

US 2,492,790   
December 27, 1949, Ladislaw Vilmos Farkas et. al.  
“Acid Resisting Cement and Method of Making” 

US 2,713,906 
July 26, 1955, Jospeph C. Allen, Assignment: The Texas Company 
“Preventing Of Gas Coning In The Production of Oil From Combination Reservoirs” 

US 2,747,670  
May 29, 1956,  Jack A. King et. al., Assignment Cities Service 
“Method of Increasing Oil Recovery” 

US 2,766,130 
October 9, 1956, Karl Dietz et.al. Assignment: Hoechst 
“Self-hardenting Water-glass Compositions and Process of Preparing Same” 

US 2,787,325 
April 2, 1957,  Orrin C. Holbrook, Assignment: Pure Oil Co. 
“Selective Treatment of Geological Formations” 

US 2,799,341 
July 16, 1957,  George P. Maly, Assignment: Union Oil Co. 
“Selective Plugging in Oil Wells” 

US 2,801,699 
August 6, 1957,  Assignment: Pure Oil Co. 
“Process For Temporarily and Selectively Sealing A Well” 

US 2,807,324 
September 24, 1957,  Jack A. King et. al., Assignment: Cities Service Co. 
“Method of Increasing Oil Recovery” 

US 2,837,165 
June 3, 1958, Alan P. Roberts,  Assignment: Esso Research & Engineering Co. 
“Permanent Well Completion Apparatus” 

US 2,864,448 
December 16,1958, Donald C. Bond et. al. Assignment: Pure Oil Co. 
“Process for Selectively and Temporarily Sealing A Geological Formation Having Zones 
of Varying Permeability” 

US 2,911,048 
November 3, 1959,  James R. DublinIII, Assignment: Jersey Production Research Co. 
“Apparatus for Working Over and Servicing Wells” 

US 2,968,572   
January 17, 1961, Cletus E. Peeler, Jr., Assig: Diamond Alkali Company 
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“Chemical Composition and Process For Soil Stabilization” 
US 3,013,607 

December 19. 1961,  Donald C. Bond et. al. Assignment: Pure Oil Co.  
“Selective Plugging Between Contiguous Strata” 

US 3,028,340   
April 3, 1962, Louis Gandon et al. Assignment: Societe Nobel Bozel 
“Production of New Compositions From Glyoxal and Alkali Metal Silicates” 

US 3,028,912 
April 10, 1962, Virgil J. Berry, Jr. et.al., Assignment: Pan American Petroleum Corp. 
“Recovery of Oil From an Underground Formation” 

US 3,094,846   
June 25, 1963, C. E. Peeler, Jr., Assignment:  
“Treatment of Earth Strata Containing Acid Forming Chemicals” 

US 3,141,503 
July 21, 1964, Nathan Stein, Assignment: Socony Mobil Oil Co. 
“Plugging of Permeabile Earth Formations” 

US 3,145,773 
August 25, 1964, Robert M. Jorda et. al. Assignment: Shell Oil Co. 
“Method of Sealing Formations in Completed Wells” 

US 3,149,985   
September 22, 1964, Louis Gandon et al.  Assign:  Petit-Quevilly, A French Company 
“Preparation of Silica Gels From Alkaline Silicates and Polyalcohol Esters” 

US 3,202,214   
Aug. 24, 1965, Homer C. McLaughlin, Jr.,  Assignment: Halliburton 
“Preparation and Use of Sodium Silicate Gels” 

US 3,251,414 
May 17, 1966,  Bertram T. Willman, Assignment: Esso Production Research Co. 
“Method For Control of Water Injection Profiles” 

US 3,261,400 
July 19, 1966,  Elliot B. Elfrink, Assignment: Mobili Oil Corp. 
“Selective Plugging Method” 

US 3,288,040 
November 29, 1966,  Raymond C. Burrows Assignment: Archer-Daniels-Midland Co. 
“Soil Stabilization” 

US 3,294,563    
Dec 27, 1966, David Rowland  Assign: The Cementation Company Ltd. 
“Silicate Grout” 

US 3,308,884 
March 14, 1967,  Thomas J. Robichaux,  Assignment: Shell Oil Co. 

 “Plugging Underground Formations” 
US 3,342,262 

September 19, 1967,  Jack A. King et. al., Assignment: Cities Service Oil Company 
“Method of Increasing Oil Recovery” 

US 3,435,899   
April 1, 1969, Homer C. McLaughlin et al, Assign: Halliburton 
“Delayed Gelling of Sodium Silicate and Use Therefore” 
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US 3,439,744 
April 22, 1969,  Bryant W. Bradley, Assignment: Shell Oil Co. 
“Selective Formation Plugging” 

US 3,489,222 
January 13, 1970, Ralph S. Millbone et. al., Assignment Chevron Research Co. 
“Method of Consolidating Earth Formations Without Removing Tubing From Well” 

US 3,522,844 
August 4, 1970,  Milton K. Abdo, Assignment: Mobil Corp. 
“Oil Recovery Process With Selective Precipitation of Positive Non-Simple Liquid” 

US 3,637,019 
January 25, 1972, Jimmy D. Lee, Assignment: Dalton E. Bloom 
“Method for Plugging a Porous Stratum Penetrated By A Wellbore” 

US 3,656,550 
April 18, 1972,  Ovner R. Wagner Jr., Assingment: Amoco Production Co. 
“Forming a Barrier Between Zones in Waterflooding” 

US 3,695,356 
October 3, 1972,  Perry A Argabright,  Assignment: Marathon Oil Company. 
“Plugging Off Sources of Water In Oil Reservoirs” 

US 3,700,031 
October 24, 1972,  Walter F. Germer, Jr. et. al.  Assignment: Germer-Stringer Corp. 
“Secondary Recovery and Well Stimulation, Solutions, and Methods of Use” 

US 3,701,384 
October 31, 1972, Willis G. Roatson, Assignment: Dow Chemical Co. 
“Method and Compositions for Controlling Flow Through Subterreanean Formations” 

US 3,727,691   
April 17, 1973,  Thomas W. Mucke et. al. Assignment: Esso Production Co.  
“Method and Apparatus for Treating Subterranean Formations” 

US 3,749,172 
July 31, 1973,  James E. Hessert & R. L. Clampitt, Assignment: Phillips Petroleum Co. 
“Method of Using Gelled Polymers in The Treatment of Wells” 

US 3,759,326   
September 18, 1973, Charles A. Christopher Assign: Texaco, Inc. 
“Secondary Oil Recovery Method” 

US 3,762,476 
October 2, 1973,  James W. Gall, Assignment: Phillips Petroleum Company. 

US 3,785,437 
January 15, 1974, R.L. Clampitt & James E. Hessert, Assignment: Phillips Petroleum Co. 
“Method  For Controlling Formation Permeability” 

US 3,804,173 
April 16, 1974, Robert R. Jennings, Assignment: Dow Chemical Co. 
“Method For Reducing Polymer Adsorption in Secondary Oil Recovery Operations” 

US 3,876,002 
April 8, 1975,  Amir M. Sarem,  Assignment: Union Oil Co. 

 “WaterFlooding Process” 
US 3,897,827 

August 5, 1975, Betty J. Felber et.al.  Assignor: Standard Oil Co. 
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“Lignosulfonate Gels For Sweep Improvement In Flooding Operations” 
US 3,920,074 

November 18, 1975,  Amir M. Sarem, Assingment: Union Oil Company 
“Method For Improving The Injectivity Of Water Injection Wells” 

US 3,955,998 
May 11, 1976, R.L. Clampitt and James E. Hessert, Assignment: Phillips Petroleum Co. 
“Aqueous Gels For Plugging Fractures In Subterranean Formation and Production OF 
Said Aqueous Gels” 

US 3,965,986  
June, 29, 1976, Charles A. Christopher, Assign: Texaco, Inc.  
“Method For Oil Recovery Improvement” 

US 3,993,133 
November 23, 1976,  Richard L. Clampitt, Assignment: Phillips Petroleum Co. 
“Selective Plugging of Formations with Foam” 

US 3,994,344 
November 30, 1976,  Robert H. Friedman, Assignment: Getty Oil Corp. 
“Method For Recovery of Acidic Crude Oils” 

US 4,074,757 
February 21, 1978, Betty J. Fleber et. al., Assignment: Standard Oil Co.  
“Method Using Lignosulfonates for High-Temperature Plugging” 

US 4,081,030 
March 28, 1978,  David R. Carpenter et. al., Assignment: Dow Chemical Co. 
“Aqueous Based Slurry With Chelating Agent and Method of Forming A Consolidated 
Gravel Pack” 

US 4,091,868 
May 30, 1978, Eugene C. Kozlowski et. al., Assignment: Diversified Chemical Corp. 
“Method of Treating Oil Wells" 

US 4,257,813   
March 24, 1981, Dan D. Lawrence et al Assignment: ARCO 
“Formation Treatment With Silicate Activated Lignosulfonate Gel” 

US 4,275,789 
June 30, 1981, Dan D. Lawrence & Betty J. Felber, Assignment: Standard Oil Co. 
Silicate Activated Lignosulfonate Gel Treatments Of Conductive Zones 

US 4,293,440   
October 6, 1981, Eugene A. Elphingstone et al Assign: Halliburton 
“Temperature Gelation Activated Aqueous Silicate Mixtures and Process of Forming 
Impermeable Gels” 

US 4,300,634 
November 17, 1981,  Richard L. Clampitt, Assignment: Phillips Petroleum Co. 
“Foamable Compositions and Formations Treatment” 

US 4,389,320 
June 21, 1983,  Richard L. Clampitt, Assignment: Phillips Petroleum Company 
“Foamable Compositions and Formations Treatment” 

US 4,428,429 
January 31, 1984,  Betty J. Fleber et. al., Assignment: Standard Oil Co. 
“Method For Sweep Improvement Utilizing Gel-Forming Lignins” 
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US 4,461,644   
July 24, 1984, Jerry D. Childs, et al. Assign: Halliburton 
“Light Weight Composition and a A Method of Sealing A Subterranean Formation” 

US 4,485,875 
December 4, 1984,  David O. Falk,  Assignment: Marathon Oil Company 
“Process For Selectively Plugging Permeable Zones in a Subterranean Formation” 

US 4,613,631 
September 23, 1986,  Wilton F. Espenscheid,  Assignment: Mobil Oil Corp. 
“ Crosslinked Polymers For Enhanced Oil Recovery” 

US 4,640,361   
February, 3, 1987, William H. Smith et al., Assign: Halliburton 
“Thermally Responsive Aqueous Silicate Mixtures and Use Thereof” 

US 4,744,418 
May 17, 1988,  Robert D. Sydansk,  Assignment: Marathon Oil Company 
“Delayed Polyacrylamide Gelation Process For Oil Recovery Applications” 

US 5,168,928  
December 8, 1992, Dralen T. Terry et. al., Assign: Halliburton 
“Preparation and Use of Gelable Silicate Solutions In Oil Field Applications  “ 

US 5,320,171  
June 14, 1994, Mary Laramay, Assign: Halliburton 
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Abstract 
 
Over the years various drilling, completion, and production methodologies have been 
applied to the Knox Formation, specifically the Rose Run Sandstone and the 
Beekmantown Dolomite, resulting in various levels of production. The varying levels of 
success are due not only to the technology used to identify the prospects and the quality 
of reservoirs encountered, but also to the petroleum engineering principles applied to the 
completion and the production methodologies employed. 
 
