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recommendation, or favoring by the United States Government or any agency thereof. The
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Executive Summary
This project had two major areas of research for Engineered/ Enhanced Geothermal System
(EGS) development - study the potential benefits from using microholes (i.e., bores with
diameters less than 10.16 centimeters/ 4 inches) and study one method, FLASH ASJ™  to install
those microbores. This included the methods and benefits of drilling vertical microholes for
exploring the EGS reservoir and for installing multiple (forming an array of) laterals/ directional
microholes for creating the in-reservoir heat exchange flow paths.

The stated specific objectives/ goals of the project were to:
1) determine if the FLASH ASJ™ abrasive cutting system was effective in drilling microbores in
hard and 260°C/ 500°F temperature rocks. This included evaluating-
a- various FLASH fluids,
b- pipes, specifically coiled tubing,
c- hydraulics of various possible microhole system configurations,
d- optimal nozzle designs,
e- directional capabilities, and
f- safety and environmental,
2) determine the potential benefits for EGS systems by using computer simulations of an EGS
reservoir with and without a simplified microbore array; and
3) one unstated, but inferred, side objective of the project was to drill a microhole using the
FLASH ASJ™ abrasive drilling system.

The methodologies utilized in the project included:
1) Literature Reviews were made by

a- Felber/ Lawrence Berkeley National Lab (LBNL)/ Impact identify and characterize all
potential fluids that could be used as a FLASH fluid and how they could be obtained in the
field,

b- Rychel/Impact identify and characterize all commercially available pipes (specifically
coiled tubing (CT)) useable for the FLASH ASJ™ drilling process,

c- Rychel/Impact on CT design tools,

d- LBNL on programing code changes,

e- TU on erosion, and

f- TU / Impact on jet pumps;

2) Computer Simulation studies by

a- LBNL with the TOUGH2 reservoir simulation package (with modifications) to simulate
EGS reservoirs with and without microbore arrays in five increasingly sophisticated and
complex models, leading up to a Soultz-based 3-D model with 40 microbore,

b- LBNL with a developed fracture incidence model,

c- The University of Tulsa (TU) using the Fluent software to aid in the design of a new
FLASH ASJ™ nozzle,

d- Multiphase System Integration (MSI) using SPT Group’s WellFlo drilling simulator to
hydraulically simulate drilling microholes at 6 depths, 3 supercritical fluids (N, CO,,
steam) and various rates and configurations (hole size, pipe size, flow rates of each phase,
pressures, nozzle performance, etc...),
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e- TU’s Dr. Evren Ozbayoglu in modelling the FLASH drilling system for real-time control
and operation, and f- by CTES using their proprietary pipe properties program to estimate
drill pipe bending for directional control;

3) Bench Tests by

a- Tulsa University performed studies of supercritical CO; jet performance out of a nozzle in a
test cell to aid their computer modeling. TU also performed erosion bench tests with
simulation studies for a new induction based slurry pump design, and

b- Impact designed and built over 4 FLASH based nozzles (and other tools) that were then
bench tested on granites and sandstones to find the optimal nozzle configuration. Over 250

large scale bench cutting tests were conducted with those nozzles and various combinations
of abrasive concentrations, fluids, fluid/gas ratios, flow rates, temperatures and pressures to
optimize the FLASH process. Those nozzle and process conditions were used to bench drill

granites and sandstones. Bench cutting tests were also conducted on 260°C/500°F granite
blocks and then compared again at ambient temperature after cooling. Various tools for
abrasive microhole drilling were also developed by Impact. These tool developments and
bench tests were successful, although further advancements were identified to increase the
FLASH process efficiency. Two marginally successful microhole drilling tests were made
at Impact’s shop, one using coiled tubing and CT rig and a second test using straight
jointed pipe and a hydraulic lift type rig; and

4) Overall review of the processes to determine their feasibility by All.

Outcomes from this project’s simulation efforts of microbore arrays in EGS reservoirs were:

1) semi-analytical wellbore flow solutions linked to the TOUGH2 reservoir simulator;

2) a very sophisticated and complex Soultz—based 3D TOUGH2 model with and without
microbores;

3) microhole arrays increased overall EGS performance due to improved contact of a larger
volume of hot rock and higher heat mining performance, thereby doubling the life of an EGS
project;

4) microhole arrays were beneficial to EGS projects by lowering development risks via an
increased possibility that sufficient microbores would intersect/connect to the targeted fracture
conduit and establish the full system flow for a successful project;

5) flow self-regulation between microbores within the array lowered the risk of thermal short
circuiting within the imbedded heat exchanger. Regulation occurs due to increased friction as the
flow rate increases in any one microbore, resisting flow and balancing upstream pressures;

6) microhole array benefits accrue to the FLASH ASJ™ and all other drilling methods that can
install such small lateral bores within EGS reservoirs; and

7) microhole array benefits may apply to slightly larger hole sizes, such as smaller slimholes (less
than 4-3/4” bits) which can be drilled with conventional rotary bit drilling methods, but the
resulting benefits are estimated to be less and needs to be specifically simulated.

Outcomes from the FLASH ASJ™ efforts determined:

8) new FLASH nozzles and tools, based on patented designs, were efficient in cutting rock;
9) overall FLASH system is an efficient rock cutting / reduction method, still estimated at 20
times as efficient as current rock cutting systems of water jetting and bit/ line grinding;
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10) the ambient to 500°F to ambient temperature range had no effect on FLASH granite cutting
efficiency, thus abrasive systems can be used for drilling or other cutting activities in hot deep
EGS rocks;
11) drilling in bench and vertical rock tests were not as successful as desired. Bent pipe or angled
jet from the nozzle were suspected. However, both set of tests showed that maintaining a
minimum hole size is critical to forward movement even with low viscosity, gaseous FLASH
systems. The cause is considered to be- if the bit/nozzle is advanced too fast for FLASH ASJ
erosion to create the minimum diameter needed for full return flow, then the bit/ nozzle-

a- cannot physically pass through or, if it can pass through,

b- an annular return flow choke point is created. Multiple less-restrictive reduced

diameter/area points can cause the same effect as one fully restrictive point.

As the nozzle/ drill pipe passes through that reduced diameter/ area point(s), both the pressure
ahead of the bit/ nozzle increases and frictional drag increases from the higher velocity of the
return fluids/solids on the pipe through that choke point. In addition, the increased post-nozzle
pressure reduces the FLASH process efficiency (i.e., decreases pressure drop across the nozzle
and a higher final pressure for a denser gas in the cutting area). Combined, these actions cause
increased reverse forces on the drill pipe and lower cutting efficiency which can overcome the
drill assembly weight and stop forward progress. Multiple passes back through that restrictive
diameter(s) are not as effective in widening that diameter as the first pass. Reducing the initial
forward rate to ensure full bores and the proposed remedial actions take away from the benefits of
the faster FLASH rock removal method, slowing the overall drilling process;
12) because of the findings and causes given in 9 above, it is envisioned that FLASH AS
drilling must be combined with a mechanical drilling method (specifically, rotating mechanical
bit) that can ensure a minimum hole diameter-without restricting return flow itself. Taken to the
extreme end, FLASH ASJ™ can be used to improve or enhance conventional rock bit drilling
methods in hard rocks, if the bit is slightly modified for improved return flow. It will take many
years of development for this combined drilling system to reach EGS depths;
13) using FLASH ASJ™ to drill deep vertical drilling microholes above the reservoir for
exploration were found theoretically hydraulically possible, but deemed not practical due to the
high underbalance condition required for optimal FLASH ASJ™ drilling. That required
underbalance condition can cause high formation water/ fluid influx, wellbore instability, and
well control and safety issues that could not be easily resolved. In addition, in vertical drilling the
FLASH process has a very narrow operating range that is significantly impacted by hole size and
formation water influx;
14) chemical methods to treat and reduce formation liquid influx were identified and considered,
but the time required to stop drilling, chemically treat and cleanup the wellbore and restart drilling
was thought to eliminate any benefit from the faster FLASH drilling method,;
15) installing the multiple microhole directional laterals within the EGS reservoir had less of
those above cited issues in 12 and 13, but the complicated downhole equipment required to
maintain the underbalanced condition (estimated at 3 strings all sealed into a packer) was
considered too difficult to implement at deep EGS conditions;
16) FLASH ASJ™ and other methods for directional drilling of microholes in EGS reservoirs can
use simplified, 1950°s technology of point (setting initial orientation and angle out of the larger
main wellbore) and shoot (direct drilling with computer program forecast of vertical movement
based on gravity, created hole diameter at some setoff ahead of the bit/nozzle, pipe diameters and

JTM
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properties, and bit/nozzle tool diameter) methods to hit a very large target- i.e., the fracture. Since
tight tolerances for a given microhole (of many in an array) onto the target position of a very large
target are NOT REQUIRED, no extremely complicated and high dollar real-time directional
measurement and control systems are needed (or even possible in these very small size pipes and
holes) and high temperatures. It is more important to get a large numbers of bores that are spread
out instead of precise positioning.
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Background of Prior Research

The 2006 MIT report, The Future of Geothermal Energy (21), conducted a detailed investigation
of the potential of enhanced geothermal systems (EGS) to contribute up to 10% of U.S. electrical
power generation needs in the US by 2050. From regional heat flow maps it was concluded that
widespread potential EGS reservoirs at depths of 3 to 10 km would be viable if means were
developed to tap this energy source. One key issue identified as critical to exploiting this reserve
is the need for better, less costly methods to drill deep wells (21, 27), as drilling costs increase
nonlinearly with depth (see Figure 1). A second challenge identified in the MIT report was the
need to develop a network of stimulated fractures and wells in the reservoir to create connected
flow paths that can achieve optimal heat extraction.
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Figure 1. Completed oil, gas, and geothermal well costs as a function of depth in 2004 dollars,
including estimated costs (red line) from the Wellcost Lite model (21).

To answer the above needs for geothermal development, this project proposed drilling microholes
(defined as boreholes less than 4” diameter) to install microhole arrays (i.e., multiple microholes
drilled in parallel) within the reservoir thereby creating a more efficient path to circulate and
extract fluids to mine heat from the subsurface. The use of such arrays were simulated to identify
the benefits and efficiency. This project also proposed using a special abrasive slurry with a
supercritical gas drilling method (called FLASH ASJ™) to efficiently drill those microholes at a
high rate of penetration (ROP), although other methods (rotary bit, spallation, abrasive erosion,
lasers, millimeter wave directed energy, etc.) may be developed and utilized in the future.
Further, it was envisioned in this project that coiled tubing would be utilized to greatly improve
drill rate (ROP), maintain the slurry flow and pressure in the tubing and maintain the optimal
underbalanced or managed pressure downhole conditions for improved ROP. Each of these
technical areas will be further discussed below.

Microhole Drilling

Typical oilfield industry wells use standard 6-1/4” to 24” OD drilling bits, with casing set in sizes
from 4-1/2” to 13-3/8”. Geothermal wells target bore sizes ending at depth with 8-1/2” at
minimum- and up to 36” at the surface. Those sizes require a lot of rock to be removed taking a
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lot of energy and very large equipment to do so. The next step down in borehole size is called
‘slimhole’. Slimhole drilling (ie. bit sizes from 4” to 6-1/4”) has found selected industry
applications, primarily in oil and gas directional and horizontal drilling. It is one of the most cost
effective methods of oil and gas reserve developments (6). With smaller holes, pipes and casing
its advantages include:

1- reduced mud and chemical usage and disposal;

2- smaller (hence less expensive) tubulars and rigs;

3- faster drilling times; and

4- the ability to drill high-angle and horizontal holes from existing wellbores.
The downside is the lower pipe strength and limited space for mechanical equipment and repairs.

Early work in the 1990s applying slimholes to geothermal reservoirs (28) showed considerable
potential for smaller geothermal projects (100 to 1,000 kWe) in off-grid remote areas of Latin
America, Philippines, Japan (40) and many other Pacific Rim Islands. Conventionally drilled
wells were uneconomic, but using slimhole techniques at 1/3 the cost resulted in a generating
capacity that was economic. By producing water using binary techniques with a downhole pump,
targeting hotter reservoirs and utilizing conventional spontaneous discharge flash steam methods,
they concluded that slimholes were technically and economically feasible in cases from a few
hundred kilowatts to a megawatt (28).

In about the same time frame, Sandia published a slimhole handbook (6) on the operation of small
geothermal power plants (SGPP). Use of diesel generators to provide electricity in remote areas
was environmentally harmful and cost 50 cents/kWh. With slimhole drilling a 300 kW
geothermal unit extracting 250°F fluids could produce electricity for 11 cents/lkWh. The handbook
has a case study on each project and recommendations for slimhole drilling practices (6).

Taking the slimhole concept a step further, the DOE sponsored a Microhole Initiative to promote
technology and tools for the drilling of microholes (less than 4” diameter). Sixteen projects
(including one with Impact) were funded to develop smaller motors, rigs, steering tools and
ancillary drilling equipment. Those tools are now beginning to be applied. From 1996 through
2005, BP and ConocoPhillips drilled over 500 horizontal microholes from larger existing tubing
in Prudhoe Bay, as lateral extensions (18). Figure 2 shows a typical conventional, slimhole and
microhole configuration in Prudhoe Bay (33). To that end Schlumberger developed “A Built-for-
Purpose Coiled Tubing Rig” under a DOE project DE-PS26-03NT15474 that targeted 3.5 bores
with conventional rotating bits. There are, however, practical limits for conventional small hole
drilling, depending on the knowledge of the crews, fishing tools, sufficient drill rates for weight-
on-bit methods, drill string strength and evaluation (logging) tools.