Completion and production technical issues include cased-hole versus open-hole 
completions, matrix acidizing versus fracture stimulation, perforation concentration and 
interval selection, fluid removal methods, paraffin treatments, operating wellhead 
pressures, gas sales line pressures, as well as general operating procedures.  As in all 
plays, the combined influence of these factors and the reservoir quality ultimately 
determine the recoverable oil and natural gas reserves. 
   
The Knox-Beekmantown (or equivalent) has been drilled though or tested in 
approximately 9,500 wells in the Appalachian Basin including the states of Kentucky, 
New York, Ohio, Pennsylvania, and Tennessee. It is well known that many 
Knox/Beekmantown wells are initially very prolific. Experience indicated that the past 
and current completion and production practices employed may have negatively impacted 
the ultimate recoveries of some Knox wells. 
 
The study evaluated critical factors associated with completion and production practices 
and the effect on the ultimate reserves predicted. The study results were inconclusive in 
some regards as there was not a clear relationship identified between completion method, 
stimulation method, and the resultant EUR.  However, the results of the study did enable 
a better understanding of the methodologies employed by various operators which was 
translated into the preparation of a procedure guide to assist operators in delineating areas 
of opportunity to increase production and ultimate recoverable reserves.  
 
The results of the study appear to indicate that one of the most significant factors behind 
successful Knox well development is the ability to initially identify appropriate reservoir 
targets through geologic and geophysical analysis. The complex geologic nature of the 
Knox and associated potential pays provides an impetus to operators to apply a standard 
methodology towards their approach to Knox wells.  Experience and the study indicate that 
a consistent methodology towards the drilling, completion, and production of Knox wells 
should ultimately increase production and associated reserves.      
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Introduction 
 
Over the years various drilling, completion, and production methodologies have been 
applied to the Knox Formation, specifically the Rose Run Sandstone and the 
Beekmantown Dolomite, resulting in various levels of production. The varying levels of 
success are due not only to the technology used to identify the prospects and the quality 
of reservoirs encountered, but also to the petroleum engineering principles applied to the 
completion and the production methodologies employed. 
 
Completion and production technical issues include cased-hole versus open-hole 
completions, matrix acidizing versus fracture stimulation, perforation concentration and 
interval selection, fluid removal methods, paraffin treatments, operating wellhead 
pressures, gas sales line pressures, as well as general operating procedures.  As in all 
plays, the combined influence of these factors and the reservoir quality ultimately 
determine the recoverable oil and natural gas reserves.  Experience indicates that past and 
current completion and production practices employed have negatively impacted the 
ultimate recoveries of some Knox wells. 
   
The study evaluated the critical factors associated with completion and production 
practices and the effect on the ultimate reserves predicted. The ultimate reserves of a 
study group of wells were estimated through volumetric analysis based on open-hole log 
analysis and production decline curve analysis. A lack of vital pressure data and actual 
daily and monthly production data precluded the use of  P/Z and RPI analysis.  
 
This final technical report reviews the results of the study. Deliverables of the study 
include a companion CD which contains a searchable Microsoft Access database, a 
detailed analysis of a study group of wells, geologic analysis of the study group of wells, 
an Ohio production data database, production decline curves for 1,500 Ohio Knox wells, 
and an application guide to assist operators in the drilling, completing, and operating of 
Knox wells. 
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Executive Summary 
 
Over the years various drilling, completion, and production methodologies have been 
applied to the Knox Formation, specifically the Rose Run Sandstone and the 
Beekmantown Dolomite, resulting in various levels of production. The varying levels of 
success are due not only to the technology used to identify the prospects and the quality 
of reservoirs encountered, but also to the petroleum engineering principles applied to the 
completion and the production methodologies employed. 
 
Completion and production technical issues include cased-hole versus open-hole 
completions, matrix acidizing versus fracture stimulation, perforation concentration and 
interval selection, fluid removal methods, paraffin treatments, operating wellhead 
pressures, gas sales line pressures, as well as general operating procedures.  As in all 
plays, the combined influence of these factors and the reservoir quality ultimately 
determine the recoverable oil and natural gas reserves.  Experience indicates that past and 
current completion and production practices employed have negatively impacted the 
ultimate recoveries of some Knox wells. 
   
This final technical report reviews the results of the study, highlights specific results 
identified in previous quarterly reports, and provides a database and application guide for 
assisting in the drilling, completing, and producing Knox wells. Fifty-two papers and 
articles were identified as pertinent to the research related to the Knox formation or 
equivalent. The papers and articles identified to date were a result of searching the 
Society of Petroleum Engineers website, the American Association of Petroleum 
Geologists, the Ohio and Kentucky Geologic Surveys, the Internet, Penn Well Books, and 
the South West Petroleum Short Course CD paper database. 
 
Datasets were created in a Microsoft Access Database for wells from each of the study 
states including Kentucky, New York, Ohio, Pennsylvania, and Tennessee. Datasets 
available from each state were inconsistent to their content and were modified for ease of 
data access. Individual well completion reports were reviewed and information added to 
each dataset regarding completion, stimulation, and production results.  
 
While no clear relationship was identified between completion method, stimulation 
method and EUR, the results of the study did indicate the critical importance of geologic 
and geophysical analysis for proper site selection. The application guide provides steps 
for operators to follow to allow them a “check list” method for ensuring that critical steps 
are not overlooked.  The guide is designed as a basis for operators to build upon and 
refine to make it more applicable to their specific area. Deliverables of the study include 
a searchable Microsoft Access database, a detailed analysis of a study group of wells, a 
production data database, production decline curves for ~1,500 Ohio Knox wells, and an 
application guide to assist operators in the drilling, completing, and operating of Knox 
wells. 
 
It was noted that operators are hesitant to share “company secrets” regarding their 
successful methods for developing Knox wells.  Future research should include continued 
analysis of Knox well completion methods and their relationship to EUR.  
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Experimental Apparatus and Operating Data 
 
No experimental methods, materials, or equipment were used in this research. 
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Results and Discussion 
 
This final technical report discusses the results of the study by summarizing the results of 
the specific steps of the study.  The steps to the study included: Perform a Literature 
Search of All Information on the Knox Formation; Compile a Database of All Knox 
Formation Wells; Identify a Study Group of Wells; Complete a Completion and 
Production Practices Analysis; Perform Volumetric, Material Balance, and P/Z analysis; 
Complete Traditional Decline Trend Analysis Utilizing Aries (James Engineering); 
Complete Decline Trend Analysis Utilizing RPI Analysis (BJ Services); Summarize the 
Volumetric, Material Balance, P/Z, Decline Trend, and RPI Results; Analyze Reserves 
As a Function of Completion and Production Practices; Prepare an Application Guide; 
and Transfer the Technology. 
 
Perform a Literature Search of All Information on the Knox Formation 
 
As per the original proposal: 
“Complete a literature search of all publications, studies, and information related to the 
Knox Formation in Kentucky, New York, Ohio, Pennsylvania, and Tennessee. Consult 
with geologists, geophysicists, operators, and engineers familiar with the Knox 
Formation or its equivalent.” 
 
Data Reduction and Methodology 
Fifty-two papers and articles listed in Appendix 1 were identified as pertinent to the 
research related to the Knox formation. The papers and articles identified were a result of 
searching the Society of Petroleum Engineers website, the American Association of 
Petroleum Geologists, the Ohio Geologic Survey, the Kentucky Geologic Survey, the 
Internet, Penn Well Books, and the South West Petroleum Short Course CD paper 
database. The information researched addresses the geology, stimulation, or production 
analysis of the Knox formation.  
 
Four references were of noted benefit: A book available from Penn Well entitled 
“Production Enhancement with Acid Stimulation”, “Measuring and Predicting 
Heterogeneity in Complex Deposystems: The Late Cambrian Rose Run Sandstone of 
Eastern Ohio and Western Pennsylvania” available from the Pittsburgh Geological 
Society (PO Box 58172, Pittsburgh PA 15209) , “ The Atlas of Major Appalachian Gas 
Plays (also available from the Pittsburgh Geological Society), and “Stimulation 
Treatment Handbook- An Engineers Guide to Quality Control” by John W. Ely. 
 
The book entitled “Production Enhancement with Acid Stimulation” notes the following, 
“In terms of potential return on investment and generation of immediate productivity 
enhancement and cash flow, at a reasonable price, acidizing has no equal.”, and 
“acidizing is not an exact, predictable science.” The book discusses the history of 
acidizing, acid treatment categories, formation damage, sandstone acidizing, six steps to 
successful sandstone acidizing, carbonate acidizing, carbonate matrix acidizing, 
carbonate fracture acidizing, quality control, safety, and provides example procedures for 
various acid treatments.  
 

F-146



   

 

 

8 
 

Information was also provided by the Rose Run Consortium, however, there was no 
accompanying report text. The data provided is not included in the Appendix since it was 
agreed to be held confidential. 
 
Mr. Artie Janssens, a consulting geologist from Granville, Ohio, prepared a paper for the 
1992 Ohio Oil and Gas Association meeting entitled “Oil and Gas from Rose Run 
sandstone and Beekmantown dolomite in Ohio”.  In the paper, Mr. Janssens provides an 
historical prospective that is appropriate for this report.  
 
Mr. Janssens writes; “The first of these (events) occurred in 1965 when Kin-Ark drilled 
its No. 1 Reuben Erb in Holmes County, Clark Township, as the discovery well. A 
limited number of unsuccessful wells were drilled subsequently in the vicinity of the No. 
1 Erb and exploration efforts slowed down until the second event took place in the mid-
1970’s when Howard Atha (Worthington Oil), the pioneer of deep exploration in 
Coshocton county, drilled his No. 2 Adams in Coshocton County, White Eyes Township 
as the Beekmantown discovery well in east-central Ohio. Still in Holmes Coshocton area, 
the third key event occurred when H&S Operating in late 1986 drilled its No. 6 Smith in 
Holmes County, Clark Township. The success of this Rose Run (sandstone) well, said to 
have been a non-seismic prospect, pointed to the drilling boom in Holmes county that is 
reflected in the accompanying tables. Elsewhere in eastern Ohio, the successful drilling 
of the Park Ohio Industries No. 3 Rhoa in Ashtabula County, New Lyme Township in 
1982 marked a key event for future drilling of Rose Run wells in northeastern Ohio.  It 
was followed in 1985 by the successful drilling of the Lomak Petroleum No. 1 Hess 
Whiting in Geauga County, Burton Township.  The drilling of two widely scattered rank 
wildcat Rose Run wells in more southern Ohio may yet be regarded as key events. Gas 
Corporation of America drilled its No. 1 Danford in Noble County, Noble Township in 
1972 and Kentucky Drilling & Operating probably successfully drilled its Bigham-Strait 
in Perry County, Reading Township in 1973.”   
 
The importance of the literature searches is that it enables operators to benefit from work 
others have already completed and to build upon it.  While the individual papers 
identified each have some value, readers are referred to the three texts previously 
mentioned.  Finally, the importance of Mr. Janssens’ historical perspective statements 
indicate that singular wells can often trigger significant development in previously 
undeveloped areas.  
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Compile database of all Knox Formation wells 
 
As per the original proposal: 
“Create a database of all Knox Formation wells based upon information available from 
the respective oil and gas and geology sections in the states of Kentucky, New York, 
Ohio, Pennsylvania, and Tennessee Information in the database would include well 
identification, operator, location, spud and completion dates, casing and cementing, 
completion (perforating, acidizing, and fracturing), pressure, and production (oil, gas, 
and water. A statistical analysis would be completed of the casing and cementing and 
completion practices. Further, annual production data through 2004 would be utilized 
for calculating cumulative production to date and decline trend analysis.” 
 
The development of a Microsoft Access database based upon information obtained from 
the oil or gas or geological divisions for the states of Kentucky, New York, Ohio, 
Pennsylvania, and Tennessee was one highlight of the project.  The database is provided 
to the consortium as a part of the final work product. 
 
The initial databases from the individual states contained the following information:    
 
KENTUCKY: permit, operator, well number, farm name, well name, county code, 
county, state, topographic map name, elevation, section, total depth, target formation, 
result, deepest pay, td date, latitude and longitude. 
 
NEW YORK: API number, identification number, lease, well number, operator, county, 
township, quadrangle, field, deepest formation, producing formation, elevation, actual 
total depth, proposed total depth, approval date, spud date, completion date, plug date, 
well type, status, latitude and longitude, and the availability of raster, logs, production, 
formation tops and paper files. 
 
OHIO: API number, status, td date, completion date, plug and abandonment date, 
comments, P&A date II, Status II, scan image number, current operator, original operator, 
well name, driller number, lease unit, operator well number, state, county code, county, 
township, date status, date permit, date permit expires, date spud, date completion report, 
date last completion, date first production, measured depth, loggers total depth, true 
vertical depth, plug back measured depth, plug back true vertical depth, ip natural gas, ip 
natural oil, ip natural brine, ip after treatment oil, ip after treatment gas, ip after treatment 
brine,  initial shut in pressure, acres, formation object code, formation object name, rule 
authority, category, and rig type. 
 
PENNSYLVANIA: permit number, field name, operator, well id, well name and 
number, farm name, farm number, county code, county, state, elevation, total depth, total 
depth formation, quad, well type, completion date, municipality, pool, project number, 
map number, latitude, and longitude. 
 
TENNESSEE: API Number, state, county, permit, permit date, total depth date, spud 
date, plug date, total depth, operator, well name, section, township, range, feet east/west 
and north/south, quad number, quad name, field type, elevation reference, elevation, 
proposed total depth, proposed formation, logger total depth, total depth formation, result, 
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gas test, ip gas, oil test, ip oil, pressure 1, pressure type 1, pressure 2, pressure type 2, 
choke, log low, log high, log type 1-15, sample record date, sample study, sample type, 
latitude, and longitude,  
  
Challenges regarding the various state databases included: varying datasets, incomplete 
datasets, inaccurate datasets as compared to completion reports, and varying dataset 
formats. It was further noted that most operators vary rarely share sufficient completion 
data in the required completion reports to fully understand their methodology.  
 
Knox well completion reports were reviewed for Kentucky, New York, Ohio, 
Pennsylvania, and to some extent Tennessee.  The completion reports were reviewed 
based upon what was available on line, on state databases, or to a much lesser extent what 
was specifically requested. The data was either in summaries provided by queries 
provided by the state or in canned images.  It is recognized that in some cases re-
completions may not have been picked up during the review or may not have been 
included in the scanned dataset. 
 
Examples of completion report with “under reported information” include: 
 

• Listing of the gross perforation interval which may cover more than just one 
perforated interval. 

 
• Providing the total acid volume but not listing type of acid, or the associated 

treatment pressures and rates. 
 

• Providing total sand and total fluid but not reporting treatment pressures 
(breakdown, average treating, initial shut in, or 5 minute shut in). 

 
• Providing the production string cement volume of total sacks or cubic feet, but not 

providing the type of cement. Further, the fill-up provided may or may not be the 
actual top of cement nor reflect the quality of cement job achieved. 

 
• Possibly not reporting successive acid stimulations, but just reporting as a total 

acid treatment volume. 
 

It is also generally understood that the IP’s listed, whether before or after treatment, were 
of limited comparative value due to the inconsistent manner in which IP’s are gathered 
and or reported. It was also noted that produced water volumes were also assumed to 
include treatment water economical and/or sufficient.  One method used by some 
operators is to isolate specific lower zones by setting bridge plugs and attempting to 
produce treated zones above. Experience indicates that often the lower Knox zones are 
often the culprit should excessive water volumes be problematic. 
 
Specific testing of isolated intervals by operators was generally not identified in the 
completion reports, although experience indicates that many operators “test” several 
intervals collectively and then see if the results are acceptable.  
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It should be noted that some operators provided very complete information on the 
completion reports although most would provide only a modicum of data sufficient to 
meet state reporting obligations. 
 
The final database as presented on the companion CD included the following columns, 
although not all data is available for all states: API Number, Well Name, State, County, 
Township, Producing Formation, Original Operator, Current Operator, Comments, 
Status, RRCD, Stimulation Type, Stimulation Comment, Date Spud, Date TD, Date 
Completion, Date of First Production, Date P&A, Completion Type, Production Casing 
Cement Volume (sacks), Type Acid, Acid Volume (gallons), Water Volume (barrels), 
Sand Volume (sacks), Breakdown Pressure, Treatment Rate (bpm), Treatment Pressure 
(PSI), Initial Shut In Pressure (PSI), Producing Formation Top, Producing Formation 
Bottom, Perforation Top, Perforation Bottom, Number of Perforation Holes, Number of 
Perforation Intervals, Perforation Size, Logs Run, Logging Company, Measured Depth, 
Logging Total Depth, Initial Production Natural Oil (bbls), Initial Production Natural Gas 
(mcf), Initial Production Brine (bbls), Initial Shut In Pressure (PSI), Cumulative Oil 
(bbls), Cumulative Gas (mcf), Cumulative Brine (bbls), Cumulative Mcfeq, EUR Oil 
(bbls), EUR Gas (Mcf), EUR Brine (bbls), EUR Mcfeq, Longitude, and Latitude 
 
Table I provides a brief summary of the wells in the database by well status. Additional 
detail is provided for each state below. 
 

Table I - Summary of Total Knox Wells by State by Status 
State Total Wells Dry Holes Oil/Gas Other 
Kentucky 6,856 4,377 2,318 161 
New York* 933 382 459 92 
Ohio 4,794 2,316 1,582 987 
Pennsylvania 95 51 12 32 
Tennessee 2,765 1,501 693 571 
Total 15,443 8,627 5,064 1,843 
* includes all wells that penetrated the Knox  
 
 
The following presents a detailed review by state of the data review, geographic location, 
geology, drilling, completion, production, and conclusions for each state in the study. 
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Kentucky  
 
Data Review 
The Kentucky Geological Survey identified 6,856 wells that had targeted the Knox or its 
equivalent.  A database of some information as listed above was provided by the state. 
Over 3,000 completion reports from the state’s scanned completion report database were 
printed and reviewed. The additional information was added to the original database 
information provided.  
 
Based upon the information, 2,318 wells were reported as gas, oil, or oil and gas, while 
1,665 of the reports were classified as “Knox producing”. The remaining 4,377 wells 
were classified as “dry and abandoned” or had insufficient information.  The success ratio 
indicates only a 30-40% success rate for the top four counties as presented in Table II, 
Knox Well Summary by County by Well Status.  
 
The completion report review indicated that most operators tend to provide as little 
information as required. Due to the nominal data identified in the 3,000 completion 
reports reviewed, which included the Knox producing wells, the remainder of the 
completion reports (dry and abandoned) were not printed for review.  
 
Geographic Location 
Of the seventy-six counties identified that had wells that penetrated the Knox, 95% of the 
wells were in ten counties located in the south central part of Kentucky. Table II.   
 

Table II - Summary of Knox Wells by County by Well Status 
 
County 

 
D&A 

 
O&G 

% 
Success* 

 
Other 

Total 
Wells 

% of 
Total 

Cumberland 1,332 627 32% 9 1,968 29% 
Clinton 1,023 681 40% 11 1,715 25% 
Adair 872 549 39% 21 1,442 21% 
Russell 390 126 24% 0 516 8% 
Monroe 148 35 19% 39 222 3% 
Green 83 93 53% 3 179 3% 
Casey 103 59 36% 0 162 2% 
Metcalfe 91 19 17% 5 115 2% 
Wayne 76 19 20% 0 95 1% 
Clay 19 63 77% 0 82 1% 

*represents the “Oil and Gas” wells as a percentage of the “Total Wells” less the 
“Other” wells.  
 
Geology 
The Knox dolomite ranges from run from approximately 1,800-2,000’, with a total 
thickness from twenty to thirty feet. Due to the relatively shallow depth, experience 
indicates that site identification using is not a tool generally employed for the 
identification of potential sites. Site selection would generally be high graded with 
geologic analysis or offset well analysis. 
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Drilling 
Completion reports for these generally shallow wells, less than 2000’, indicated that in 
many cases only one string of surface casing was set (to protect the surface waters) with 
completions made open hole. Similarly, a number of wells did not have open hole logs 
reported. Due to the shallow depth, it is suspected that site selection is limited to 
exploratory drilling, offset well, or trend drilling. 
 
Completion  
The completion reports review provided little insight into the volumes or types of acid 
used, or the associated treating pressures and rates.  However, several observations were 
made during the completion report review.  The majority of the Knox wells were reported 
to be completed Natural, that is, no stimulation. Although not confirmed, the natural 
productivity and method of drilling (on air) generally denote the quality of the well 
drilled. The remainder of the wells completed were generally acidized, with a very 
limited number of sand fractured wells. Acidizing information generally provided the 
volume but rarely specified the type of acid used. Similarly, for those that were fractured 
little information was provided, with data limited to the volume of sand and fluid.  No 
treatment pressure data was available 
 
Specifically, of the 2,104 wells with sufficient completion information, 2,023 wells were 
reported as being completed Open Hole, while only 81 wells were completed Through 
Casing (perforated).  There were 1,817 wells noted as completed Natural (no acid or 
fracture treatment reported), while 306 completed with acid. Of the 306 wells completed 
with acid, 22 wells (7%) greater than 4000 gallons, 69 wells (23%) 2,000-3,900 gallons, 
70 wells (23%) 1,001-1,999 gallons, 134 wells (43%) 500-1000 gallons, and   9 wells 
(3%) with less than 500 gallons. Two wells were reported as being shot with 
nitroglycerine.  
 
A number of the wells had only surface and intermediate casing set, with completion 
made open hole either through a string of tubing or casing, often set on an open hole 
packer. The tubing can then be used to swab or pump through once the well is no longer 
able to flow naturally.  
 
Only eleven wells were noted as being fracture stimulated with sand with average sand 
volumes ~ 300 sx. 
 