FLASH ASJ™ Drilling

Methods to potentially drill microbores at EGS depths are abrasive water-jetting systems
operating at 20,000-40,000 psi (34, 41), the FLASH ASJ™ abrasive cutting system operating at
5,000-10,000 psi (24,25,26), directed energy laser cutting/ drilling system such as the one Foro
Energy is developing in a DOE project, and directed energy millimeter wave cutting/ drilling and
lining technology being co-developed by MIT and Impact under another DOE project, DE-
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EE0005504 entitled “Deep Geothermal Drilling Using Millimeter Wave Technology” (44). The
directed energy methods are in early stage development and will not be further discussed herein.
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Figure 2. BP Alaska Sidetrack (33)

Abrasive waterjet cutting is used now for cutting materials in machine shops and offshore for
platform demolition. It can provide an efficient fast means of cutting (20, 34, 41), either alone or
in combination with conventional drilling methods. Gulf Oil Company and others successfully
tested ‘lower pressure’ abrasive cutting with rotary drilling in the field to depths of 15,000 ft.
High ROP were achieved, but problems with high wear on the pumps, pipes and connections
leading to higher costs outweighed the benefits of the higher ROP (34).

Water-jetted abrasive systems were considered potentially not hindered by higher well
temperatures AND can be even more effective as the strength and integrity of the rock is reduced
with increasing temperature. Temperatures will affect the fluid’s carrying capacity for lifting the
injected abrasives and the cut rock debris. That should be compensated by the selection of
appropriate fluid types and concentrations (tested as part of this project). Nozzle life (partially
tested in this project at surface conditions) may be somewhat reduced by increased temperature,
but metal strength and hardness does not significantly degrade below 427°C/ 800°F. Rock and
pore pressure at depth (i.e., bottom hole pressure) will impact all abrasive systems as the pressure
drop across the nozzle creates the velocity of the abrasive particles and its cutting power.
Therefore, higher post-nozzle (bottom hole) wellbore pressure requires a corresponding higher
pre-nozzle pressure to keep the same particle velocity and cutting potential. Purely water based
abrasive systems have a difficult time in cutting a full bore, mostly requiring rotation of multiple
nozzles, but some special nozzles can rotate the abrasive particles for a fuller cut, see Figure 3.
FLASH ASJ™ can drill holes without rotation, see Figure 4 cutting sandstone.
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Gulf Oil Company and others successfully tested abrasive cutting with rotary drilling in the field
to depths of 15,000 ft. High ROP were achieved, but problems with high wear on the pumps,
pipes and connections leading to higher costs outweighed the benefits of the higher ROP (34).

Figure3. Hole through teel, concrte Figure 4. DriIIing sandstone using
and rock using only abrasive water-jetting 5,000 psi FLASH ASJ™ at MS&T (24)
and special nozzles at MS&T (24)

Impact and Missouri University of Science and Technology (MS&T) developed the patented
FLASH ASJ™ drilling system (developed under DE-FC26-04NT15476, for very fast full-bore
drilling without rotation and low (less than 5000 to 10,000 psi) standpipe pressures (24, 42, 47).
The FLASH system consists of abrasives, supercritical fluids, chemical additives, a specialized
and patented nozzle and modified patented high pressure (some rated at up to 15,000 psi) slurry
pumps (HPSP, see Figures 6 & 7, References 24 & 25). The FLASH fluid must be in its liquid or
near liquid state inside the drill string and into the nozzle to suspend carry the abrasive particles.
It transitions to a low-density gas or fluid across the nozzle. Supercritical fluid and additive
selection, tube size (Internal Diameter (ID) and Outer Diameter (OD)), bore or hole diameter,
pump / surface/ standpipe pressures, pump rate of each of the various components, nozzle design,
hole depth and rock type all impact FLASH ASJ™ drilling rate.

Examples of FLASH fluids include water as steam, carbon dioxide, methane, propane, butane and
nitrogen. FLASH ASJ™ is an abrasive cutting system that accelerates the added abrasive
particles due to a flow area restriction (i.e., through a nozzle), but it boosts particle velocity an
additional 5 to 12 times over the simple nozzle exit velocity by the expansion of the dense (near)
liquid supercritical fluid into its low density gaseous phase. Cutting occurs ahead of the nozzle
and thus no weight-on-bit (WOB) or reactive force is required. Expansion of the gas phase
propels the abrasive into a wider diameter bore. MS&T bench drilled several different rock types,
including basalt with FLASH ASJ™ with only 4000 psi - see Figure 5 and Table 1 below. Drill
rates of this new system are estimated to be 4 to 20 times faster than conventional drilling
systems, but the drill rate of the new system may be more limited by hole cleaning (to be
determined in this study) (24).

How 300°C rocks will erode under FLASH ASJ™ abrasion requires investigation. The downhole
temperatures in the drill pipe and in the annulus after the nozzle must also be known to optimize
FLASH performance. The temperatures will set the required pressures and required supercritical
FLASH fluid type. Thus, heat transfer (from the hot rock to the wellbore fluids and pipe) and
hydraulic calculations are essential to the 30,000 foot and 300°C design. This modeling and/or
simulation work has not been attempted to date.
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Rock Jet Nozzle ROP ROP Specific Energy Hole
Pressure Dia. Max Min Min Max Dia.
(psi) (in) (ft/min) (ft/min) (jlcc) (jlcc) (in)
Roubideaux | 3,500 0.044 15.9 3.8 133 560 1.00
Roubideaux | 3,000 0.044 11.2 2.1 150 810 0.875
Joachimlls | 4,000 0.039 13.8 39 410 1,443 0.6
Joachimlls | 4,000 0.039 8.9 8.9 360 360 0.80
Joachimlls | 4,000 0.039 11.8 2.5 334 1560 0.71
Joachimlls | 4,000 0.039 15.7 2.0 560 4,510 0.50
Indiana lls 4,000 0.039 9.8 39 207 519 1.00
Missouri do | 4,000 0.039 14.8 2.1 216 1,488 0.80
Missouri do | 4,000 0.039 14.8 32 216 992 0.80
Missouri do | 4,000 0.039 8.9 2.0 736 2,210 0.55
Basalt 4,000 0.039 3 - 3,000 - 0.5

Table 1. Performance of a FLASH ASJ™ system in various rocks- tests performed at MS&T
during 2004-2008.

Figure 5. Basalt cutting at 4000psi with FLASH ASJ™ at MS&T

Impact Technologies LLC (Impact) previously developed multiple tools for FLASH ASJ™
drilling, including the patented and patented High Pressure Slurry Pumps (HPSP, Figures 6 & 7)
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for delivering abrasive particles at high pressure (up to 15,000 psi) without minimal wear,
specialized patented cutting nozzles (24,25,42), swivels, inverted motors (26), controls,
directional tools (25, 46,45), and surface returns gas-liquid-solids separators (43), see Figures
6- 8.

The fortuitous combination of microholes, ASJ drilling with FLASH fluids, underbalanced/
managed pressure drilling (MPD) and continuous coiled tubing provides an exceptional
opportunity to create a new advanced drilling platform. That system would allow very fast drilling
with low “weight on bit”, reservoir testing while drilling, allowing true vertical and directional
capabilities, simplified downhole tools, no downtime for joint connections during tripping or
drilling, improved safety due to a smooth OD and continuous operation, so that the drilling
process can advance much faster. Many of these benefits are discussed further below.

Figure 6. HPSP#1 in Impact Shop

Figure 8. Gas-Liquid-Solids (GLS) Separator

During FLASH ASJ™ drilling, and due to the expanding gas out of the nozzle, the well annulus is
naturally underbalanced when compared to the rock pore pressure at depth. That level of
underbalance can be ‘managed’ with a surface choke utilized to control the return flow rate and
increase wellbore pressure. This underbalanced condition allows for testing while FLASH ASJ™
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drilling. MPD keeps wellbore pressure at or below reservoir pore pressure. Normally a low
density base liquid or a gas is needed to achieve this result. Lower pressure in the wellbore
encourages fluid flow during drilling, reducing formation damage, increasing the ROP,
prolonging bit life and improving well cleaning. Less drilling fluid is lost during drilling,
lowering fluid maintenance costs, lost circulation time and non-productive drilling time. MPD
with CT eliminates pressure spikes that can exceed reservoir pressure when adding joints. The
main disadvantages are that additional equipment is needed for safe operation and disposal of
influx fluids and it requires a fully trained and attentive drilling crew (16, 33). Optimal FLASH
ASI™drilling requires the lowest density gas possible at the nozzle exist and thus the lowest
wellbore pressure possible. Methods to maintain that low pressure during operation were
investigated in this project since maintaining that very low underbalance condition for optimal
FLASH ASJ™ drilling can be a problem due to fluid influx from the rocks and pores. In addition,
such low wellbore pressures can add to well safety and control concerns when drilling /operating
at great depths.

It should also be noted that this is an energized pressurized abrasive slurry system both ends-
when pumped downhole and in the return flow- and thus safety must always be considered.
Design of the surface and downhole systems are important as high velocities of the particles are
very erosive. Minimum return velocities in the annulus are also important to ensure that the
abrasive particles and the cut rock debris are returned to the surface. Expanding gases also greatly
cool the surrounding wellbore at and just above the nozzle due to Joules-Thompson effects. Ice,
hydrates and precipitates can form due to the extreme cold.

Directional control with FLASH ASJ™ or abrasive water jetting is fairly simple. The resulting
cut holes are naturally straight (in relation to the abrasive jet stream, not the nozzle) and little
affected by geological deviations in rock along the well axis. Thus a truly vertical and straight
hole can be created and maintained, if desired. However, simple directional drilling and control
can be achieved by a change in nozzle alignment, since cutting occurs ahead of the bit. This also
makes it important that the pipe is straight and oriented in the proper direction near the nozzle to
go in the direction desired.

Drilling with coiled tubing (CT) (collectively CTD) requires special rigs and handling tools (4).
Proven advantages to CTD include:

1- can drill on an existing well without killing it,

2- works underbalanced,

3- fast ROP, up to 200 ft/hr, even without FLASH ASJ™ systems,

4- trailer mounted for fast rig up and rig down (mobilization),

5- relatively small footprint compared to rotary rigs,

6- can drill a gauge hole,

7- requires fewer people to operate as there are no pipe joints to add, and

8- are more effective in precise positioning of tools in horizontal and vertical wells.

The biggest disadvantage is in size and weight of the reel of tubing due to road weight and height
limits. Other disadvantages are the reduced buckling, burst and collapse strengths of CT limit the
sites and depths where they can be used. Coils also only last for 30-50 wells (for 3,000 ft. wells)

and are difficult to fish if stuck. Rotation of the bit/ nozzle requires downhole means (motors)
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since it is difficult to rotate the full rig. The use of CT for deep hot EGS applications has not been
tried and would be challenging. The surface tubing string must be heavy walled, due to
weight/tension and temperature.

If the optimal continuous tubing is utilized for FLASH ASJ™ drilling, then methods to deploy

such tubing must be investigated. Alternately, and non-optimally, jointed tubulars can be used for
the drilling process if used with a downhole check valve to maintain the operating tubing
pressure. In all cases the straightness of the pipe, either coiled or jointed, is a concern due to the
tight tolerances between the wellbore and pipe sizes. This is more of a problem with coiled tubing
if the injector/ straightener is not properly designed or is not performing perfectly.

The Department of Energy, through NETL and Los Alamos National Laboratory, built and tested
a Microhole Coiled Tubing Drilling Rig utilizing 1” CT (see Figure 9 below), which Impact
obtained during the SBIR Phase 1l project DE-FG02-07ER-84670 (47).

Figure 9. Los Alamos National Laboratory, Microhole CT Rig Trailers at Impact

Simulation-Optimization Techniques in Geothermal Reservoir Engineering

Numerical models have supported exploration, testing, and management of geothermal reservoirs
since the 1980s, and have grown to handle coupled multiphase fluid flow and heat transport in
fractured rock.

In this project, the TOUGH suite of simulators (31, 32,14) was used, which originally was
developed specifically for geothermal applications, and is routinely used for natural state
modeling (2), design and analysis of laboratory experiments and field tests (1, 2, 15, 10) and for
the prediction of reservoir behavior under production and injection (for a summary, see reference
23).

The iTOUGH2 code (12) provides inverse modeling and optimization capabilities for the
TOUGH suite of non-isothermal multiphase flow simulators. The code was introduced to the
geothermal reservoir engineering community in the mid-1990s (7, 8, 9), and has since been
applied to various industrial projects and scientific analyses (19, 17, 35), among many other
applications in related fields (for an overview, see reference 12). Since iTOUGH2 is capable of
minimizing an arbitrary cost function that may depend on operational parameters, it can also be
used for the design and optimization of reservoir management strategies (13, 22).
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A key feature of geothermal reservoirs and EGS systems is extraction of heat stored in tight rock
matrices by circulating fluids through a highly permeable network of natural or induced fractures.
Various approaches are available in the TOUGH codes to handle fractured systems, capturing key
mechanisms of the fracture-matrix interaction (5, 11). Some methods are based on a statistical
description of fracture network characteristics, which have been linked to the probability of
intersecting structures such as boreholes, tunnels, or contaminant plumes (36).