Open hole logs run by companies were generally limited to Gamma Ray, Caliper, and 
Density, with some operators also running a Neutron and Temperature log. Many of 
wells were noted as having no open hole logs run.    
 
Production 
Very limited production data was available for the Kentucky wells since production 
reporting has only been required since 1997. Therefore, limited data was unavailable for 
analysis for wells drilled from 1997 forward. Some cumulative production volumes were 
included with the database, but no decline curve nor EUR analysis was completed.  
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No specific information was provided regarding the production practices for Kentucky 
Knox wells, however, experience indicates that swabbing or pumping would generally be 
required for effective fluid removal and EUR optimization.   
 
Conclusion  
The study results indicate that Kentucky Knox operators appear to be very efficient at 
minimizing overall well cost for drilling and completion. Most of the Knox wells were 
generally less than 2000’, with a limited open hole logging suite, and were completed 
open hole using no stimulation. While seismic identification of the target reservoir is not 
a viable option, geologic and production analysis as well as a consistent methodology for 
drilling, completing, and producing should assist operators in optimizing production and 
associated ultimate reserves. 
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New York  
 
Data Review 
The New York Geological Survey identified 933 wells that had penetrated the Knox or its 
equivalent, the Theresa.  However, of the 933 wells reviewed, 459 wells were identified 
as productive (including confidential wells) fifteen wells were identified as productive 
from the Knox equivalent, the Theresa Sandstone.  
 
Codes for New York wells included Brine (BR), Dry hole (DH), Diposal (DS), Dry 
Wildcat (DW), Gas Development (GD), Gas Extension (GE), Gas Wildcat (GW), Gas 
Injection (IG), Enhance Oil Recovery (IW) 
 
Geographic Location 
Of the productive wells, counties included Cattaraugus (3), Chautauqua (), Erie(), 
Madison (), and Wyoming(), which are all located in the western corner of the state. 
 
Geology 
The Knox equivalent of the Rose Run in New York is referred to as the Theresa 
Sandstone. The general formation order for wells in New York is as follows: 
 
Formation Order 
Onondaga (Limestone) 
Oriskany (Sandstone) 
Helderberg (Sandstone) 
Salina (Salt) 
Lockport (Dolomite) 
Clinton (Grimsby) 
Medina (Sandstone) 
Queenston (Sandstone) 
Trenton (Limestone) 
Black River (Limestone) 
Tribes Hill (Dolomite)l 
Little Falls (Dolomite) 
Theresa (Sandstone) 
Potsdam (Dolomite) 
 
Due to the depth of the Theresa, often greater than 5000’, it is presumed that potential 
targets are identified with geophysical as well as geologic mapping support.   
 
 
Drilling 
Completion reports for these generally deep wells (5000’-6000’) indicate that most 
completions are made through casing, or cased hole. The completion reports indicated 
that many of the wells are generally drilled in on air. 
 
According to permit applications, steps to drill to total depth would generally include the 
following steps: 
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• Drive 16” 65# H40 conductor to 65’ 
• Drill 14 ¾” hole to 250’ with mud 
• Set 11 ¾” 42# H40 surface casing and cement to surface with 60% excess 
• Wait on cement for seven hours 
• Pressure test 11 ¾”casing to 1000 psi 
• Drill 10 5/8” hole to 850’ with air 
• Set 8 5/8” 24# J55 intermediate casing and cement to surface with 60% excess 
• Wait on cement seven hours 
• Install casing head, blow out preventer, and choke manifold 
• Test casing head, blow out preventer, choke manifold, and 8 5/8” to 1500 psi. 
• Drill 7 7/8” hole to Total Depth on air 
• Logging suite: Caliper, Gamma ray, Neutron, Density, Resistivity, Dual 

Laterolog, Compensated Neutron, Litho Density 
 
The completion reports indicate that natural shows appeared to be common in the 
Theresa, and that mud loggers were not always used to identify specific shows.  
 
Additional state requirements include the following conditions for Theresa wells: 

• All pits must be lined and all fluids disposed of properly. 
• Wells must be equipped with BOP good to 1000 psi. 
• Lithology and porosity logs must be run from surface to TD. 
• NY casing and cementing requirements must be followed. 
• Drillers must be registered with the NY DEC. 
• Wildcat wells are subject to additional special conditions. 

 
 
Completion  
A review of the completion reports indicated the following: 

• Production string:  4 ½” , E-75, 11.6 #/foot. 
• Casing centralizers:  Set from 2,000’ – 5,000’, every 200’ 
• Cement baskets:  As needed 2,000’ – 5,000’ 
• Production string cement:  555 sx 12.5 ppg 1021 cu ft Unifill Light and 150 sx 

75/25 Pozmix +10% salt + 6% gypsum (14.9 ppg and 204 cu ft) (minimum 10% 
excess) 

 
The completion reports indicated that most operators verified cement quality (bond) and 
top of cement utilizing a cement bond log. Completion reports indicate wells are 
completed cased hole, with the exception of a few early wells. 
 
Perforations were generally limited to one interval with the number of perforations 
ranging from 27 to 76.   Wells were generally initially stimulated with 250 gallons of acid 
(15% HCL) with perforation balls to ensure that all perforations were open. The wells 
were then later fracture stimulated with sand. Most wells were fracture stimulated with 
approximately 300 sacks of 20/40 sand with an associated 200 to 300 scf per barrel of 
nitrogen. Power Gas Corporation completed a number of the early wells, with some wells 
fraced with 600 sacks of sand (60,000 #). 
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It was noted that operators were allowed to have a six-month initial confidentiality 
period, upon request, with the confidentiality period extended up to a maximum of two 
years total. 
 
Production 
Table III, New York Theresa Production Summary by Well by County, presents the 
twenty one wells, operator, completion date, and their associated available cumulative 
production. No oil production was reported for the Theresa wells with only one well 
having significant brine production. Public access to reported production data is on an 
annual basis from 1989 - 2005.  Based on the cumulative production volumes, only six 
wells have production to date over 100,000 mcf. Insufficient production data was 
available for significant production decline curve analysis for EUR determination, 
although annual volumes are provided for each well on the companion CD. One well was 
noted as having been completed in 1963, although the production history or cumulative 
volume was unavailable. 
 
No specific information was available regarding the production practices for the Theresa. 
However, experience indicates that operators for this depth of well would benefit through 
the use of tubing and tubing plunger to assist with fluid removal. The tubing would also 
enable operators to easily identify fluid build up, and pressures for production for 
optimization. 
 

Table III: New York Theresa Well Production Summary by Well by County 
API 
Number 

 
County 

 
Operator 

 
Lease 

Comp 
Date 

Prod 
YRS 

Cum. 
MCF* 

3100921809   CATTARAUGUS HEBDON  CHARLES HEBDON 1 01/20/1990 0 0 
3100923534 CATTARAUGUS STEDMAN ENERGY BIXBY HILL 1 01/21/2004 2 32,281 
3100923545 CATTARAUGUS STEDMAN ENERGY CAGWIN 1 10/29/2004 1 196 
3101322616 CHAUTAUQUA NY GAS & OIL CO. CROWE 3 05/08/1996 3 6,744 
3102923533 ERIE ARDENT RESOURCES BOCKHAHN Wm 1 01/05/2004 2 166,365 
3102923551 ERIE ARDENT RESOURCES BOCKHAHN G 1 06/03/2004 2 100,505 
3102923599 ERIE ARDENT RESOURCES DEGOLIER 1 03/16/2005 1 225,103 
3105323098 MADISON ARDENT RESOURCES MEEKER 1 06/03/2004  0 0 
3110121601 STEUBEN SEMGAS STORAGE MITCHELL 2 07/29/1996 0 0 
3112104436 WYOMING TRANSAMERICAN PET WELLMAN L 1 09/30/1963 ? Unknown 
3112121840 WYOMING MILLER GAS CORP. HOWES  A 1 06/24/1990 1 8 
3112121900 WYOMING MILLER GAS CORP. LEATON  G 1 02/08/1991 0 0 
3112121908 WYOMING MILLER GAS CORP. HOWES  A 3 12/03/1990 2 29,652 
3112121909 WYOMING MILLER GAS CORP. HOWES  A 2 02/07/1991 3 10,405 
3112121920 WYOMING MILLER GAS CORP. TITUS BROTHERS 1 12/07/1990 3 227,382 
3112121945 WYOMING MILLER GAS CORP. HOWES  A 4 02/06/1991 1 1,617 
3112121946 WYOMING MILLER GAS CORP. CHAMBERLAIN B 1 12/07/1990 2 21,228 
3112121964 WYOMING GFS ENERGY  INC. JOHANNES  E 1 12/12/1991 2 117 
3112122042 WYOMING MILLER GAS CORP. TITUS BROTHERS 4 08/29/1991 3 125,458 
3112122046 WYOMING MILLER GAS CORP. TITUS BROTHERS 3 07/22/1991 3 12,174 
3112122520 WYOMING GREAT LAKES EP MATUSIK  J 1 12/08/1994 11 104,323 

 
Cumulative production for all New York Theresa wells is currently 1,063,558 mcf. 
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Conclusion  
While a number of well have tested for the New York Knox Theresa, only a limited 
number of wells to date have been able to develop commercial production volumes. The 
sandstone play does appear to permit fracture stimulation with sand through casing 
similar to the Rose Run sandstone of Northern Ohio.  Additional well development will 
assist operators in better defining the play and associated critical factors.   
 
NY operators may benefit by reviewing the completion data associated with Rose Run 
wells for a comparison of reservoir properties and potential well enhancement. Operators 
will benefit through the implementation of a methodical approach to the drilling, 
completion, and production.   
 
Theresa completions, in general, should lend themselves to traditional quantitative post 
completion analysis such as material balance and production decline curve for 
comparison to volumetric analysis.  
 
Operators are advised that gathering and recording early time pressure, rate, and volume 
information is critical to problem analysis later in the life of the well.  
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Ohio  
 
Data Review 
Research identified 4,794 wells that had penetrated the Knox formation. Of the 4,794 
wells, 1,582 wells were productive in the Knox, 2,316 were dry or dry and re-completed 
up hole, 781 wells were excluded from the study, and 106 had incomplete records.  
 
Of the dry wells, 1269 were Dry and abandoned, 360 were dry and abandoned after 
stimulation, 53 were dry after stimulation and plugged back, and 634 were dry and 
plugged back 634.  
 
Geographic Location 
Knox wells are located across 65 counties with eighty percent of the wells being in 
twelve counties, Coshocton (600), Morrow (574), Wayne (504), Muskingum (455), 
Holmes (391), Tuscarawas (240), Portage (227), Licking (197), Fairfield (172), 
Ashtabula (165), Stark (154), Pickaway (141 ), and Hocking (140). 
 
Geology 
The Ohio Knox includes the Trempeleau, Knox, Beekmantown, and Rose Run. However, 
only the Knox, Beekmantown, and Rose Run were the focus of this study.   
 
Experience indicates that site selection for most operators in Ohio generally require 
seismic data to identify specific targets.  Experience indicates that many operators drilled 
wells without seismic data knowing that there was a back out, or up hole opportunity. For 
those operators, it was generally a Rose Run or Beekmantown test with a Clinton 
Sandstone back out if it was unproductive in the Rose Run or Beekmantown.  
 
Drilling 
Drilling is generally completed on air, with many operators switching to fluid for drilling 
to TD if a significant show is identified. Mudloggers are often used on the hole to better 
define gas and oil shows, drilling breaks, and formation identification. Operators 
generally prepare prognosis prior to drilling which contains pertinent data such as 
anticipated tops, casing and cementing programs, and emergency contact numbers.   
 
Completion  
Of the 4,794 wells drilled, 600 were completed open hole, and 1,928 were completed 
cased hole, 277 were unknown, and 1,989 were drilled dry and not stimulated. A 
summary excel table for the Ohio wells is included on the companion CD. 
 
Open hole completions appear to have been utilized in thirty counties, although 80% of 
the 600 have occurred in Coshocton (15%), Muskingum (14%), Wayne (10% ), Holmes 
(10% ) Perry (10%), Morrow(10%), Pickaway(7%), and Tuscarawas (4%). Most 
operators now use cased hole completions unless hole conditions demand otherwise.  
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Of the 4,794 wells that were completed, 1,822 were acidized, 309 were fracture 
stimulated, 361 were completed natural, 3 were shot stimulated, 309 were unknown, and 
1,990 were not completed.  
 
Of the 309 wells that were fracture stimulated, eighteen wells were acid fraced, 31 foam 
fraced with CO2 or Nitrogen, 254 sand fraced, and 7 water fraced.  Most of the wells that 
were fracture stimulated were completed in the Rose Run Sandstone. The wells were 
located in twenty-one counties, with eighty percent of the wells located in four counties; 
Portage (50%) Stark (11%), Coshocton (11%), and Wayne (9%).  Sand volumes varied 
from 10 sx to 1000 sx, with treatment volumes varying from 100 to 2900 barrels. The 
foam fraced wells utilized either Nitrogen or Carbon Dioxide.  
 
EUR’s for wells that were fraced varied from plugged or plugged back after stimulation 
to wells with greater than 800,000 mcfeq.  
 
Treating pressure and rate information was generally not available. Acidizing information 
was limited to the volume but rarely specified the type of acid used. Similarly, for those 
that were fractured little information was provided, with data limited to the volume of 
fluid.  No pressure data or proppant was available for most reports reviewed. 
 
Production 
Extensive production data was available for decline curve analysis. Over 1,500 wells 
were reviewed and the cumulative production and the remaining reserves and associated 
estimated ultimate recoverables (EUR) determined. The cumulative production and 
EURS for each well evaluated were provided in the database. Production decline curves 
were also included on the cd for each well analyzed. 
 
For the 1,531 wells that were completed and produced, EUR’s ranged from 24 mcfeq to 
3.95 BCF.  The distribution indicated that 622 wells (41%) had EUR’s less than 100 
mmcfeq, 374 wells (25%) had EUR’s in between 100 and 250 mmcfeq, 281 wells (18%) 
between 250 -500 mmcfeq, 180 wells (12%) between 500 and 1,000 mmcfe, and 74 wells 
(5%) greater than 1000 mmcfeq. Table IV below presents a summary by EUR 
distribution by county. 
 
For the 1,000 wells that were acidized, the EUR’s ranged from 192 mcf to 3.95 BCF. The 
distribution indicated that 410 wells (41%) had EUR’s less than 100 mmcfeq, 235 wells 
(24%) had EUR’s in between 100 and 250 mmcfeq, 168 wells (17%) between 250 -500 
mmcfeq, 126 wells (13%) between 500 and 1,000 mmcfe, and 61 wells (6%) greater than 
1000 mmcfeq. 
 
For the 227 wells that were fraced (177 in Portage in Stark Counties), the EUR’s ranged 
from 24 mcf to 1.05 BCF. The distribution indicated that 106 wells (47%) had EUR’s 
less than 100 mmcfeq, 61 wells (27%) had EUR’s in between 100 and 250 mmcfeq, 42 
wells (19%) between 250 -500 mmcfeq, 15 wells (7%) between 500 and 1,000 mmcfe, 
and 3 wells (1%) greater than 1000 mmcfeq. The overwhelming majority of these wells 
were Rose Run wells.   
 
The remainder of the wells were natural or shot stimulated. No summaries are provided. 
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Table IV – Summary of EUR Distribution, MMCFEQ, by County 
County <100 100-250 250-500 500-1000 >1000 Total 
ASHTABULA 23 27 12 9 0 71 
CARROLL 1 0 0 0 0 1 
COLUMBIANA 1 0 2 0 0 3 
COSHOCTON 116 64 41 24 10 255 
FAIRFIELD 30 17 13 10 6 76 
FRANKLIN 1 0 0 0 0 1 
GEAUGA 1 0 0 0 0 1 
GUERNSEY 10 5 6 4 1 26 
HOCKING 28 22 10 8 3 71 
HOLMES 46 34 55 44 16 195 
HURON 0 0 0 1 0 1 
KNOX 7 0 0 0 0 7 
LICKING 37 26 5 3 5 76 
MORROW 2 0 0 0 0 2 
MUSKINGUM 117 51 38 29 10 245 
NOBLE 3 0 2 1 0 6 
PERRY 29 16 11 10 2 68 
PICKAWAY 25 9 3 3 1 41 
PORTAGE 62 48 40 13 4 167 
ROSS 4 1 0 0 0 5 
STARK 30 22 13 13 10 88 
TRUMBULL 2 0 0 0 0 2 
TUSCARAWAS 31 20 22 7 3 83 
VINTON 3 0 0 0 0 3 
WASHINGTON 1 0 0 0 0 1 
WAYNE 12 12 8 1 3 36 
Grand Total 622 374 281 180 74 1,531 
 
 
 
Decline curves with historic production are provided on the companion CD for greater 
than 1,500 Ohio Knox wells. Decline curve analysis noted the following:  

• All water (assumed completion fluid) and oil produced within year 1 
• Multi zone completions complicate the analysis 
• Many wells exhibited significant production decline from year 1 to year 2 
• Many wells obviously rate restricted 
• Water production for some wells does not begin initially 
• General “b” factor 0.3 to 0.5 

 
Conclusion  
The Ohio Knox review identifies that operators have been progressive in heir approach to 
stimulations. Operators have successfully stimulated the Rose Run Sandstone with 
encouraging results. Still in certain areas, operators tend to stimulate the Rose Run with 
only acid initially and resorting to more aggressive stimulation only when necessary.   
The Beekmantown dolomite is generally acidized, and then re-acidized with larger 
volumes and higher rates when lower stimulation volumes are unsuccessful results. 
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 Pennsylvania  
 
Data Review 
Research identified 95 wells that had penetrated the Knox formation. Of the 95 wells, 11 
were productive in the Knox (12%), 45 were dry (47%), and 33 were completed in the 
Medina, Trenton, or Oriskany.  
 
Geographic Location 
Most of the activity and associated productive Knox wells were located in Northwestern 
Pennsylvania with 72% occurring in 4 counties. Table V presents the total wells by type 
by county.  
 

Table V: Pennsylvania Summary by County 
County Dry Productive Other Total Wells 
Armstrong 0 0 1(Huntersville) 1 
Bedford 9 0 0 9(9.5%) 
Bradford 1 0 1(TBR) 2 
Butler 1 0 0 1 
Clinton 1 1(Bald Eagle) 0 2 
Crawford 12 9(Knox) 16(Medina) 37(38.9%) 
Erie 8 0 7(Medina) 15(15.7%) 
Franklin 1 0 0 1 
Juniata 1 0 0 1 
Lycoming 1 0 0 1 
McKean 2 1(Gatesburg) 0 3 
Mercer 2 0 5(Medina) 7(7.4%) 
Mifflin 1 0 0 1 
Northumberland 1 0 0 1 
Pike 1 0 0 1 
Potter 0 0 1(Oriskany) 1 
Somerset 1 0 0 1 
Sullivan 1 0 0 1 
Tioga 1 0 1(TBR) 2 
Union 1 0 0 1 
Warren 2 1(BK) 0 3 
Washington 1 0 0 1 
York 2 0 0 2 
Total 51 12 32 95 

 
Geology 
The Pennsylvania Knox is present as the Loyola, Beekmantown, and Gatesburg. 
Depending on the specific geographic area, the total depth can vary from 6000’ to 6100’. 
Site selection for most operators generally require seismic data to identify specific 
targets. 
 
Similar to Ohio, operators in certain areas had up hole opportunity in the shallower 
Medina Sandstone when the Knox was unproductive.  
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From the Measuring and Predicting Reservoir Heterogeneity 
“Western Crawford County has been the primary site of Rose Run Exploration in 
Pennsylvania”, two wells had significant natural gas and gas condensate production 
before water invasion of the reservoir caused them to be plugged and abandoned.” 
 
Drilling 
Of the 95 wells, all wells were completed through casing.  
 
Completion  
The limited completion reports provided relatively little specific information. 
 
Production 
Limited production data was available for the few productive wells. Pennsylvania has a 
five-year “silent period” whereby production is not released until five years after the 
production year. Kastle Resources has been the most successful operator in this play.   
 
Conclusion  
Due to the limited number of wells and the limited data available, no significant 
conclusions can be drawn from the results of the data review. All wells were completed 
cased hole.  Initial indications appear that additional Knox well development will 
continue in the Northwestern corner of Pennsylvania. 
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Tennessee  
 
Data Review 
A database of well information was purchased from the state of Tennessee. Very limited 
production data was available electronically, with the state indicating that less than one 
year had been entered. Production data would have had to been researched through paper 
records and therefore not completed. Completion data was also not a part of the database 
and only available if copies were purchased. The data was important, but due to time and 
financial restraints, the additional data was not purchased for review and inclusion in the 
database. 
 
Research identified 2,765 wells that had penetrated the Knox formation. Of the 2,587 
wells, 693 were productive (21%), 1,501 were dry (56%), 571 were other.  
 
Geographic Location 
Wells that encountered the Knox, as provided by the Tennessee Geologic Survey were 
spread over sixty counties, however, eight counties, as identified in Table VI below, 
accounted for 80% (2,203) of the total wells. 
 

Table VI - Tennessee Summary of Knox Activity by County (80%) 
County D&A O&G Other Total 
Overton 537 261 20 818 
Pickett 308 187 7 502 
Clay 230 53 14 297 
Fentress 97 57 19 173 
Maury 1 0 98 99 
Williamson 1 0 68 69 
Rutherford 14 0 51 65 
Jackson 41 7 16 64 
Davidson 2 0 57 59 
Coffee 5 50 2 57 
Total  1,236 615 352 2,203 
 
 
Tennessee Well Code Status Key 
Description   Result  Description   Result 
Disposal    D   Dry And Abandoned    D&A   
Gas     G   Monitor   M 
NCG - Domestic Use Gas NCG  Oil    O   
Oil And Gas Well  O&G  Shut-in Gas Well  SIGW   
Shut-in Oil Well  SIOW   Test    T  
Unknown   UK    Water    W 
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Geology 
A general review of the limited data provided indicates that most Knox wells have a td 
between 1000-2000’.  
 