In this project, the powerful simulation-optimization capabilities provided by iTOUGH2 was be
used as an integration framework for formal sensitivity analyses and design calculations, in which
the microhole-array concept is analyzed and optimized for maximum heat recovery, optimum
FLASH ASJ™ drilling operation and minimum drilling costs. The goal was to evaluate utilizing
one vertical large bore with microhole arrays as both injector and producer OR to improve flow
connectivity between multiple vertical large bores.

Prior patented designs by P.H. Moe, et. al. (37) shown in Figure 9 and by Sanyal, et.al. (39)
shown in Figure 10, were considered in the simulation designs.

Figure 10. Geothermal System Design,
122,507 by Per H. Moe (37)

v=0,67 m/s
215 cm
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Figure 11. Proposed Energy Extraction System from Sanyal (39)
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Discussion of Research

The research performed will be discussed by the original Phase and Tasks/Subtasks
outlined for the project.

Phase | Technology and System Feasibility Study

Phase I, Task 1 Evaluation of Microhole ASJ Technology for EGS
Subtask 1.1  Evaluate and Identify FLASH Fluids for EGS Conditions
This effort was led by Dr. Betty Felber with the P1, Ken Oglesby. It researched the
potential FLASH fluids and their properties (triple point, critical point, densities,
viscosities, heat capacity, etc. -all as a function of pressure and temperature) and then
considered their application at high temperature and pressure EGS conditions. There were
3 main components and other additives studied in this subtask-
A) FLASH supercritical fluids;
B) carrier fluid of the solid particles, which can also be the FLASH fluid;
C) additives to the carrier fluid for solids carrying capacity in the system from
mixing into and through the nozzle;
D) additives to the carrier fluid for solids (abrasive and formation rock debris)
carrying capacity in the system after the nozzle expansion;
E) additives to the carrier fluid to prevent freezing during mixing and through the
nozzle (i.e., an antifreeze); and
F) other additives for corrosion protection, friction reduction, surface tension
reduction, etc.....

The FLASH fluid components considered included those favorites from prior studies-
water/steam/supercritical steam (critical point- 707°F, 3208 psig), nitrogen (N,), carbon
dioxide (COy), and methane (CH,). The properties of alternative gases are given in Table
2. The key properties of nitrogen and carbon dioxide are given in Appendix A. CO, cost
about $0.97/gallon and it is delivered by truck as a liquid at 10°F and 300psig, requiring
pressurized and refrigerated storage, special pumping and handling. CO, is more
expensive than N to pull out of the air for onsite operations. CO; is more expensive than
nitrogen for truck delivery due to their cost of separation. However, CO; is easier to store,
handle and to pump than nitrogen because of each fluid’s triple point- N is most always a
supercritical gas and not a liquid. N also provides an extra level of health and safety
concern due to its required extra cold condition.

In addition, CO; has been considered as an alternative to water for the heat transmission
fluid for EGS (Brown, 2000; Pruess, 2006, 2008; Pruess and Spycher, 2010; Atrens et al.,
2010) and consideration of methane for that function was herein included. See Table 2
below for summaries of some relevant thermo-physical properties of water as well as CO2
and CHa for different pressure and temperature conditions. Initial studies indicated that
CO2may be superior to water because of the following reasons:
e Larger compressibility and thermal expansivity as compared to water, which
increases buoyancy forces and thus reduces power consumption for circulation;
e Lower viscosity, which yields larger flow velocities for a given pressure gradient,
compensating for the lower heat capacity of CO2;
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e (Dry) COzis much less effective as a solvent for rock minerals, which reduces
scaling problems in well and formation;
e Ancillary benefit of geologic carbon sequestration with associated carbon credits.

Density, viscosity, and heat capacity determine the suitability of a fluid regarding (1)
wellbore hydraulics (density/viscosity, Figure 4) and (2) as a heat transmission fluid (mass
flow rate times heat capacity). Pruess (2006, 2008) concludes that these fluid properties
may make CO2 a suitable working fluid for EGS. Atrens (2010) suggests that CO2as a
supercritical fluid might experience significant frictional losses in the wellbore, which
could be troublesome in trying to produce sufficient volumes of COz2 needed to extract heat
in commercial quantities from the subsurface. As a detriment, CO, with any water creates
carbonic acid, which at high temperatures and pressures severely corrodes carbon steel and
cements.

Methane has not been studied as a working fluid for EGS, but can be used for FLASH
ASI™ drilling. Its (p/p) and Cp values under high T and P conditions appear favorable
(much less so, however, for the injection well), moreover, note that the favorable ratio is
mainly on account of its low viscosity, an advantage that disappears under turbulent flow
conditions in the wellbore). The main (potentially considerable) disadvantage of using CH4
as a working fluid for EGS is the fact that CH4 (unlike CO2) is itself a valuable, expensive
energy fluid. Unavoidable fluid losses (which in water-based EGS operations are expected
to be on the order of 5%) may render the use of CHa unfeasible if the energy generation
potential of the lost natural gas outweighs that of the energy gained by the EGS system.
Note- The heating value of 1 kg of CH4is about 50 MJ (~13 kWh) and if 5 % methane
were lost in a EGS system that circulates CH, at a rate of 40 kg/s, this methane could
produce 100 MWt or 30 MWe, which is significantly more than the 5 MWe that can be
produced from the EGS system. Those losses are not expected to be significant in FLASH
ASI™ drilling and thus methane can still be a candidate.

Because of ease of use and potential for use as an EGS working fluid, carbon dioxide
(CO,) will be the primary FLASH fluid used in these tests. However, until CO, became
available (storage tank and pumping capabilities), water/ steam was used as the initial
FLASH fluid.

The carrier fluid mostly discussed was fresh water, although brines and the FLASH fluid
itself can provide that service as well. Alcohols, propane and butane were considered as
well, but require special handling not desired for these early bench and field tests. Water
also has many commercial available additives for improving its performance for FLASH
ASI™ drilling. However, fresh water freezes in cold ambient conditions and when mixed
with cold FLASH fluids, has a very low viscosity and low solids holding capacity. Its high
heat capacity is not useful for FLASH drilling, but it is for EGS operations. Fresh water is
very environmentally friendly. Therefore, fresh water was decided the best carrier fluid
choice for FLASH testing at this time.

Antifreeze additives were considered in an internal report “Freezing Point Depression of
Xanvis L Solutions”, on 25January2012 by Dr. Felber given in Appendix D. The standards
of methanol, ethylene glycol and alcohols were evaluated for environmental, health/ safety
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and price. Alcohols were determined the best antifreeze choice, as needed, since they

evaporate and pose no other hazards.

Water CO, CH,4
Molecular weight (g/mol) 18.015 44.01 16.04
Critical temperature (2C) 373.946 30.95 239.45
Critical pressure (MPa) 22.064 7.38 4.60
Density/viscosity @ 1003/1.0e-3 = 856/8.0e-5 = 78/1.4e-5 =
202C, 100 bar (kg/(m® Pa-s)) 1.0e6 1.0e7 5.7e4
Density/viscosity @ 1020/9.9e-4 = 1048/1.4e-4 = 278/3.4e-5 =
209C, 500 bar (kg/(m3 Pa-s)) 1.0e6 7.4e6 8.e6
Density/viscosity @ 871/1.4e-4 = 122/2.4e-5 = 41/1.7e-5 =
200°C, 100 bar (kg/(m3 Pa-s)) 6.4e6 5.0e6 2.3e6
Density/viscosity @ 897/1.5e-4 = 580/5.0e-5 = 171/2.5e-5 =
2009C, 500 bar (kg/(m> Pa-s)) 6.2e6 1.2e7 6.7e6
Heat Capacity (Cp) @
202C, 100 bar (J/g K) 4.15 2.62 3.07
Heat Capacity (Cp) @
202C, 500 bar (J/g K) 4.05 1.75 3.23
Heat Capacity (Cp) @
2002C, 100 bar (J/g K) 4.45 1.18 2.98
Heat Capacity (Cp) @
2002C, 500 bar (J/g K) 4.28 1.57 3.31

Table 2: Relevant Properties of Alternative EGS Working Fluids, via LBNL, June 2010

Viscosifiers identified for adding solids carrying capacity to the fresh water carrier fluid at
both low and high temperatures, prior to (and possibly after) the nozzle, included various
polyacrylamides, Xanvis, and SPI gels. Dr. Felber issued the internal report “Xanvis L
Viscosity Relationships Vs Temperature for Use in FLASH ASJ™ Drilling Systems” on
December 1, 2011 (given in Appendix D) favoring Xanvis L, and it was utilized in this
phase of the study. An additional benefit was its use as a friction reducer.

Chemical additives to improve the solids carrying capacity of the carrier and FLASH fluids
for the return flow were studied in an internal report- “An Evaluation of Surfactants for
Aqueous and Carbon Dioxide Applications” dated 11Jan2010 by Dr. Felber and provided
in Appendix D. It identified surfactants additives that were compatible with brines, CO;
and the pre-nozzle viscosifiers, including Xanvis L and SPI gels. Many also provided
friction reduction capabilities. Specifically, Xanthan Gum, Haliburton’s Liqui-Dril,
Wilcolate’s 1247H, and Klean-Foam by Clearwater International for Weatherford
International. The report recommended Klean-Foam with isopropanol and glycol ether
with our viscosifiers Xanvis L and CO,. For later foam additives, we reviewed SPE129907
“CO;, Soluble Surfactants for Improved Mobility Control”, by Xing, et al. and SPE129925
“Nanoparticle-Stabilized Supercritical CO, Foams for Potential Mobility Control
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Applications”, by Espinosa, et al. It should be noted that foam additives were not
specifically used in the project bench and vertical drill tests conducted in this project.

Subtask 1.2  Evaluate & Identify Pipe Sizing & Configuration

Dr. Dwight Rychel researched coiled tubing and issued a report on October 2010 that is
discussed below. Microbores are defined as holes that are less than 10.16 centimeters (cm)/
4 inches (in) in diameter. Allowing for an equivalent hydraulic return fluid flow area that is
1.5 times the injection flow area (set by internal diameter of the primary drill pipe), this
sets the maximum possible pipe sizes (not allowing for collars or external connections) of
up to 2” for 4” holes, 1.75” for 3” holes, and 1.25” for 2” holes, if all pipes the same size.
Hydraulic studies later will refine the drill pipe size and annular flow area required for a
variety of possible drilling scenarios. Table 3 below outlines the typical coiled tubing
diameters and strengths.

Nominal Minimum wall
0D ID Thickness  Yield
Inches Inches Inches 1000#

1.00 0.78 0.11 24
1.25 0.94 0.16 31
1.50 1.15 0.18 40
1.75 1.37 0.19 50

Table 3. Typical Coiled Tubing Properties

There are only three manufacturers of coiled tubing in the world. All have manufacturing
facilities in the Houston area. By far the largest (by volume, market share, revenues,
product line) is Quality Tubing, a subsidiary of the very large National Oilwell VVarco
Corporation. They produce 4 types of standard steel coiled tubing, a special chromium line
and a line for permanent hang-off installations, plus a number of services including
welding, spooling, cleaning and corrosion repair and prevention. Sizes range from % inch
to 3 %2 inch OD with varying wall thicknesses.
http://www.nov.com/Tubular_and_Corrosion_Control/Coiled_Tubing_Products_and
_Service/Coiled_Tubing_Products.aspx

The second largest and long-time supplier is the former Precision Tubing, now marketed
under the Tenaris brand. Tenaris is a Venezuelan owned company with worldwide
manufacturing facilities. They manufacture over 6 million tons of steel pipe in 15
countries, with sales of $12 billion. In 2006 they acquired Maverick Tube Company, the
then parent of Precision Tubing. Their CT product offering has four lines, including HS-
110, a 110,000 psi yield strength coil. They produce products for onshore and offshore,
with sizes ranging from 1 inch to 5 inches and were the first to offer integrated coating
capabilities. They claimed to have produced the heaviest continuously-milled coiled tubing
workstring at 115,000 pounds and the longest at 32,900 feet.
http://www.tenaris.com/en/Products/OCTG/Coiled Tubing.aspx
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The third, and by far the smallest and newest is Global Tubing. They were organized in
2007, built a state-of-the-art plant in Dayton Texas in 2008 and went into production in
early 2009. Their management came from former Quality and Precision executives. They
offer three lines of CT products, with three more in the works, including their planned GT-
120, a 120,000 psi yield strength coil. They offer sizes ranging from % inches to 5 inch OD
and varying wall thicknesses. http://www.global-tubing.com/products/products.htm.