Geography 
The wells were generally spread over sixty-six counties, with 80% of the wells located in 
ten counties. The counties include Overton (818 or 30%), Pickett (502 0r 18%), Clay 
(297 or 11%), Fentress (173 or 6%), Maury (99 or 4%), Williamson (69 or2%), 
Rutherford (65 or 2%), Jackson (64 or 2%), Davidson (59 or 2%), and Coffee (57 or 2%).  
 
Drilling 
The limited completion reports provided relatively little specific information. 
 
Completion  
The limited completion reports provided relatively little specific information. 
 
Production 
No production data was available for the state. Tennessee is in the process of putting 
together the historic data but indicated it would be sometime until that task was 
completed.   
 
Conclusion  
The limited completion reports provided little specific information regarding completion, 
stimulation, and the relationship to Tennessee Knox EUR’s.  
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Identify a Study Group of Wells 
 
As per the original proposal: 
“The large group of wells identified in the database would be refined to a smaller group 
of approximately 100 wells to include only those for which significant data was available. 
Artex, Belden and Blake, and Great Lakes Energy Partners have agreed to provide 
actual monthly sales volumes and pressure data for specific volumetric, material 
balance, p/z, and RPI analysis. Two fields of particular interest to the study that are 
largely operated by Belden and Blake and Great Lakes would be the Brewster Field and 
the Portage Randolph Field due to the variety of stimulation methods employed.”     

 
When requested, operators provided no production or pressure data and often only limited 
production data. Therefore, the anticipated study area was modified to an area of significant 
Rose Run and Beekmantown development which would be representative of typical Ohio 
Knox development.    
 
A group of 183 wells located in Coshocton (100), Holmes (67) and Tuscarawas (16) 
counties were identified. The determining factors in establishing the study group of wells 
included more complete production histories, variety of completion methodologies, 
completion intervals, and open hole log data availability.  
 
Of the 183 wells, 129 wells were productive in the Knox (Rose Run/Beekmantown) and 53 
wells were either dry and abandoned or plugged back to shallower productive reservoir. In 
most cases wells that were plugged back were completed in the Clinton Sandstone.  
Development of the 183 wells was from 1975 to 2004. The wells were classified as follows 
in Table VII below.   
 

Table VII - Summary of Study Wells by County 
 Producing P&A 

COSHOCTON 57 43 
HOLMES 64 3 
TUSCARAWAS 9 7 

Total 130 53 
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Geologic Analysis of the Study Group of Wells 
 
Open hole logs were reviewed and analyzed for 183 wells located in Coshocton(100), 
Holmes(67) and Tuscarawas(16) counties. The analysis included an estimate of net pay, 
porosity, and water saturation.  Maps were then created utilizing Landmark Geographic 
software for Rose Run net pay, porosity, average porosity, EUR, water saturation, and 
Beekmantown thickness. All geologic maps referred to below are provided on the 
companion cd.   
 
Note: Only wells with full, un-eroded sections of the main Rose Run Sand body (B, C & 
D sands) were used in calculations.  A grain density of 2.71 g/cc was used to calculate 
density porosities.  The 2.71 grain density is used because the Rose Run has mostly a 
dolomite cement or matrix.  Sample observations, core results and empirical log data 
indicate that good grain density is around 2.70 to 2.71.  The bulk density cut-off for 5% 
density porosity with a 2.71 grain density is 2.63 g/cc. 
 
General Geology:  The source area for the Rose Run Sandstone is to the northwest in the 
Michigan Basin.  Sand was transported along northwest to southeast tidal channels 
toward the Appalachian Basin.  The Rose Run is productive in remnants and along the 
subcrop, where it was been preserved against up-dip erosional cuts.  Up-dip is to the 
northwest, with deeper erosion to the west and northwest. 
 
Rose Run Net Sand (>5% density porosity):  The highest net sand values run from 
northwest to southeast across the study area.  This is coincident with a structural low or 
syncline which also trends from northwest to southeast.  The areas with less net sand to 
the southwest and northeast are coincident with regional structural highs, which are 
related to basement structural highs.  Tight areas within the main thick trend are normally 
local structural highs within the syncline.  
 
Rose Run Porosity-Ft x 100:  The porosity-ft x 100 map shows the same trends as the 
Rose Run Net Sand map, running northwest to southeast. 
 
Rose Run Average Porosity (%):  This map shows the same general trend as the two 
previous maps, Rose Run Net Sand and Rose Run Porosity, with one exception.  The 
high porosity trend is skewed to the west side of the Net Sand and Porosity x 100 trends.  
This is an important observation because it shows the effect that erosion had on porosity.  
The higher average porosity is skewed toward the direction of the erosion, which 
indicates that porosity along the west side of the syncline was enhanced at the time of the 
Post-Knox Unconformity (PKUNC).   
 
PKUNC  EUR (MMCFE):  Most of the production data is Rose Run except for the 
Bakersville Field in southeast corner of the map.  Like the Porosity data, the Production 
(EUR) data is skewed to the west and northwest toward the erosional edge.  The better 
production is up-dip and against western basement generated structural high.  Notice that 
the production is not as good to the east where the sand is trapped against the basement 
generated structural high to the east. 
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Rose Run Water Saturation (%):  The Water Saturation map is similar to the Average 
Porosity and EUR Maps in that it is skewed slightly to the west of the structural syncline.  
The best production is coincident with the lower water saturation area that runs through 
northeast Mechanic Twp, southwest Berlin Twp and southeast Hardy Twp.  The higher 
water saturation in southwest Mechanic Twp is probably due more to Rose Run Sand 
becoming tighter along the northwest to southeast structural high rather than to actual 
higher water saturation due to higher producible water.  In the very southeast corner in 
Adams Twp, the water saturations are high due to a lack of a trap at the Rose Run.   
This is the Bakersville Field, which is productive from the Beekmantown “A”.    
 
Beekmantown Thickness:  This map shows the erosional patterns in the study area.  To 
have a full section of Rose Run means that you have to have at least 1 ft of Beekmantown 
Dolomite present.  Areas with contours indicate areas with full sections of Rose Run and 
a Beekmantown cap on them.  The areas with no contours are areas where erosion has cut 
down below the top of the Rose Run.  Wells with good production that do not coincide 
with a Beekmantown cap are producing from just 1 or 2 sands.  Some of these wells are 
excellent producers.  
 
Study Group Geologic Study Conclusions 
The geologic study indicates the importance of looking at broad geographic areas for 
reviewing the highly heterogeneous Knox Rose Run and Beekmantown formations. This 
type of analysis provides insight into the trends that occur regarding net pays, porosity, 
EURs, and water saturations. Looking at trends will provide better insight as to not only 
what range of EUR’s but also whether certain areas are more prone to being wet, or un-
productive.  
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Completion and Production Practices Analysis 
 
As per the original proposal: 
“For the smaller study group of wells, identify production method history, current 
production cycles, operating conditions, and flowing bottom hole pressure. The analysis 
of these parameters would contribute to the overall study.” 
 
 
Completion Practices Analysis for 183 wells located in Coshocton(100), Holmes(67) and 
Tuscarawas(16) counties are summarized in Table VIII below.  
 

Table VIII - Summary of Study Group Completion Methods 
COUNTY ACIDIZED FRACED NATURAL NONE UNK Grand Total 
COSHOCTON 59 6 1 30 4 100 
HOLMES 60 0 1 0 6 67 
TUSCARAWAS 9 0 0 7 0 16 
Grand Total 128 6 2 37 10 183 
 
 
Of the 183 wells, 128 wells were acidized. All completions were made through casing, in 
the Rose Run. Acid volumes varied from 200 gallons (perforating acid) to 7000 gallons. 
The largest EUR well (2.0 BCF) was only stimulated with 200 gallons of acid. There 
appears to be no correlation between acid volume or completion method and EUR. 
Perforations varied from 3 holes in the top of the pay to 248 holes. Reported breakdown 
pressures (13 wells)varied from 1000 to 2500 psi. Treatment rates varied from 0.2 to 10 
bpm. Treating pressures varied from gravity feed to 2150 psi. 
 
For the six wells that were fraced (all cased hole), EUR’s varied from 0 to 312 mmcfeq. 
Four wells were sand fraced (30 sx to 400 sx). Two wells were completed open hole with 
no stimulation (natural) and had EUR’s of 500 and 700 mmcfeq. 500 to 3500 gallons of 
acid were also employed in the fracture stimulations. Breakdowns were from 1000 to 
3200 psi. Perforations were from 7 to 20 holes.  
 
Forty wells have brine EUR’s of 1000 bbls or less, 29 1000-3000, 22 3000-10000, 14 
10000-50000, and 3 greater than 50000 bbl projected. 
 
For the wells that were acidized, 66 wells used 15 FE or 15 HCL, 3 wells used gelled 
acid, 2 used 7.5 HCL, 1 used 20 HCL, 1 used mud acid, 48 were unknown, and 7 were 
other or unidentified.  
 
Statewide, 309 Knox wells have been fracture stimulated in over 16 counties, however, 
80% are located in four counties; Portage (50%), Stark(12%) Coshocton (11%), and 
Wayne (9%).  Sand Volumes varied from 10sx to 1000 sx with the average ~330 sx with 
a corresponding fluid volume of 1000 bbls. The overwhelming majority wells that have 
been fracture stimulated are Rose Run wells.  
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Pressure and Production Data 
 
Throughout the course of the study, efforts were made to obtain monthly production 
histories, pressure data, and data associated with the production of various wells. The 
various operators associated with the study group of wells either did not want to provide 
the data, or could not provide the data. 
Completion reports were often very silent to the intimate details of the actual completion. 
Beyond gross intervals, total perforations, total acid, total sand, many operators provided 
very little pressure and rate information. 

Operators either produced their wells at restricted flow rates initially for larger wells, or 
more open if the rates were not a concern. Experience indicates that operators generally 
have tubing in the wells and operate the wells initially by flowing the wells, then going to 
tubing plungers, and ultimately if necessary to remove fluids, pumping units.  

Operating pressures are generally noted by well tenders by often do not make it to 
operator well files. Operators who have completed their wells open hole will struggle to 
isolate problems when they arise. Operators with cased hole completions have an 
advantage in being able to set bridge plugs or packers to identify problem zones and then 
isolate them.         

The complex nature of the Rose Run and Beekmantown can yield up to as many as 4 or 5 
potential horizons for completion.  

Acidizing Basics: Matrix vs. Fracturing 

Acid treatment types can generally be defined by the injection rate and the pumping 
pressure. Acid treatments carried out below formation fracture pressure are termed matrix 
acidizing, while those carried out at pressures greater than the formation fracture pressure 
are termed fracture acidizing 

Matrix acidizing is generally performed on either carbonate or sandstone formations. The 
purpose of matrix acidizing is mainly to remove or bypass near wellbore damage. The 
damage is often due to: drilling, perforating, workover or completion fluids, and 
precipitated mineral deposits from injection or production of formation water. Acid is 
pumped at low rates into the formation and allowed to react with solids and/or fines in the 
formation pore system. 

Fracture acidizing is generally performed only on carbonate formations and performed at 
pressures greater than the formation fracture pressure. Fracture acidizing goal as 
compared to matrix acidizing, is to create long open conductive channels that reach 
deeper into the formation from the wellbore. The acid etches the walls of the fracture and 
creates channels for formation fluids and/or gases to be produced back through to the 
wellbore. . 