All three publish complete technical data on all of their products at the websites given
above. Data includes:

Complete chemical composition Pipe Metal Cross Section Area, sq. in.
Minimum Yield Strength, psi Pipe Body Yield Load, Ib

Minimum Tensile Strength, psi Tensile Load, Ib

Maximum Hardness, Rockwell Internal Yield Pressure, psi
Measurements: ID, OD, thickness Hydro Test Pressure, psi

Plain End Mass, Ib/ft Torsional Yield Strength, Ib/ft

For a given yield strength and diameter and thickness, the difference in specifications
between the three manufacturers are minimal. Decisions as to which manufacturer to
select would depend more on product availability, customer service, warrantees and credit
worthiness. For that reason, it is recommended staying with Quality Tubing, the
predominant supplier. In screening different size and types of tubing for your application,
ICOTA has a very quick application online to make CT Performance Calculations-
http://www.icota.com/calcs.asp

Inputs to that program are: Yield Strength, Outer Diameter, Nominal Wall Thickness, and
Length. Calculated Outputs are: Minimal Wall Thickness, Yield Load, Yield Pressure,
Yield Torque, Collapse Pressure, Weight of Empty CT, Internal Volume, Volume
Displacement, and Elastic Stretch Coefficient.

In addition, CTES LP in Conroe Texas published online their Coiled Tubing Manual, Rev
72005-A that has everything from history of coiled tubing development, making of CT,
downhole tools, surface tools, inspection tools, etc.

Subtask 1.3  Evaluate Heat Transfer & Hydraulics

Multiphase System Integration (MSI)’s Mehmet Karaaslan and the PI evaluated
Halliburton’s Wellcat and WellPlan programs and SPT Group’s Wellflo program for
modelling FLASH ASJ™ drilling at a variety of depths. The Wellflo program was
selected since it had a better heat transfer functions to the earth. Over 500 runs were made,
but not all were recorded or reported since boundaries of each configuration had to be
established. In these studies supercritical steam (where possible, generated at surface or
generated by the earth’s heat gradient), nitrogen and carbon dioxide were studied. These
studies can be utilized both for vertical drilling or for the injection/ return flow in EGS
lateral drilling.

Surface to 500 ft, 2000 ft, 5000 ft, 10000ft, 20000 ft, 30000ft drilling cases were run. One
deviated well run with water (some nitrogen) in production operation and another with
water under injection were run at 20,500 ft. Various CT sizes (0.75, 1, 1.25, 1.5 inch
nominal sizes/ ODs) were matched to various hole sizes (up to 10.16 cm/ 4”). Various
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water influxes, lowest possible BHP, % hydrates formed were also studied. Operating
envelopes developed for each gas at each depth with erosion limit shown were developed.
Pressure and temperature plots by depth were also prepared. Selected WellFlo runs are
given in Appendix B and the full set of WellFlo study reports are uploaded into the GDR.
In all cases the pressure loss across the nozzle was set and the minimum BHP possible was
targeted for optimal FLASH ASJ™ performance.

Overall findings were that nitrogen and steam only are possible in deepest cases. Surface
generated steam is possible only in the shallowest (limited by heat losses to surrounding
rocks) and earth generated heat by surrounding rocks was possible in the deepest runs.
CO, was found not effective at greater depths than about 10,000 feet.

Solids transport ratios for various cutting particle sizes and casing sizes were studied, but
were not relied upon in this study due to various uncertainties.

Hydrate formation or ice was a problem in many shallower cases with minimal water and
high Joules-Thompson effect from gas expansion out of the nozzle. Minor amounts of
water seemed to mitigate those ice problems.

It is a tough balancing act to keep between the operating envelope of the minimum annular
flow rate for proper cuttings transport and the maximum flow rate possible to reduce
erosion in these small annular spaces. Erosional concerns due to the return flow velocity
are significant. As a note- the erosion limit utilized in this study was at 6-8 gpm for
nitrogen in the deeper run and small annular flow cases. This equates to about 1 meter per
second velocity of the particles. The effects of larger surface / intermediate casing size and
set depth, annular back pressure (i.e. from a surface choke before or after the GLS
separator) and water influx were also studied and were significant in reducing annular
velocity.

Estimated losses in the 500 feet of coiled tubing on the surface coil unit were 25-50% of
the total pressure losses in some cases- this significant loss must be studied more.

Overall, the simulation runs indicate that microhole drilling can occur with the basic
FLASH ASJ™ requirements to great depths. However, the mechanics to implement this
and the amount of formation liquid influx that would occur due to the high level of
underbalance required for optimal FLASH ASJ™ drilling makes this a difficult case.
While SPI gels or other PAM system can be pumped to reduce influx once it has occurred
and becomes a problem, the time and cost for these remediation efforts reduced the
benefits of the faster rock removal FLASH ASJ™ drilling system for vertical EGS.

These WellFlo simulation runs will be used to calibrate the operational program developed
for Phase I, Task1, Subtasks 1.1 and 1.4.

Phase I, Task 2 Demonstration of Increased Performance Using

Microholes (with simulation)
Subtask 2.1  Define Drilling & Production Scenarios (for Simulation)
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To start the simulation effort, we first reviewed the very limited number of installed
“conventional” EGS systems (see Table 4) and the P. H. Moe, et. al. (37) and Sanyal, et.
al. (39) patented proposed systems, shown previously in the Background Section. Then we
developed other possible scenarios for EGS reservoir development and improved heat
exchange using microbores, leading to more complex multiple microbores, forming an
array, intersecting a large fracture target.

) Well Bottom hole
Field Number | distance (m) | Fracture References
epths
of wells between network
(km)
wells
Habanero 3 4.2-4.4 500-550 m | Subhorizontal | Rothert and
fractures, Baisch, 2010;
stimulation Chen and
Wyborn, 2009
Soultz 5 5 450-650 m | Multiple Schindler et al.,
(3 deep) stimulations, | 2010; Genter et
steeply al., 2010
dipping
fractures
Landau 2 3.3 ~1200 m Preexisting Schindler et al.,
fault system, | 2010
stimulation
GroR 2 4.3 475 m Multiple Moeck et al.,
Schoénebeck stimulations, | 2010;
proppant Zimmermann et
al., 2010

Table 4. Installed EGS Systems’ Information- Well depths, distances between
injection and production wells, and stimulated fracture networks for EGS systems

The existing EGS systems’ well depth ranges from 3 to 5 km (10,000-15,000 ft); well
depths of up to 10 km (30,000 ft) were discussed. There are duplex, triplex and five-
spot configurations, see the references listed in Table 3. The distance between
injection and production wells ranges from 400 to 1,200 m (1,200-3,600 ft). All
installed EGS projects involve stimulation of existing or new fracture systems.

These three final scenarios were modelled:

Scenario 1- Single well heat exchanger with full circulation loop through multiple
concentric pipe heat exchangers. Models 1 and 2 were based on this scenario where a
single concentric pipe within a drilled microbore creates a simple heat exchanger in the
EGS rock- one of many such exchangers off a single main vertical bore at EGS depths. See
Figure 71 in Phase 1l, Task 2. Each microbore exchange can be kilometers long, in fact,
Model 2 length was set at 1500 m. Concentric single pipe extending from within the
vertical bore to the end of a microbore. Injected flow goes inside the pipe to the end and
return flow occurs in the annular space (between the pipe and drilled rock wall) back to the
main vertical well bore to be combined with the other exchanger return flows. Heat would

Page 26 of 118



DE-EE0002783 Impact Technologies LLC

be mined from the reservoir rock in the return flow of the microbore with some preheating
of the injected in-pipe flow via a counter- current heat exchange across the pipe. Problems
seen here are the mechanical sealing of multiple microbore pipes within the main vertical
wellbore and isolating them from the combined return flow. Also, successfully inserting
that many small pipes into the predrilled microholes without bending would be problematic
at these great depths. Another possibility is leaving the drill pipe in each drilled hole when
depth is reached, but then sealing those multiple pipes then becomes an even bigger
problem as is preventing solids fill in other microbores as consecutive microbores are
drilled. This option was modelled, but would be very difficult to mechanically implement
in the field.

Scenario 2- Models 3 and 4 were based on this scenario, which is based on the concepts
shown in Figures 12, 13 and 14 below. In this scenario, 40 microholes emanate from a
higher main, large bore production well at spaced depth intervals and at different
orientations to prevent interference between microbores. These microbores all extend out
to intersect a natural or hydraulically created fracture at different positions and depths. The
fracture is hydraulically connected to an injection well which completes the flow circuit to
the surface. That scenario can also be reversed from that description.

Figure 12. Idealized Microhole Array Plan View. The multiple microbores (lighter lines)
emanate from the producers “P” to intersect the large hydraulic fractures (heavier lines)
that emanate from the injectors “1”.

Scenario 3- This was based on the Soultz EGS field described earlier from the literature
and shown in Figure 15. Model 5 was a complex and sophisticated Soultz-based 3D model
using Dual Permeability to model a microbore array of 40 bores.

Subtask 2.2  Develop Geothermal Reservoir Models
This subtask was moved to and combined with Phase 11, subtask 2.2 activities because
significant changes were needed in the programming to develop the required models.

Subtask 2.3  Compare Fluid Flow & Heat Transfer Scenarios
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This subtask was moved to Phase I, Task 2.3. The delay was required to allow all
programming to be completed and the models developed.

Back- Injection wellswi! hydraulic fracture plane Hiddle- Production well vt
¥ b . Microbore Armay bores

/ e = Intersecting fractures

o

| Front-
Injection welis &
Fracture Pane

L)

Figure 14. Microbore Array Concept via SolidWorks 3D drawings.
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Figure 15. Soultz EGS Field Based Model- Relative locations of conventional wellbores
(red lines) and 40 microholes (blue lines) to the fracture zone (outlined by green box).

Phase Il Microhole Technology Development for EGS

Phase Il, Task 1 Development of Microhole Drilling Technology for EGS
Subtask 1.1  Research & Testing of the Pipe-

The original contractor for this subtask section became busy on other projects and this
effort was redirected to computer simulation of bending instead of actual bending tests.
Therefore Schlumberger/CTES was hired to perform these simulations and prepare a
program to estimate pipe bending for (vertical) directional estimation. This report, manual
and program have been uploaded into the GDR.

The basic directional drilling concept for FLASH ASJ™ microhole directional drilling is to
use the simple directional drilling concepts developed and utilized in the 1950’s into the
1970s. With FLASH drilling no reactive torque on the rock occurs to change the X-Y
direction, thus only movement in the vertical Z direction is expected. Thus, in this concept
the directional bore is kicked off in a main vertical bore at a known initial depth,
orientation (X,y) and angle to vertical. Based on hole diameter, pipe OD, pipe wall
thickness and strength, fluid in the pipe, bit and stabilizer ODs and positions on the drill
string, the bit direction is estimated as the pipe movement progresses with drilling. If
desired, a bent sub can be used to offset the normal expected vertical drop, to increase or
decrease vertical section loss. Such a method is not good for hitting a dime sized target
miles away, but it is sufficient to hit a large target, such as a large vertical fracture system
or wall at anticipated EGS lengths. It is also significantly less expensive than using the
advanced real-time monitoring and control directional tools used today, especially for
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multiple bores. Those current tools will also not fit into microhole sizes and are not needed
for the 500 to 1500 meter (1640 — 4900 feet) microhole laterals for EGS. Note- if vertical
laterals are desired, then the length is not important.

The program concept is that the pipe is supported at the intersection of X and Y where it
touches the bottom of the previous hole- See Figures 15 and 16. The hole is drilled ahead
of, in the direction of the angle of the then current end tip. The cut hole is larger than the
pipe at some diameter and at some set distance ahead of the bit/nozzle/pipe. Thus, the pipe
and bit/nozzle is free standing until when the weight of the pipe plus internal fluids times
the oriented angle provides the true downward force along the pipe’s length and a known
bending moment. This allows the pipe to remain in the hole not supported by the hole until
its combined cantilevered weight overcomes its strength and the pipe again touches and is
supported by the drilled hole. This is the new support point for the pipe to again drill
ahead.

In Figure 17, a screen shot shows the input values in yellow boxes at the upper left top. The
calculated output is shown below the input section and in the plots to the right. For the
example shown in Figure 17 the 1.25” drill pipe with known values, de-rated to the 260°C/
500°F temperature, drops about 0.67 m (2 feet) in 10 m (32 feet) when started at 60° initial
angle. At lower initial angles from vertical (i.e. more horizontal), the pipe hits the hole
bottom faster and the pipe can drop even faster, unless a bent sub or a larger OD bit/nozzle
is utilized to raise the cut hole angle.