Acidizing is generally a very cost effective method significantly improving the drainage 
efficiency of the reservoir rock around the wellbore.  
 
 

F-169



   

 

 

31 
 

Service Company Stimulation and Completion Comments 
The following were comments provided by three basin service companies who wanted to 
remain anonymous, as well as an interview with a respected Knox drilling, completion, 
and production consultant.    
 
Stimulation Company A 
Initial stimulation:   200-500 gallons 15% HCL during perforating 
Iron control with perf acid   Yes (sometimes  extra is added) 
Oil Emulsion Control   Yes (Surfactant/Penetrating Agent) 
Clay Control    Yes 
Stimulation Acid   500-2500 gallons (20% HCL + Iron Control) 
Stimulation Rate   less than 1 barrel per minute(bpm) to 4 bpm 
Volume Determination  50-75 gallons of acid per foot of perforated interval 
Stimulation Rate determination Operator determines 
     (Recommend to inc. rate throughout job to 2 bpm.) 
Perforation balls   Run in stimulation acid  (Salt added to float balls) 
Perf ball number determination 50% more than number of perforations  
Recommendations 

Solubility of formation advised 
Test for secondary precipitates 
Test formation water and oil for emulsions and fluid incompatibility 

  
 
Stimulation Company B 

• Net pay, permeability, and porosity were defining characteristics 
• 15% HCl acid of choice 
• Iron control additive often used 
• Perforation ball sealers often used 
• 20-25 gallons of acid per foot of pay 
• Flow back immediately after job 
• Generally 5-7% carbonate, however, verify formation solubility 
• Assume fluid invasion by drilling mud or kill fluid 
• Foam frac with no sand – some 
• Cross link gel 450 barrels (a maximum) with 300 sx sand 
• Morrow county (more oil) is less forgiving, but true matrix jobs 
• Full section of Glenwood was kiss of death for well. 

 
Stimulation Company C 

• 600 barrels, 100 sx sand, gelled fluid 
• 300 gallons 15% HCL 
• Spotted with Tubing 
• Corrosion Inhibitor 1gallon per 1000 gallons 
• Clay Stabilizer at 1 gallon per 1000 gallons 
• Surfactant at 2 gallons per 1000 gallons 
• Rose Run: gelled acid system (retarded) results in better acid placement 
• Pressure limitations a concern 
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Drilling and Completion Consultant Company D 
Drilling General 

• Rig selection important 
• February 1988 drilled through and set first casing in Ohio 
• Directional surveys 

o Base of surface 
o Queenston 
o Every 250’ to TD 

• At Utica shale took weight off and increased rpm’s (80 rpm) 
• Looking for 400 units or more with sustainable flare 
• At Gull River  

o Mud Engineer on hole 
o Drilling Supervisor on hole 
o Change out air head rubber 
o Mud logger on hole 

Prior to Drilling In  
o Circulate any drilling breaks bottoms up 
o Have (2) 200 barrels tanks of Fresh water 
o Ensure everything is hooked up and tested (BOP) 
o Ensure choke lines cleared 
o Stop, clean hole, level rig, blow flow lines clear 

 
• Load with 8.9 ppg blend, circulate to pit until soap stops, then go to steel pits 
• Mud System 

o Polymer mud 
o Premix at 8.9 ppg 
o Mix KCL on the fly at 2 – 3% for shale protection 
o Salt gel, caustic soda, defoamer, starch 
o Viscosity mid 30’s 
o Water loss below 15 
o Cannot accurately gauge earthen pits 
o (2 )50 lb bags lost circulation material – for example, magnafiber 
o Pump rate 6-8 bpm (Redundant pumps advised but does not generally 

happen)  
o Monitor quality of mud 
o Monitor steel pits 
o Holes have been lost due to poor completion techniques or improper mud 

system 
o Some areas sensitive to just hydrostatic level of fluid, other more forgiving 

• Drill though pay 
 

At TD 
• Sweep hole with 50-70 barrel viscous pill (gel, starch, and caustic) 
• Condition hoe 1 ½ to 2 hours (bottoms up twice) 
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• 6-8 bpm pump rate 
• Always keep bit rotating 
• When coming out of hole, keep hole loaded, or circulate hole every 23 jts. 

 
Logging Suites  

• Fluid: GR, Density, Neutron, PE, Directional 
• Air: GR, Density, Neutron, PE, Directional, Temperature  
• Rose Run wells up to 50% Sw good chance of success, >50% Sw lose opportunity 
• Isolation of Rose Run, start from bottom and work up 
 

Casing and Cementing 
• 4 ½” 10.5#/ft to 6500’, 11.6 #/ft for greater than 6500’ 
• Cement: Rose Run blend Class A, 10% salt, 2 % Calseal, 1% Halad 322 
• Sufficient cement for 450’ over top of pay 
• 25 barrels of gel ahead of cement 
• Full joint at bottom for landing joint 
• Float shoe with autofill, Shoe joint (10’), Latch down baffle 
• Five joints, marker joint, 6-10 centralizers 
• Two stage cement for strong Clinton (to protect from invasion) 
• Brine to displace plug 

 
Completions 

• Cased Hole Logs: Gamma Ray, Bond Log, Casing Collar locator 
• Beekmantown 

o C generally not productive 
o B is the big pay 
o A is just above AB notch 

• Treat Rose Run from bottom up 
• Swab hole, spot acid, load hole, perforate in acid, 4 shots per foot 
• Spot 250 gallons HCl for perforating (15-20%) 
• 15% Iron Controlled gelled (retarded) acid for stimulation (gel to recover 

insolubles) 
• Run tubing, breakdown, minimum pressure 
• Once achieve breakdown, open backside 
• Spot completion acid (gelled acid in Rose Run) 
• Pick up pumping rate as pressure decreases 
• Leave shut in 1 ½ to 2 hours 
• Get crew off location 
• Prepare to flow to tank(to be able to record volumes recovered) 
• Flow back through 3/8” choke 
• Choke nipple 
• Monitor tubing and casing pressure 
• Ensure backside is cleaned up 
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Production 
• Separator 
• 2 Pen recorder 
• Little or no production testing done when problems arise 
• Start well with 10% of open flow 
• 3/8” tubing 
• Stub joint, perforated nipple, seating nipple 
• If fluid anticipated, locate bottom of tubing in or below perforations 
• Full opening gate valve 
• Pad plungers (removes paraffin) 
• PDC controllers 
• Gas analysis 
• Trempeleau as great as 1365 btu 
• Rose Run/Beekmantown 1050-1200 btu 
• Possible condensate  
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Perform volumetric, material balance, and P/Z analysis 
 
As per the original proposal: 
“Perform volumetric, material balance, and P/Z analysis as possible based upon 
production, pressure, and open-hole log data. These analyses will be compared to 
production trend analysis and the critical factors identified in the completion and 
production practices analysis.” 
 
Based on the log analysis for the 184 wells in the study group, volumetric analysis was 
completed based upon log data for varying drainage patterns, 40 acres, 80 acres, and 160 
acres. 
 
The results show generally that without an estimate of the areal extent of the reservoir, a 
gas in place analysis, while a useful tool, only provides a range of estimates. Operators 
with access to the areal extent of their seismic targets and in-house information on 
particular completion results should be able to better identify the area affected by the 
completion.  
 
No P/Z analysis was performed due to lack of data. Estimated gas in place determination 
without having initial and periodic shut in pressures would have estimated results that 
would have been un-meaningful. 
 
Discussion and Description of the Methodology Applied to Volumetric Calculations 
Methodology Overview 
 
The volumetric methodology was applied to selected deep well drilled and producing 
from the Beekmantown and/or Rose Run formation.   Recorded electric well log data was 
utilized as a means to estimate the initial natural gas in place for various reservoir sizes 
(40, 80 and 160 acre).    
 
A two step process was utilized as a part of this process.  Initially the needed log 
parameters were developed.  The second stage of the methodology applied the well log 
data to well reservoir.  As with most reservoir studies, limited available data for each 
reservoir resulted in several assumptions being utilized in order to develop the original 
gas in place estimates. 
 
Well Log Analysis 
 
Compensated Density Tool 
The primary porosity commonly used by operators is the compensated density tool.  In 
order to calculate the porosity a rock matrix value for the formation of interest is needed.  
The rock matrix value applied in this study was 2.71 grams/cubic centimeter.  This value 
was utilized due to the Rose Run formation being mostly a dolomite cement or matrix.   
Core results support utilizing this rock matrix value. 
 
Determining Net Sand Thickness 
Net sand thickness was based on a minimum porosity development cut-off of five percent 
(5%).  Intervals having porosity greater than the minimum threshold were categorized as 
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the productive part of the reservoir and included in the net sand calculation.  Reservoirs 
exhibiting less than 5% typically lack sufficient gas in place and permeability. 
 
Water Saturation 
Water saturation was determined by utilizing Archie’s Equation: 
 

   
Rt

RwF
Sw

))((=  where 

 
F (formation resisitivity factor) is based on the rock property relationship to porosity (φ ). 
For limestone/dolomite formations F is defined as:  1/φ  where φ  is a decimal interest. 
 
Rw (formation water resistivity) is typically observed to be in the range of .035 m−Ω .  
The formation depth varies from 5,100’ to over 7,000’. As such the formation 
temperature increases approximately 20 Fahrenheit degrees across these two intervals.   
Lacking specific formation water resistivity measurements the water resistivity was 
assumed to be constant and equal to .035 m−Ω   for all wells in this study.  
 
Rt (formation resistivity) was secured directly from the electric log data for each well. 
The values were read directly from the well log files.  Mo corrections or adjustments to 
the log resistivity values were made. 
 
Assumed Homogeneous Reservoir  
As is the common case for volumetric calculations; the reservoir properties are assumed 
to be reflected by those observed on the well log data.  In this volumetric analysis the 
reservoirs are assumed to be homogeneous in nature.  This assumption clearly is one of 
the limiting factors when endeavoring to apply volumetrics to a highly heterogenous 
formation. 
 
Initial Gas In Place Calculations  
 
Initial Gas In Place 
In order to estimate the initial gas in place (IGIP) it is necessary to apply the volumetric 
equation to each reservoir size (40, 80, 160 acres).  A part of the volumetric equation 
includes the formation volume factor.  The volumetric equation which includes the 
formation volume factor is presented and discussed below. 
 
 

Initial Gas In Place (scf) =  
Bgi

SgHA )(*)(*)(*)(*43560 φ   where 

 
   A   = Drainage, acres 
   H   = Net reservoir thick (> 5% porosity), feet 
   φ   = Porosity, decimal 
   Sg  = Gas Saturation, decimal 
   Bgi = Gas Formation Volume Factor (initial), cf/scf 
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Discussion of the Volumetric Equation Variables 
The net reservoir thickness is the total thickness as determined from the log analysis for 
all intervals of reservoir thickness having greater than 5% porosity.  Portions of the 
reservoir having porosity lower than 5% are considered to be non-productive. 
 