Hole diameter

Pipe-Hole
Contact

Figure 16. Vertical Drop Estimation for CTES Program
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Figure 17. Variables for Vertical Drop Estimation used in CTES Program

Subtask 1.2  Research & Testing of the FLASH Fluids

In this subtask additional research into the various FLASH fluids needed was performed.
Specifically, methods to generate onsite desired FLASH supercritical gases were studied.
Otherwise purchasing liquid CO; or N, for delivery were the backup options. It should be
noted that pumping CO; is much easier than N, due to the low temperatures requirements
of the pumps and safety concerns. Chemical and membrane methods studied for onsite
generation were:

1) a liquid pyrogallol chemical system for oxygen removal that would allow direct use of
air (mostly nitrogen);

2) exhaust gas via “An Evaluation Of Exhaust Gas As Possible Carbon Dioxide
Replacement For FLASH ASJ™ Systems”, report by Dr. Felber, revised 29 March 2012
and given in Appendix C;

3) Onsite chemical CO; generation with a Sulfuric Acid and Calcium Carbonate reaction.
4) PCI Technologies’ Nitrogen membrane system-Nitrogen Generating Units (NGU) were
already commercial and the most cost effective;

5) Portable high pressure N, or CO, generator proposal from Paul Dunn of Enhanced
Energy Group LLC, W. Kingston RI. N is cheaper to generate from air at $500K for 1 ton
per day rate at the required pressure;

6) Hughes, W.J. and Dunbar, M. “Nitrogen from Air”, USPTO 20050186130 and
20090060801, to US patent 7981379 and #7468173;

7) Prisim Membranes for N, onsite generation/ extraction from flue gas, diesel, methane or
propane, per report by Dr. Felber.
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Figure 18. Screen Shot of CTES Directional Program

Overall, the most favorable and cost effective method to obtain the FLASH supercritical gas for
onsite field operations is the membrane nitrogen system from the air. More specifically, the PCI
nitrogen membrane process appeared the best since it is commercially available now. However,
for testing in this study purchased CO, will be used due to lower capital investments and easier

pumping.

For the other possible chemicals needed in FLASH ASJ™ drilling, we looked at- “pH Sensitive
Polymers for Improving Reservoir Sweep and Conformance”, 2006, Mukul Sharma, Steve
Bryant, Chun Huh, DOE project DE-FC26-04NT15520 and also “High Temperature Chemicals
for Drilling Fluids”, report by Dr. Felber in February 2012 and given in Appendix C and
uploaded into the GDR.

Subtask 1.3  Research the FLASH ASJ Characteristics of 300°C Rocks

This subtask had many various aspects to it and was a central feature of the project. The final
proof of the FLASH ASJ™ drilling process was not fully demonstrated in the project, but efforts
are continuing to demonstrate and commercialize it in in different formats and in surface and
shallower applications.

This subtask effort concentrated on the following efforts:

A) Slurry Pumps- a new Slurry pump was designed, built and demonstrated/ proved for FLASH
ASI™ drilling. Specifics on the slurry pump designs fall under a prior project patent(s) by
Impact, with many proprietary aspects, that will not be discussed in this report. A new induction
slurry pump was studied via erosion bench tests and simulations at TU;
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B) FLASH ASJ™ Nozzles- several new FLASH nozzles were designed off the prior patents,
then built and tested. Several nozzle holders and tools were also designed, built and tested with
various materials. Nozzle and nozzle holder designs are considered confidential, proprietary and
privileged information to Impact, as they fall under a prior project patent. Therefore, their
specifics will not be covered in this report;

C) FLASH ASJ™ Pumping Facility- The fluids, materials, procedures/ processes and equipment
utilized for the bench cutting / drilling and the rig drilling test were developed in this project and
will be discussed;

D) FLASH ASJ™ Bench Tests- cutting efficiency via bench cutting / slicing of various rocks
with different nozzles, different FLASH fluids, various pressures, temperatures, gas/slurry ratios
and slurry concentrations was demonstrated. Results of those tests are given below in plot format
and as an Excel Spreadsheet uploaded into the GDR. Granite blocks at 500°F then cooled to
ambient temperature were tested and compared, showing no difference in cutting capabilities;
and

D) FLASH ASJ Drilling Tests- FLASH ASJ™ drilling capabilities were demonstrated on the
test bench with the target mover, with the coiled tubing rig and with a forklift based jointed
tubing rig.

Under effort A, various Impact pumps and their variations were considered. All slurry pumps
but HPSP5 requires a pressurized suction to load the slurry. The various pumps are:

HPSP1 is a 1:1 hydraulically driven 15 gpm, 15,000 psi capable pump developed prior to the
project that does not have a smooth transition between cylinders. For FLASH ASJ operation, it
can be driven with a small 25 hp hydraulic unit. However, it cannot handle CO; directly due to
its carbon steel materials. It cannot handle gases without modifications, due to its lack of venting
capabilities of the cylinders. This could have been easily modified, but since CO, was chosen
for the testing, it was ruled out. However, it was used in some early steam FLASH ASJ™
testing.

HPSP2 is a hydraulically driven triplex pump with small plungers, see Figure 7. As determined
in the prior SBIR Phase Il project, it operates at too high a rpm for heavy particles to move into
and out of the cylinders. This may be rectified by use of higher viscosity carrier fluids and/or
larger plungers that still fit the pump power section and allows it to operate at a slower
speed/rpm. Because of the required modifications, it was not used in this project.

HPSP3 is a variable frequency controlled electric motor driven piston pump that is rated at too
low a pressure for the FLASH ASJ operation and thus not suited for this application.

HPSP4 is a non-piston pump with clean fluid valves that was built and tested in this project. It is
pictured below in Figure 21. Designed December 2010 and built in early 2011, this pump did the
bulk of the steam and CO slurry testing work starting in early 2011. If built with other high
alloy steel materials, it could utilize CO, directly in its operation. It can also be driven with a
small 25 Hp, 5 gpm, 5000 psi water pumps, seen in Figure 25.

HPSP5 is potential induction pump under consideration that came from a concept from MS&T.
TU performed bench tests and simulations to find the optimal design. API designs were obtained
to purchase components that are commercially available from dealers. This pump may utilize
CO; directly in its operation and can take slurry from ambient to 5000+ per the multi-stage
designs. It can also be driven with a small 25 Hp, 5 gpm, 5000 psi water pumps, see Figure 25.
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Under effort B) various nozzles, nozzle holders and tools for various uses that are specific to
FLASH ASJ operation were designed, made and tested. See Figure 29 top right for a picture of
some of the tools developed. They were then used in efforts C and D. Another nozzle design
from The University of Tulsa’s simulation efforts will be discussed later in this section. Nozzle
holders were also designed and built in various configurations for testing. The following nozzles
and holders were tested-

1. Three nozzle holders with a 1” outer diameter that holds one newly designed tapered FLASH
nozzles. Length with attached tools is 18” to allow a straight section to connect to the pipe, either
jointed or coiled or the bench test lance. Heat treated and tungsten carbide outer coated;

2. One 1.5” outer diameter nozzle holder with outer flow channels that holds 3 newly designed
tapered FLASH nozzles at specified orientation patterns or nozzle configurations. Heat treated
and tungsten carbide coated on the outside;

3. One 3” OD nozzle holder that can hold 4 newly designed tapered FLASH nozzles at specified
orientation patterns or nozzle configurations. It was also tungsten carbide coated on the outside.
It was designed for creating large holes;

4. Prior-project single nozzle holders of various diameters for bench testing on a lance. Shoulder
type nozzles were the proper fit;

5. A slurry swivel for high pressure slurry operation was designed and built, but internal friction
prevented free movement, requiring a motor for operation.

6. Four new FLASH tapered nozzles were designed, manufactured (7 of each design) in a Tulsa
machine shop made with 4140 carbon steel. They were then coated with Bodycote K-Tech, Inc.
ceramic coatings. These coated nozzles did not last over 1 minute of FLASH ASJ™ bench
testing in the fall of 2011. In February 2012 ordered new nozzles in one set design made fully
with a stronger, proprietary material. With this new material, over 100 hours of nozzle
operational life is now expected without significant deterioration of performance. No nozzle of
the proprietary materials was significantly worn out in this testing.

Under effort C) the pumping facility to store, mix and pump the FLUIDS and MATERIALS,
PROCEDURES and EQUIPMENT were developed and are described below:

FLUIDS

Following the efforts in Phase I, the selected FLASH fluids were obtained and utilized in these
tests.

FLASH Fluid- steam and carbon dioxide were used. The steam was generated in diesel heat
exchangers and used for early testing. The steam was saturated steam and hot water mixture at
upstream nozzle conditions and not supercritical. The CO,was purchased as a delivered liquid
from AirGas, a national gas company. The delivered CO, price was $1807 for 15,000 Ibs at
about 300psi, 10°F= $0.1205/Ib= $0.964/gallon (at 8ppg density). The tank and other equipment
for this storage capability are discussed below. Heating of the very cold (10°F) CO, was
important to prevent immediate ice formation when mixed with fresh water and especially after
the nozzle. Heating was also needed for improving the cutting efficiency by controlling the
density of mixture before, through and after the nozzle.

Carrier Fluid- fresh water. Fresh water has freezing and solids carrying problems.

Carrier Viscosifier- Xanvis L was added to improve solids carrying capacity of the fresh water.
Antifreeze or Freezing Point Depression- none used in these tests.
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MATERIALS

Abrasive Material - The abrasive used in all testing was a natural garnet from Barton Mines
listed as Super 80HPA and 8HPX. It was an 80 mesh with an average 150 micron size or
0.00591 inches. Average price of the abrasive was $0.28/Ib (year 2011). We did recycle some
garnet for nozzle design tests, but a minor amount. See Table 5 below for a mesh and micron
size converter.

Target Material- Yes, we used a lot of granite grave headstones for the testing, not robbed from
grave sites, just obtained from the monument companies where etching errors were made and the
stones junked. Names were destroyed so that no family concerns would occur. Granite colors
were pink, light and dark grey as well as light and dark brown. No mineralogy tests or strength
tests were performed on any rock. The light reddish brown sandstone blocks tested were from the
nearby shop area in northeastern Oklahoma.

D100 Separation and
APl Screen Number
D100 Separation APl Screen
(Microns) Mumber

»>780,0 to 925,0 AP 20
=655,0 to 780,0 APl 25
=550,0 to 655,0 AP 30
>462,5 to 550,0 APl 35
=390,0 to 462,5 APl 40 Ta_lble . API Screen t[o
23275 to 390,0 AR 4B Micron Size Conversion
»275,0 to 327.5 API 50
»231,0 to 275,0 APl 60
»>196,0 to 231,0 APl TO
>165,0 to 196,0 APl 8D —
>137,5 to 165,0 API100

>116,5 10 137.5 API120

»>88,0 to 16,5 API 140

=825 to 98,0 AP1170

=59,0 to 82,5 APl 200

=58,0 to 69,0 AP| 230

=49,0 to 58,0 APl 270

=415 to 49,0 AP| 325

=35,0to 1.5 APl 400

>28.,5 to 35,0 AP 450

»22.5 10 28,5 APl 500

>18,5 to 22,5 AP| 635
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Figure 19. Grey Granite Tombstone slab as a Target

PROCESS AND PROCEDURES

FLASH Slurry Generation - The concentrated slurry was batch mixed into the carrier fluid with
viscosifiers to the required specifications, between 17 and 70 wt/wt% of solids. It was mixed in a
low pressure vessel and was then transferred into the slurry pump with 15-20 psi pressure on the
suction stroke of the HPSP31 or HPSP# 4 slurry pump. This is not a 24/7 type operation and
must be automated for higher rates and commercialization.

FLASH Test System Layout — Whether bench or rig based tests, the system schematic is given
below in Figure 20. A rural fresh water source was used to mix the slurry at the desired
concentrated level. That water was also used as the drive fluid to the slurry drive pump, a
Cummins diesel driven, FMC water triplex pump, that then drove the operation of the HPSPA4.
The concentrated slurry was transferred with 15-20 psi air pressure or a diaphragm pump into the
HPSP4 cylinder on its suction stroke. The drive pump displaced the slurry out of the cylinder at
pressure and rate desired. Sequenced clean fluid valve processes were used to clean the valves
for opening and closing in the HPSP4 operation. The discharged concentrated slurry went from
the HPSP4 discharge to the dilution/ mixing point where the FLASH fluid was added.

The FLASH fluid was steam or CO,. If steam was used, the slurry at the desired concentration
was pumped as a single pass process through a two diesel burner heaters with 5000 psi rated
pressurized exchanger tubes positioned in series and controlled for final temperature. No other
dilution occurred as that heated mixture went directly to the nozzle.

If CO, was used, the cold CO, was used to cool down the triplex pump fluid end at the 300 psi
tank pressure, then pumped back to the tank until the lines were cold. The CO; line heater was
started to be ready for pumping and heating CO; to the mixing/ dilution point. It was required
that a water only rate be established at set rates to measure nozzle wear (record pressure and rate,
before and after each test), then the water rate was adjusted to near the desired test rate. CO, was
then started down the line heater. Small step changes in rate were made until the required rates
were established. Slurry was started and the test started.
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Figure 20. Schematic of FLASH ASJ™ Test Facility at Impact Shop
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The final diluted slurry going to the nozzle, was in the range of 10% to 45 % by weight, came
from mixing the concentrated slurry from the pump’s pressurized discharge with the pumped and
heated FLASH fluid (i.e., at the end of the CO, heat exchanger). The target mover was started
when the densitometers indicated higher concentrations at that mid-point after the final
dilution/mixing point. The test was over when the desired volume of slurry was fully utilized
and no solids were indicated on the densitometers. Note- it was not desired to cut through the
rock target as this was unsafe and ruined the efficiency calculations as part of the slurry stream
was not used to actually cut rock on each subsequent pass. At that time, CO, was stopped and
water only was pumped at the desired post rates to measure nozzle wear (record pressure and
rate).

Post Test actions- The times and volumes/weights of slurry, supercritical fluids, water, solids, as
well as nozzle pressures and temperatures, were calculated for the test. The width and depth of
the rock cut was measured to determine volume of rock removed. Efficiency terms were
calculated and plotted. Limitations to the mixing and pumping methods selected were reached in
this testing.

T
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Figure 22. FLASH ASJ™ Test Facility Ioking North from Slurry Pump outlet toward nozzle
Nozzle Design Testing- various commercially available nozzles were tested in the original round

with steam then later with CO,. The goal was the widest cuts and conditions to obtain the
optimal cut width. From those tests, the designed nozzles were built and then tested by water/
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CO;, spray patterns, Figure 24 for the widest cut at 1” standoff from the nozzle tip and the angle
of spray growth (ratio of 1” to 6 standoff diameters). Standard rate/ pressure/ gas: slurry ratio
tests were run to compare nozzle designs to obtain the optimal design for building with the
expensive proprietary material. This nozzle was used as the basis in most other tests.

Optimized FLASH ASJ™ Bench Cutting and Drilling Tests- various CO, and slurry flow rates,
final diluted abrasive concentrations, pressures and temperatures were tested on a variety of
rocks to determine the optimal FLASH ASJ conditions for maximum rock removal and diameter.
In most cases a cut process was used as the standard for comparison. This optimum was a
product of the equipment, setup and fluids that were selected/ utilized. The pumping procedure
for these tests was given above. For bench test drilling the target mover was rotated 90° so that it
went into / away from the nozzle in line with the lance. The target mover was staged on/off to
obtain the desired drilling speed.

Hot 260°C/ 500°F Granite Cutting Tests- Red granite blocks were heated in an oven to 260°C/
500°F for several months until the test bench was ready and the granite blocks were quickly
moved to the target mover and the cut testing at the standard optimal rate/ ratio/ pressure/
temperature selected was begun. The cutting tests procedures were the same as given above for
this type rock at ambient conditions. Once the hot test was completed (about 30 minutes) it was

R

Figure 23. Bear CO, pump and lines cool-down procedure before testing in June 2012
allowed to cool for several days. The same cutting test conditions were replicated to give a

direct comparison with no rock variation. Hint- no statistical difference in cutting was seen with
this temperature difference, indicating that 500°F is not high enough to change the abrasive
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erosion potential of granites. However, 500°F is the beginning of the temperature that will
significantly degrade metal properties.

Rig Drill Tests- The same FLASH ASJ™ test and pumping system as described earlier was used
for the drilling tests. But the high pressure slurry hose from the pumping / mixing dilution point
after the densitometers that went to the lance/nozzle was disconnected and instead connected to
the inlet of the rigs utilized- either the Los Alamos National Laboratory (LANL) coiled tubing
rig or the Impact built forklift based jointed pipe rig, both for shallow hole drilling within the
shop yard. The same test procedures were followed for pumping the desired fluids, solids at the
pressure and temperature desired. Note that stabilizing the coiled tubing unit took about 40
minutes, indicating that excess tubing was on the coil.

EQUIPMENT

CO; Storage Tank- In 2011 (after taking 1 year to obtain and a required 2 year contract) AirGas
delivered a 14 ton (3500 gallons at 8ppg density) insulated steel CO, horizontal storage tank. It
required an electric heater and refrigerator unit to maintain the 300psi operating pressure. Relief
pressure was set at 350 psig, which did vent during summer months. The cold (estimated 10°F)
CO,was a liquid as needed to pump, but it needed heating before contact with water to prevent
ice or hydrate formation. Truck deliveries kept the tank full. To imitate what we would need in
the field, we tried to utilize the delivery trucks instead of a set tank, but AirGas would not allow
their truck to be tied up for any period of time. Those would need to be purchased.

Figure 24. Spray Pattern Testing March 2013 - 2" patterns behind spray. Top-Good Wide Cut.
Bottom, Test 248b-Poor Narrow Cut.
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Figure 25. AirGas COz storage tank Bear tr|pIex pump skrd charge pump and header

CO; Charge Pump- Even though AirGas and other experts said that a charge pump was not
needed, we found that it was needed to ensure full pump cylinder loading during summer
months. Gas lock was occurring. Without full cylinder loading the full pressure required could
not be maintained. The vane charge pump was installed in April 2013 and used for recirculation
back to the tank to cool the triplex pump fluid end and the lines before testing begins. Also it was
used to keep the pressure above saturation so that no gas would form during testing. The
difference between actual and the experts was due to the low rates being pumped allowing some
slight temperature increase of the saturated CO» liquid (and therefore gas formation) at and in the
pump fluid end during the pump’s suction stroke. Most experts were apparently only familiar
with higher rates. Shown in Figure 26.

Figure 26. CO, Charge Pump mstalled Apr|I2013
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CO, Triplex Pump- In August 2011 the National Oilwell Varco (NOV) Bear™ BD-60H triplex
plunger pump package for CO, service was delivered, however, it took many shop repairs
(primarily for bearings to get it working right- estimated 3 months delay. The pump had all
metal valves in the fluid end. The pump is driven by a 60 hp Duetz diesel engine (oil bath air
breather) and a Siemens gear box reducing the rpm by 4:41:1. Shown in Figure 25.

Densitometers- Two ThermoFisher Density Pro Plus (20 & 50 mcCi) Cesium CS-137 gama-ray
densitometers with scintillation detectors in a Nema 4 housing and 2” pipe saddles, reduced by
Impact to 1” horizontal pipes, were used to detect final mixture density that was going to the
nozzle, not to measure exact densities. Shown in Figure 22. The relative readings were used to
determine the timing of switching HP4 pump cylinders and for monitoring maximum density
timing. A 1” pipe was used to maintain sufficient velocities to fully mix the slurry, but it
provided too small a volume of slurry in the cross section for exact measurements. A new design
to shoot down a 3” to 6” section of 1” pipe length was considered but not purchased or built, due
to cost and timing.

Flow Meters- for the water/slurry and CO, were Hoffer CO, Flow Meter Model HO1X5/8A-
1.75-16-BP-1MX-NPT-SP for liquid carbon dioxide service. Flow rate range- 1.75 to 16 GPM
(6.62 TO 60.57 LPM). Construction - 316/316L stainless steel with ceramic, self-lubricating
hybrid ball bearings. Maximum pressure of 7000 psig. The Hoffer Water Flow Meter (on FMC
pump) Model HOY2XY4A-0.25-4.5-BP-1(RP51S)X8S-NPT-X. Flow rate range - 0.25 to 4.5
GPM. Maximum pressure of 7000 psig.

Inline Heaters- Dual, diesel fired, NorthStar Pressure Washer Heater/Steamers were used to heat
the CO; via through a custom coiled pressurized (5000 psi rated) 1” tube heat exchanger, used
for steam generation. Seen in Figures 22 and 28, lower left.

Slurry Drive Pump- Impact already owned a Freemeyer Industrial fabricated, triplex pump
package with a 180hp Cummings diesel engine, a FMC triplex pump geared down from the
diesel rpm at about a 4:1 ratio, and a specialty custom designed stainless steel fluid end for clean
water service. That pump can be seen in Figure 28 top left. The pump fluid end and available
power was rated for 20,000 psi and 20 gpm. It should be noted that a 25 hp water pump, rated for
the 5 gpm rate and 5000 psi, as the gasoline driven pump in Figure 27 below, can be used as the
slurry drive pump for lower slurry rates.

Temperature Readings- The thermocouple at the end of CO, heat exchange unit was an
external (taped to the CO, delivery pipe and insulated) RTD type from Red Lion.

Hoses- All slurry hoses were from SpirStar and were secured at both ends and in the middle in

case of breakage/failure under pressurized slurry operation. The hoses were rated for 20,000 psi
and higher with an outer wear guard.
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Figure 27. Small 5gpm and 5000psi 25hp water jet sprayer used for some steam tests.

Slurr'_l.r Drive Pump PumpSIurr'_l.r Discharge Section CO. Tank & HP Pump

—

- 5 o

Target , Hover & Dual Heater Densitometer Slurry Hix Tank
Figure 28. Clockwise-Freemyer slurry drive water pump, HPSP#4 control valves, AirGas CO,
Tank, Bear CO, pump, dual NorthStar heaters, ThermoFisher densitometer, polymer mixing tank
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Figure 30 shows one granite bench test in the spring of 2013 that had multiple cuts on both sides
to optimize the nozzle or FLASH fluids ending in drilling several bores through it. Figures
31and 32 show a red sandstone under FLASH bench cutting with the 3 nozzle holder in the
summer of 2013. One nozzle became plugged during testing which increased flow to the
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remaining 2 nozzles and an uneven cut. Note, it was not desired to cut all the way through the
rock block.

‘4‘ T s

Figure 31. Three Nozzle CO, Bit FLASH
Cut through Rock. Measuring back side
hole.

Figure 32. Use of a 3 Nozzle Bit with CO,
FLASH. Measuring cut depth.

In 2012 it was determined that the CT on the LANL rig was damaged and could not be repaired.
It was taken off the reel and junked. Over 500 feet of new 1.0” high alloy steel coiled tubing
(CT) were purchased and spooled onto the LANL CT rig reel. It was later apparent that we
received at least 800 feet probably from the end of their roll. The LANL CT rig, shown in
Figure 33, was modified for easier remote control so that the operator would not be near the
pressurized inlet abrasive hose or near the wellbore. It was used for vertical bore drilling in the
earth, discussed later.

Figure 33. LANL Coiled Tubing Rig with new 1.0” high alloy steel CT
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In the summer of 2013, Impact developed a forklift-based drill rig, seen in Figures 34, 35a and
35b, that utilized straight thick wall carbon steel pipe in 3/4” and 1/2” ODs and 20 feet lengths.
The pipe was made up in alternating sizes (i.e., smaller pipe threaded into the larger pipe on both
ends) so that the outer diameter was nearly smooth when made up- no exterior joints. Internal
and external edges were beveled to prevent flow disruption or sticking in the hole. Different lift
and handling tools were needed for each size. A high pressure swivel was used to make up the
pipe while lifted by the rig.

Figure 34. Wellhead & Return Tank for
Vertical Drilling

PROBLEMS during testing-

A) Safety danger of cutting through the rock and back steel during testing. Figure 36 showed a
jet that cut through a thick rock slab and a %4 steel plate very fast during early steam testing.
Narrow focused jets were avoided because of that and because we wanted wider cuts anyway.
Note- in all tests we did not want to cut all the way through the rock because that is dangerous
and it prevents accurate measurement of cutting efficiencies (because some of the slurry misses
and removes no rock).

B) Cavitation of the thick slurry in the pumps destroying valves, see Figure 37. HPSP1 and
HPSP2 (July-August 2010) endured valve damage due to cavitation from incomplete cylinder
filling during the suction stroke. This was solved by going to a long slower stroke pump.

C) Icing of target, seen in Figure 38, occurred at times reducing the effectiveness of slurry
cutting since no antifreeze was added. Heating of the CO, and/or mixture solved this problem
which mainly occurred at high gas/slurry ratios.

D) Goal was thick wide cuts which would lead to drilling/ boring holes. However, many
different nozzle and fluid combinations were tried to finally obtain the desired wide cuts. Thin
width cuts and cone shaped holes often occurred in certain nozzle/ fluid configurations during
boring and drilling. Ultimately, we achieved the goal for drilling and slotting by obtaining wide
flat bottom cuts/ bores with straight even sides.
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Figure 36. Danger if nozzle focused. Here Figure 37. HPSP1 Valve Damage due to
with Steam as the FLASH fluid. Cavitation.
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¢

Figure 38. Icing at High Gas: Slurry Ratio Tests, if not heated-May2013 tests

Steam cutting tests results-

These tests were used to evaluate steam as a FLASH ASJ fluid and to evaluate various nozzle
designs. This was low quality (maybe 70% steam, 30% water) steam at best. Need higher
temperatures instead of the maximum 400°F temperatures available on the heater coils in series
utilized as a single pass. Temperature control was set on the second burner. Pictures below in
Figures 39- 44 are from the May 2010 steam cutting/ boring testing on a red Oklahoma
sandstone.

\

Figure 39. Eari FLASH ASJ™ Steam Cutting and Boring Tests on sandstone, May 2010
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Figure 40. Steam FLASH ASJ Cutting and Boring, May 2010. Cutting through the back steel
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Figure 41. suls of the May 201
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0 Steam FLASH ASJ™ testing on Sandstone
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Figures 42, 43 and 44, clockwise. Steam
FLASH ASJ cutting on sandstone May
2010. Showing deep tapered cuts with
standard nozzles; variable stray cuts due to
partial nozzle plugging; standoff effect with
higher standoff (distance from nozzle to
target in a gas) showing a wider cut.

Figure 45. CO, FLASH ASJ™ Cutting on
Sandstone in June 2012
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TABULIZED RESULTS:

a) Nozzle Spray Tests- These tests identified several nozzle and FLASH fluid combinations that
were useful for obtaining wide cuts. See Figures 46 and 47 below. They were run with only gas
and water, no solids. Thus these patterns may not fully match a full FLASH ASJ™ cutting /
drilling system. The jet width at 1” cutoff was 1.2 inches. Above that size it was felt that the cut
bore would be sufficient to allow return flow. The ratio of the jet diameter at 6 and 1” identified
those jets that were growing and could create a proper cutting pattern.