The reservoir porosity was determined using the compensated density porosity log 
values.  A matrix density was assumed to be 2.71 grams/cc for the reservoirs.  The bulk 
density values were captured from direct log measurements. 
 
The natural gas saturations (Sg) was determined by deducting the oil and water 
saturations (1-(So + Sw).  Typical the logging programs for deep wells in Ohio are not 
comprehensive enough to obtain oil saturation data.  Accordingly a rationale 
methodology was developed as a means to generate estimates of oil saturation for each 
study well.   
 
The Gas – Oil Ratio (GOR) was determined for the well based on operator reported 
cumulative production histories. Each operator reports individual well production to the 
State of Ohio on an annual basis.   Based on these GOR ratios oil saturations (So) were 
assigned to each well.  Values assigned were based on the below table: 
 

GOR Range (mcf/bbl)  So Value Assigned 
0-5      .50 
5-10 .40 
10-25 .30 
25-50 .20 
>50      .15 

 
Note: The residual oil saturation is assumed to be .15 (15%). 
 
The water saturation (Sw) was determined by utilizing Archie’s equation: 
 

Sw = RtRwF /))(((   where 
 

Sw = reservoir water saturation as a decimal interest 
F = reservoir formation factor assumed to be 1/φ 2  
Rt = resistivity measurements secured from the log measurements (ohm-meters) 
 
 
The Gas Formation Volume Factor 
Bgi was determined by applying industry accepted assumptions to the reservoir in order 
to develop appropriate estimates for the Bgi values. 
 
The Gas Formation Volume Factor is defined as: 
 

Bgi = 
P

TZ **02827.   where 
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   Bgi = Gas formation volume factor (initial) 
   Z =     Gas compressibility factor at initial reservoir conditions 
   T =     Reservoir Temperature (Rankin degrees) 
   P =     Reservoir Pressure (psia) 
 
Reservoir properties assumed included a reservoir pressure based on a pressure gradient 
of 0.4 psi/vertical foot of depth, a reservoir temperature gradient based on 1.0 Fahrenheit 
degree/100’, and a Z factor based on average reservoir properties for each township.  For 
wells not having water saturation data; average saturation data for other wells in the 
township was utilized.  In a few instances adjacent township water saturation was 
utilized. 
 
 
Conclusions of the Volumetric and Material Balance (P/Z) Analysis  
 
Volumetric analysis, while generally overstating potential reserves, is a useful analysis 
tool. However, without seismic data which was not available, an estimate of the drainage 
pattern would not have been meaningful. With the information provided, operators can 
benefit from this type of analysis to compare their results to actual performance. 
 
Operators also have the ability to gather initial and periodic shut in pressure data to 
perform  material balance (P/Z) analysis for comparative purposes. 
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Complete Traditional Decline Trend Analysis Utilizing Aries (James Engineering).  
 
As per the original proposal: 
“James Engineering will complete traditional decline curve analysis based upon the 
historic monthly production data provided utilizing Landmark Graphics Aries. This 
analysis will then be compared to the other reserve analyses completed.”  
 
Production decline curve analysis was completed for the study group of wells in addition 
to over 1,300 other Ohio Knox wells. All of the analysis was completed based upon state 
reported averaged annual data.  
 
The EUR’s for the study wells are included in the volumetric study spreadsheet included 
on the companion CD. EUR’s for the 116 well productive well study group ranged from 
0.4477 mmcfeq to 2036 mmcfeq (2.0 BCF).  The average EUR is 446 mmcfeq. Eleven 
wells had EUR’s greater tan 1000 mmcfeq, thirty wells with EUR’s from 500 to 1000 
mmcfeq, twenty two wells with EUR’s from 250 to 500 mmcfeq, twenty four from 100 to 
250 mmcfeq, and twenty nine wells with less than 100 mmcfeq.   
 
Data import problems included minimal production data prior to 1984, operators 
misreporting data, and multiple operators reporting for the same api number. 
 
The basis for production decline curve analysis is predicated on that a well is producing 
at it maximum unrestricted flow rate. That is, that the well is not being controlled at the 
surface by a choke or valve to maintain a steady rate. In many cases the gas flow rate 
appeared restricted for the first one to two years for the more prolific wells.  
    
Wells with limited production data (1 year), the estimates have less confidence than those 
with several years. Wells were often noted as NP No production data, IP or incomplete 
production data, or CP for complete production data. Basis for decline curve analysis 
predicted on maximum unrestricted flow rate. Track oil, gas, water, casing pressure, 
tubing pressure, and line pressure.  Wells could have been re-completed without it noted 
in state data or it was overlooked (missed). No water initially not necessarily an indicator 
of no water forever.  Some wells have an oil leg essentially unrelated to gas production.  
It should be noted that future water production not predictable.  Water production can 
also be independent of oil and gas production.  In some wells, no oil was noted until after 
well was deepened .     
 
Some factors that could affect decline forecast and associated EUR include; Volume of 
Data, Operating conditions, Size of reservoir, Production method (to minimize flowing 
bottom hole pressure), Fluid buildup, Change in relative permeability if shut in, and 
Effect of offset wells. 
 
Finally, experience indicates that operators not often inclined to gather and store needed 
early pressure and production data to accurately evaluate reservoirs when production 
problems arise later in the life of the well. 
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Complete Decline Trend Analysis Utilizing RPI analysis (BJ Services) 

As per the original proposal: 
“BJ Services has agreed to complete decline trend analysis utilizing Performance 
Sciences, Inc.’s Reciprocal Productivity Analysis as previously described. This analysis 
will then be compared to the other reserve analyses completed.” 

For those unfamiliar with RPI, the following is the abstract for SPE 37409 by J.W. 
Crafton of Performance Sciences. “The ability to estimate descriptive engineering 
parameters, such as permeability, and to generate production forecasts and estimated 
ultimate recovery based on those parameters, without the cost of full numerical 
simulation or extended build up tests, is provided by the Reciprocal Productivity Index 
(RPI) graphical production analysis method. The method’s theoretical basis arises not 
from the fact that the traditional constant rate or constant boundary pressure conditions 
are sufficient, but that the necessary boundary condition only requires that the outflow 
face transmissibility remain constant over time. With that difference, it is possible to 
accurately evaluate production histories in which both the rate and producing pressures 
are varying over time, using traditional well testing methods. Examples for both oil and 
gas wells demonstrate the interpretive capability and limitations. The parameters derived 
from RPI method are testable for sensitivity and reasonableness. The forecast can also be 
used to test the benefits of changes in operating pressure, pump inlet level or stimulation. 
When relatively noise free data sets are available, it is possible to derive geologic and 
other production engineering information from them.”   

Several unsuccessful attempts were made to analyze production data based upon average 
annual data. No meaningful RPI analysis was completed. The work completed suggested 
that RPI analysis is effective for single interval reservoir analysis with daily and monthly 
production data combined with detailed pressure data sufficient to estimate the flowing 
bottom hole pressure. Generally the Knox is completed in several intervals. 

Operators would be advised to detail daily production volumes for a minimum of the first 
30 days (available from chart data and tank gauges) and the associated tubing and casing 
pressures. Monthly volumes and average pressures should also be recorded and filed for 
potential future analysis. 

Experience indicates that while pumper and chart information are often readily available 
initially, this type of data seldom makes it to the well file for future reference and 
analysis.  

 Included on the companion cd are an RPI input data requirements sheet, and two pdf 
files on work prepared by Dr. James Crafton regarding RPI analysis 

1.) Reservoir Pressure and Skin form Production Data Using the Reciprocal 
Productivity Index Method(The Intercept Method) 

2.) A presentation by Dr. Crafton entitled “Why Shut the Well in, You already have 
the data; Production Data is Enough 

3.) Although not provided on the cd, the reader is also referred to Dr. Crafton SPE 
Paper37409 entitled “Oil and Gas Well Evaluation Using the Reciprocal 
Productivity Index Method 
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Summarize Volumetric, Material Balance, P/Z , Decline Trend, and RPI results 
 
As per the original proposal: 
“The estimated reserves by the various methods employed will be compared to each 
other and statistically analyzed. The results of each method will be categorized as 
follows: performing as expected, affected by depletion, exhibiting formation damage, or 
exhibiting fluid accumulation.”   
 
The volumetric calculations have to assume an areal extent, which was unknown to the 
study. A comparison to actual EUR estimates would have little meaning without knowing 
the areal extent of the reservoir. The problem is further compounded by the highly 
heterogeneous nature of the Rose Run and Beekmantown. 
 
No pressure data was available for material balance analysis. No meaningful RPI analysis 
was completed due to the lack of pressure and rate information . 
 
A significant effort was extended to completed production decline trend analysis. EUR’s 
were determined by the available average annual data. The results were interesting and 
would require more research to be able to analyze the trends that were identified during 
the course of the study.  It was noted however, that for larger wells, rate was restricted, 
while for smaller wells, the wells would have a “typical decline curve.” Many wells were 
noted to have significant production decline after year 1. Other wells were noted as not 
having water production initially would have significant water production later in life.  
 
No statistical analysis was made of the production decline trends, but all production 
decline curves based upon average annual data are included on the companion cd.     
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Analyze Reserves as a Function of Completion and Production Practices 
 
As per the original proposal: 
“The estimated methods by the various methods will be compared to the completion and 
production practices employed and statistically analyzed for critical parameters.” 
 
Several summaries were provided in the Ohio section regarding well completion 
practices. The driving factor behind successful Knox well development appears to be the 
ability to locate suitable reservoir. This ability is based upon sound geologic and 
geophysical analysis combined with a methodical approach to drilling, completion, and 
production.  
 
For the 1,531 wells that were completed and produced, EUR’s ranged from 24 mcfeq to 
3.95 BCF.  The distribution indicated that 622 wells (41%) had EUR’s less than 100 
mmcfeq, 374 wells (25%) had EUR’s in between 100 and 250 mmcfeq, 281 wells (18%) 
between 250 -500 mmcfeq, 180 wells (12%) between 500 and 1,000 mmcfe, and 74 wells 
(5%) greater than 1000 mmcfeq. 
 
For the 1,000 wells that were acidized, the EUR’s ranged from 192 mcf to 3.95 BCF. The 
distribution indicated that 410 wells (41%) had EUR’s less than 100 mmcfeq, 235 wells 
(24%) had EUR’s in between 100 and 250 mmcfeq, 168 wells (17%) between 250 -500 
mmcfeq, 126 wells (13%) between 500 and 1,000 mmcfe, and 61 wells (6%) greater than 
1000 mmcfeq. 
 
For the 227 wells that were fraced (177 in Portage in Stark Counties), the EUR’s ranged 
from 24 mcf to 1.05 BCF. The distribution indicated that 106 wells (47%) had EUR’s 
less than 100 mmcfeq, 61 wells (27%) had EUR’s in between 100 and 250 mmcfeq, 42 
wells (19%) between 250 -500 mmcfeq, 15 wells (7%) between 500 and 1,000 mmcfe, 
and 3 wells (1%) greater than 1000 mmcfeq. The overwhelming majority of these wells 
were Rose Run wells. 
 
The large majority of wells did not note the production tubing, however, for those that 
were included, it was observed that the tubing was generally set near the top of the top 
perforation.  
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