EGS Nozzle Spray Tests

1.800 | 5.0

- : E =
1,600 - % 1" Distance Diameter

M Diameter Ratio

1.400

1.200

1.000
0.800 *

< - 2.5
0.600 &

0.400

0.200 .
!-
1.5

Cut Diameter at 1" Standoff
L 4
&
v
B
Diameter Ratio at 6" Standoff/ At 1" Standoff

= " .

. 2 2.5 3 3.5 a4
Total Flow Rate GPM

0.000

Figure 46

EGS Nozzle Spray Tests-5 Nozzles
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b) Hot Granite Rock Cutting tests — Tests 46, 47, 48 and 49 were conducted during April to June
of 2013 on 500°F granite that had been heating for several months. The same optimal FLASH
setting/ conditions were used to cut these hot rocks, then allow to cool for a few days and recuts
on the other face. Pictures of those cut rocks are given in Figures 48 and 49 below. The plot of
that data as a modified specific energy number is given in Figure 50 belovyrthe pictures.
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Figure 48. Hot Roks- Part 1
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Figure 49. Hot Rock Tests- Part 2
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In terms of the various efficiency terms utilized to compare each test, the specific energy term
utilized (calculation shown on Figure 50) was the most beneficial in making this comparison
between tests. Test R1.0-Q2.65-P330 cut off the rock and thus considered not valid for direct
comparison.

Specific Energy Term
in3 Rock/(psi*gpm*Ib) *10000

1.40 ! !

£ 120 # R1.65-Q3.0-P2850
c

m

G 100 | M R1.42-Q3.0-P4500

- . )
= 060 | (RLO-Q2.65P3300

2

S 040

£

< 020

0.20 0.40 0.60 0.80
5000F Granite

Figure 50. Specific Energy Term in comparing 500°F Rock to room temp rock cutting

1.00 1.20 1.40

RESULTS of NOZZLE DESIGN AND FLASH ASJ™ BENCH CUT TESTING

The calculation methods for each efficiency term (note-no conversion constants utilized herein
since most of the effort dealt with comparison of one test over another) used in the spreadsheets
and plots were as follows-

e Slurry based Abrasive Cutting Efficiency Factor= volume (cubic inch) of rock
removed per pound (Ib) of abrasive used;

e Rate Based Time Cutting Efficiency Factor= volume (cubic inch) of rock removed
per test minute. Rate based test minute= total concentrated slurry volume (gallons)
through pump utilized / average concentrated slurry rate (gpm) during the test;

e Specific Energy Term= volume (cubic inch) of rock removed / (total flow rate of
FLASH and concentrated slurry (gpm) * average pressure (PSIG) * Ibs of slurry
used) during the test with no conversion factors;

e KDO Factor for correlation purposes only.

It was important that the CO, density be corrected for the upstream temperature and pressure at
the nozzle. The only temperature sensor available for CO, was after its heat exchanger and
before the phases were mixed together. The concentrated slurry temperature was estimated based
on seasonal weather, since it was not recorded during the tests. The upstream nozzle mixture
temperature was then estimated based on mass contribution of each phase to the total mix. The
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pressure was taken off the water drive pump in most cases. Where there was a concern as to
accuracy, the average of the CO, and water drive pressures were used.

Plots from the summary report, dated May 2013, are given below. The table of data will be
uploaded to and made available from the GDR. In these plots the various efficiency factors were
plotted versus the variables considered important to FLASH ASJ cutting and drilling. These
factors are:

e Volume ratio of slurry/ gas, corrected to the upstream nozzle conditions;

e Total flow rate to the nozzle in gpm, corrected to the upstream nozzle conditions;

e Pressure of the mixture upstream of the nozzle, as measured from the pumps;

e Temperature of the diluted mixture upstream of the nozzle, estimated as discussed

above.

The resultant cutting efficiency terms for each test were plotted against each of these controllable
factors below:

Efficiencies versus Corrected Slurry/CO2 Ratio at Nozzle
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Efficiencies Versus Pressure at Nozzle
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Efficiencies Versus CO2 Density at Nozzle
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DRILLING AND BORING BENCH TESTS
Once the nozzles were designed and the optimal FLASH conditions determined, bench drilling
began on sandstone and granites in the summers of 2012 and 2013. It was found that if the
bit/nozzle was advanced too fast then too small a hole is formed, which allows for pipe
advancement just into the restriction, but no further advancement is possible due to pressure
buildup ahead of the nozzle. The hole beyond the restriction continues to be eroded ahead and
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outward creating a larger diameter section. Very slow drilling can prevent such restrictions, but
lowers the overall drill rate and process efficiency- driving up cost/foot of hole drilled. Rotation
of the nozzle(s) with a motor and proper flow channels appears to be a solution. If a motor is
added then the possibility of a mechanical bit to keep the hole to a minimum size exists. To that
end a 3” OD swivel was built and tested on the bench, but no further work with it was
accomplished during the project.

Drilling sandstone tests on the bench target mover in June and July 2012 are shown below.
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Figure 64. Exit wound due to flow choking
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CT Rig Drilling- After all nozzle design and FLASH optimization tests were completed and
several bench drill/ boring tests were conducted on granite and sandstone, it was decided to drill
into the earth. Those bench/boring tests were only successful if the bit/nozzle was not advanced
too fast. Bench cutting tests also showed that all rocks could be cut and therefore drilled under the
right conditions. In 2012 a site in Impact’s yard was selected and a 4” nipple driven a few inches
through the yard’s gravel bedding. The 1” nozzle holder and a FLASH ASJ™ nozzle to cut a 3”
hole were inserted. The 18” length of the 1.0” pipe was added then attached to the 1.0” coil.
With this setup the FLASH facility process was started and water was pumped at selected rates
through the HPSP4 pump, densitometers, CT coil and nozzle above the surface. Optimal FLASH
fluids rates were begun when the pumps were ready and all was pumped to the nozzle. It took
almost 40 minutes from the pump for a change to be seen at the nozzle- indicating excess pipe
was on the reel. Pressure loss through the reeled CT exceeded 800 psi over what the bench test
setup operated at for the same rate/ nozzles. Abrasive was started and, when seen coming out of
the nozzle, the drill assembly was slowly lowered. The CT rig had a reel reversing system that
was hard to overcome to go forward. However, sufficient forward force was applied to lower the
bit into the pipe. Care was taken to advance slowly and stroke the drilled hole repeatedly.
However at about 6 feet of new hole the pipe would not advance further, even with repeated
jarring down with the hydraulic unit. The pipe and drill assembly was pulled out and inspected
with no marks noted on the nozzle holder or pipe. It was thought that the coil straightener on the
injector head (a series of rollers) did not work as desired and the resultant bent pipe caused
sufficient friction onto the drilled hole to stop drilling. This could not be confirmed on the
surface.

Jointed Pipe Rig Drilling- In 2013 a new site in Impact’s yard was selected and a pipe driven
down to rock through a gravel layer. The rig was aligned over the installed wellhead and the pipe
and same drilling assembly as used with the CT rig was inserted into the wellhead. The FLASH
Facility was started and water was pumped to establish a base rate/pressure. FLASH fluids were
started and the rate maintained until stabilized, then abrasive was begun. Once abrasive and
FLASH fluids were seen at the nozzle, the drill assembly was slowly lowered and drilling began.
The hole was easily drilled in a few minutes to 15 feet, with repeated strokes to ensure an open
hole, but it stopped drilling once again and could not be advanced further. Examining the hole
was not accomplished since it collapsed before it could be fully inspected.

With only a minimal depth obtained even with the jointed pipe, bent pipe causes were ruled out
for the current problem, but it still should be investigated more thoroughly. Later testing with that
same nozzle did not demonstrate any off angle cutting, although minor angles can accumulate to
become significant, so this may still be a problem but it would be hard to identify and solve.
Therefore, the limited penetration seen in the FLASH ASJ™ drilling tests were possibly caused
by one or more of the following causes:

1) slight bend in the pipe causing increased friction with the drilled wall,

2) uneven abrasive spray pattern causing a directional bore; and/ or

3) too fast advancement relative to the rock erosion leaving a return flow restriction(s).
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It is now determined that, for deeper holes to be FLASH ASJ™ drilled, a rotation device (ie., a
motor) will be needed. Minimum rotational speed and orientation of the nozzles will have to be
determined later.

THE UNIVERSITY OF TULSA

The University of Tulsa’s efforts in Phase I, Task 1, subTask 1.3 were focused on a) improving
the design of the patented FLASH nozzle through numerical simulation, b) laboratory test cell
bench tests of supercritical carbon dioxide exiting out of a nozzle, c) bench tests of the erosional
characteristics of a new induction slurry pump, and d) simulation of that erosion potential in the
pump. These efforts supported one professor, one Ph.D graduate student and one M.S. graduate
student.

FLASH ASJ Nozzle Design-
Models were developed using the FLUENT program and the post-nozzle behavior of supercritical
CO,was examined in laboratory bench tests, seen in Figure 62 below.

Figure 62. TU Experimental Laboratory Equipment
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Modeling

UNivERsiTY

"Tl-il-ﬁ-'\"' Erosion Rate

General erosion equation

where:
E is Dimensionless Moass
KX is a constant
V., is the abrasive partide velocity
1 is the velocity exponent
F{8) is the impact anglz function

Figure 63. General Erosion Equation.
General Erosion Equation given in Figure 63 shows the significance of particle velocity, impact
angle and the (abrasive) particles mass on erosion (i.e., rock mass removed). Particle velocity is
raised to a power; therefore, for optimal erosion/ cutting the particle must exit the nozzle at the
highest rate possible. In reality, the velocity term is more exactly correct right when the particle
hits the target.

Particle velocity is first created by the nozzle flow restriction that changes the flow area of the
slurry mixture from the large diameter at entrance to the very narrow nozzle diameter, which
increases the velocity of the mixture within the nozzle. The particle velocity is imparted by the
drag of the slurry carrier fluid on the particles as they accelerate in this change. If acceleration is
too high (i.e., nozzle entrance too steep or abrupt), then a concentration of particles will occur at
the nozzle inlet/ entrance as the carrier fluid leaves the particles behind. This solids build-up can
interfere with slurry flow coming into the nozzle. If the carrier fluid density and viscosity is high,
then it will accelerate the particles better.

In the patented FLASH ASJ systems a second acceleration of the slurry mix occurs after (and
sometimes within) the nozzle. This is the expansion of the supercritical fluids from a liquid to a
gas, a significant volume change of 8 to 20 times. This expansion increases the velocity of the
slurry mixture and the entrained particles on top of the previous described flow restriction caused
velocity increase.

Furthermore, that velocity term is when the particle hits the target, not just exiting the nozzle. The
rapid velocity reduction profile that occurs in water after a nozzle can be seen in Figure 64. Note
that 50% of the velocity is lost at 1” from the nozzle when jetting through a water phase. Thus the
standoff (distance between the nozzle exit and the target) must be as small as possible, and the
fluid density and viscosity within that standoff region should be as low as possible (gas
preferred). It is therefore good that the FLASH ASJ fluid expansion creates a lower density, lower
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viscosity gas phase after the nozzle in the standoff region that less restricts the jetted particles on
their path to the target.
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Figure 64. Velocity of fluid before, through and existing a standard nozzle.

Also important in the General Erosion Equation is the angle of impact of the particle to the target,
with a more perpendicular (direct, high angle) strike more effective at erosion than a low angle
glancing blow. This is important in creating a full open bore in drilling because the original cut
(first pass) has a perpendicular rock face to the nozzle exiting jet for optimal erosion/cutting. If
the full desired bore diameter is not cut in that first pass, then subsequent passes back through that
bore section will only have low angle glancing opportunities and; therefore, less effective.
Further, return flow is at a very low angle and is also less effective in eroding the rock bore wall.
It appears that the best way to enlarge a given hole diameter size, after the first pass is with a
different nozzle with a radial flow design.

The next variable of importance in erosion is the mass of the particles, where a denser particle
material is desired, as well as a higher particle concentration.
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Fig‘ure 65. Fluent Particle Trace from a Fluent Simulation for a Standard Nozzle

This work is not completed. The nozzle design effort will continue at TU even after the project
period ends and this report is issued.

Induction Slurry Pump Studies-

Figure 67 shows a generalized concept of the proposed induction slurry pump. Impact licensed
the concept from MS&T for development in this project. Certain components are commercially
available from various vendors. In fact, there is an American Petroleum Institute bulletin for
standard designs of these components that was obtained for this project. However, the erosion
potential of such a system is a concern and was studied in this project. To that end, components
were designed and built and bench erosion tests were conducted and later modelled. Figure 68
shows the basic model that was built and simulated in this study. This effort continues after this
project and after this report is issued.
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Property Value

Pressure 5000 ps1

Ternperature 310K

Viscosity 1cP
Water Cut 0%

Figure 66. Fluent Velocity Profile through a FLASH ASJ"™ Nozzle

OUTLET SLURRY
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L Diverging Nozzle
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Garnet particle with lubricant

INLET EDUCTANT

Figure 67. Induction Slurry Pump Concept
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Figure 68. Basic Erosion Test model for components and simulation.

Subtask 1.4 Expand the Directional Capabilities of Microholes

It is proposed that a large main vertical bore be drilled from the surface down to above the EGS
depth, then multiple microhole sized bores be directional drilled from that well some distance out
to intersect a fracture that is hydraulically connected to another main vertical well to the surface.
This establishes a flow loop for the working heat transfer fluid. The level and control of those
installed microbore sized directional laterals were discussed in the prior subTask 1.1 of this Phase
and Task.

As discussed previously, the depth of the kick-off point for the laterals in the main vertical large
bore would be well known with current technology and tools. Likewise, the orientation of a
standard whip-stock tool that is set in that main bore is also well known, as is the angle off-
vertical of that whip-stock curve, especially in hard rocks. Thus the direction and orientation of
the nozzle when immediately exiting the main vertical bore would be well known. 1t is, therefore,
of most interest how to measure, monitor and control the lateral direction between the two vertical
bores/ fracture. The CTES program developed in subTask 1.1 was meant to allow estimation of
the vertical movement of the microbore in that interval. Standard directional tools of whip-stocks
and bent subs were developed prior to this project.

It is envisioned that the microhole size will be between 5.08 to 10.2 cm (2” and 4”) in diameter.
That requires pipe in the outer diameter range of 2.54 to 5.08 cm (1” to 2”) with reduced internal
diameters. This makes the effective size of tools that can pass through the pipe down to 1.25 to
3.2cm (0.5” to 1.257). It is also important to note that EGS conditions of temperature and
pressure will apply. There are no current directional tools that will allow real-time measurement,
monitoring of and for control of bit/nozzle inclination and azimuth. There are not even single-shot
tools of that size and rating that can be dropped and retrieved at given intervals to mark the path
of the bore that was drilled. Furthermore, there are no such tools available for post measurement
of the larger holes that size at the temperatures and pressures described. Directional tools in the
pipe can be pumped down and retrieved with wireline, but such tools in the open-hole lateral
would require attachment to the end of a pipe to push it to the end of the hole. Alternatively and
more expensive, a tractor device can be used in the open hole.
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No such survey tools now exist, however, the most likely directional monitoring tool to be first
developed would be a single shot digital tool that would be timed to take multiple shots at set
timed intervals. Because of other problems in subtask 1.3, no further work was done for this
subtask.

Subtask 1.5 Safety and Control Issues

FLASH ASJ™ drilling uses CO,, N, or other gases in an energized abrasive system that create a
safety and control issue on the injection side (from the pumps to and down the drill string to the
nozzle) and on the return side (from the nozzle, up the annular space between the drill string and
the casing/ hole wall through a surface choke and to a separator). Both high velocities (erosion)
and low velocities (allowing settling of the solids) are of concern- seen in the Phase I, Task 1.3
WellFlo simulation runs. Velocities greater than 1 meter/ second are considered erosional.
Minimal velocities to prevent settling are based on flow rate, fluid density, fluid viscosity, particle
density and particle diameter. In addition to these concerns, we must add an underbalanced
condition in the wellbore, where the wellbore pressure is lower than the pore fluid pressure in the
rocks and encourages formation fluid (brine, crude oil, natural gas) influx.

The surface injection side can be safely operated with proper designed equipment and keeping the
velocity of the slurry within safe levels and with minimal sharp bends. Noting hours of operation
of all surface injection equipment is needed at this beginning effort to set a base line of
operational life. Regular inspections are needed as well. No (excepting pumps and, nozzle)
operational wear problems were identified during the several hundred hours of slurry operations
during all project (and prior period) testing.

On the return side, high velocity solids, liquids and gases are returned to the surface. During
bench and surface testing this return was focused back toward the nozzle and lance. Because of
the low return flow rates, the Gas-Liquid-Solid (GLS) Separator (Figure 8, in the Background
Section) was not used during this surface testing. However, in anticipation of drilling during the
project, improvements in that system were begun early in the project to install a ceramic sleeve
inside the GLS separator where the very high velocities are encouraged to force centrifugal
separation. The ceramic lining was purchased from CLS Ceramics (Missouri) a C.L. Smith
Industrial Company, although ceramic tiles were also found at Superior Ceramics Technical
Corporation. Those tiles were not installed as of the time of this report.

Also, in anticipation of drilling within the project timing, a drilling control program was
developed by Dr. Evren Ozbayoglu, a professor at The University of Tulsa, to guide the real-time
drilling operation of a FLASH ASJ™ drill rig. This C++ program took all available real-time
inputs of pressure (injected and return/separator), rates (gas, liquid, solids), temperatures and
depths, processed them to estimate and report the real-time downhole conditions, allowing an
operator to maintain safe, secure and effective operations under full control. In addition to that
hydraulic model a heat transfer component was included that tied to the CO, and Nitrogen
physical properties. Figure 69 below is a flow diagram of the decision tree in the program. This
C++ program was completed and its code, operating manual and PDF report will be uploaded to
the GDR.
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Figure 69. Decision Tree for Developed Operation Control Program
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Figure 70. Screen Shot of Operation Control Program Inputs

Phase I, Task 2  Development of Simulation Capabilities for Microhole
Technology

Subtask 2.1  Development of a Non-Isothermal Wellbore Simulator
Subtask 2.2  Coupling of Wellbore Simulator to Reservoir Simulator

In Phase I, Task 2 the scenarios for microhole arrays were developed, however the required
programming code was not available to properly model those scenarios. Thus, further simulation
work was moved to this Task. All project program coding changes and modelling efforts were
reported in References [40-51] and published in [52]. Lawrence Berkeley National Lab (LBNL)
did the work in this section.

As background, TOUGH2/EOS1 is a module of the TOUGH2 reservoir simulator that describes
pure water in its liquid, vapor and two-phase state. It is also capable of solving the energy
equation, therefore handling non-isothermal conditions. This module has been selected to
simulate conditions typical of geothermal reservoirs. iTOUGH2 provides inverse modeling
capabilities for the non-isothermal multiphase flow simulator TOUGH2 [Pruess, 1989, 1991]. A
module described in “EOS16:An iTOUGH2 Module for Two-Phase Flow of Water, Air, and
Methane Under Choked Gas Flow Conditions- Users Manual” was added for multiphase flow.

Further prior-project changes to TOUGH2 included inclusion of non-darcy flow. The Darcy-
Buckingham law is commonly used to describe fluid flow through porous and fractured geologic
media. However, deviations from the classical Darcy law have been observed under high-velocity
flow conditions, which may occur in the region near an injection or extraction well. In particular,
it may well occur within the microbores cited in this project. This non-Darcy flow can be
described using the Forchheimer equation, which predicts the additional pressure loss on account
of high-velocity flow to be a quadratic function of average flow velocity. A non-Darcy flow
coefficient is thus introduced, which in its most general form is a function of effective
permeability, water content and tortuosity. The Forchheimer equation was, therefore, previously
incorporated into the iTOUGH2 simulator [Finsterle, 1999abc] and was used herein.

By April 2011 LBNL had incorporated a Time-Convolution Approach to account for Heat
Exchange between the wellbore and the formation. The method remembers the temperature
history of the rock in this approach. This is an overall semi-analytical solution to the problem
since it incorporates an analytical solution for radial heat flow with constant temperature at
wellbore, with a Supersition /Time convolution, link to the wellbore simulator, which is also
linked to the reservoir simulator (TOUGH2). This report is included in Appendix E and uploaded
to GDR. A movie of one run will be also uploaded to GDR.

By October 2011 LBNL coupled a wellbore simulator to the TOUGH2 EOS1 module. The

momentum equation can be reduced to Darcy’s law when the friction term dominates, i.e., the
inertial term can be ignored. For the wellbore simulator, the Darcy flow equation was replaced by
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the multiphase momentum conservation equation. The wellbore simulator does not need to make
the assumption that the inertial term in the momentum equation can be ignored, which is the
condition to use a Darcy flow simulation.

The wellbore simulator was built to be capable of simulating time-varying temperature boundary
conditions at the wall of a flowing well and the corresponding heat transfer with the formation.
Considering time-dependent boundary conditions for the calculation of transient heat exchange
provides the flexibility needed to efficiently evaluate heat extraction from geothermal reservoirs
using many microholes. The significance of this accurate semi-analytical solution to calculate the
heat exchange between the wellbore and its surrounding formation work is that the computational
cost can be significantly reduced, which makes large-scale accurate reservoir simulations with
multiple wells and microholes feasible. The model was tested to ensure that the developed code is
capable of simulating heat exchange with a flowing well with non-monotonic time-varying fluid
temperature.

The wellbore flow was calculated based on the drift-flux model (DFM) for transient two-phase
non-isothermal flow of fluid. Conservation equations for mass, momentum and energy under
different flow regimes in the wellbore were solved numerically while wellbore formation heat
exchange was calculated either numerically (if formation is represented in the numerical grid) or
semi-analytically (if formation is omitted). The basic idea of the DFM was to consider the two-
phase liquid-gas mixture as a single effective fluid phase with slip between gas and liquid arising
from their different fluid properties, accounted for by empirically relating phase fractions and
velocities to the mixture velocity. Following the scheme proposed by Shi et al. (2005), that drift
velocity can be determined as a function of gas saturation and other properties of the fluids.

LBNL also included the effects of the inflow/outflow on the velocity along the z-direction of the
wellbore in the feeding/leakage zone (i.e., the perforated section). By approximating that the
density, the phase saturation, and the velocities along the z-direction are considered all
independent of the radius (they are averaged values already), we can get the area-averaged net
momentum flux in z-direction due to radial inflow or outflow. This code was tested using a basic
heat exchange model between a microhole and the formation.

Subtask 2.3 (moved from Phase I) Compare Fluid Flow & Heat Transfer Scenarios

Based on the conceptual model shown in Figure 71, the simplest microbore scenario that was first
reported in an internal report in October 2010, Model 1 was built to provide a first approximation
of how much heat can be extracted from formation. In that simulation, the geothermal reservoir
(and thus the microhole) is assumed to be 3000 km below the ground surface. All the models are
2-D radial (i.e., cylindrical), with a radial extent of 1000 m. The geothermal gradient is usually
between 15~50°C/km and this simulation used 40°C/km. Based on this evaluation, the
temperature penetration distance after 20 years of operation is less than 50 m, which is a
conservative estimate. Therefore, the mesh in radial direction beyond 50 m will be very coarse in
all subsequent radial models.
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A more detailed version of Model 1, reported in the Jan 2012 Stanford Workshop [49] and
subsequent paper [50-52], was discretized into 2 elements (each element was 1000 m thick) in the
vertical direction, and 70 elements in radial (horizontal) direction. In the radial direction, the first 3
elements coincide with the inner and outer steel tube geometry. The the radial discretization started
using very small element sizes, then gradually increased using a logarithm scheme. Initially,
formation temperature was at 140 °C (upper layer), and 180 °C (lower layer). The injected fluid was
assumed to be 50 °C. Results (no plot provided herein, see the referenced paper)- Temperatures in
the inner tube and outer tube were very similar due to the large heat conductivity of steel. The
outflow temperature gradually goes from 93 °C initially to 81 °C after 30 years. The temperature
change in the formation extends to about 100 m radially.

Water injection into inner tube
Y]

d3

Water production
from outer tube

d2] |

Rock formation, d1| Rock formation,
impermeable impermeable

o —— - —— o ——
\_K

Steel, impermeable
d1=0.032 m
d2 =0.038 m

d3 =0.064 m

Figure 71- Model 1&2 -concentric pipe microhole configuration
with preheating counter-flow heat exchange with the internal pipe flow.

Also based on Figure 71, Model 2 considered the microhole to be 1500 m/ 4920 ft long, and the
temperature of the corresponding reservoir ranges from 140 to 200 °C. The model was discretized
vertically into 10 m long elements vertically, with the exception of the bottom 10 m, where finer
discretization was used. Again, radial discretization was increased logarithmically, injected water
was assumed to be at 50 °C. The boundary condition at the top of the reservoir was kept at a
constant pressure and temperature, and at the bottom boundary there was no fluid flow and it had
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a constant temperature. Fluid injection rate into the inner tube is 2 Kg/s, the pressure at the outlet
was kept constant. Simulation results used wellbore simulator.

Figures 72 and 73 show a comparison between the wellbore simulator (T2Well/EOS1) and
TOUGH2/EOSL1 using Darcy flow for wellbore behavior for this Model 2. The difference
between the two simulations was not significant for three reasons:

1. the entire borehole was under single-phase liquid flow conditions;

2. larger differences were expected if two phases flow occurred in the microhole; and

3. there was no fluid exchange between the wellbore and the formation, ie., the mass in the

system did not change.
Overall, both simulators predict that the energy flow rate will decrease with time before reaching
some kind of steady state heat flow condition. However, two-phase flow conditions and high flow
rates in small tubes (creating a self-regulation or choking effect) were expected for microhole
EGS, in fact that was incorporated into the design. Therefore, simulation results using the
modified wellbore simulator were expected to have significant differences compared to a Darcy
flow simulation. The LBNL internal reports for the Models 1 and 2 simulations are provided in
Appendix F, are reported in referenced [49-52] and uploaded into the GDR.
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Figure 72. Model2 Results showing Formation Temperature Distribution after the 1% 1000 days

of water injection. Both the full wellbore simulator (T2Well/EOSL, as lines) and the regular
TOUGH/EOSLI (as points/ symbols) with the Darcy flow equation are given.
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In February 2011 a more complex microbore array model (Model 3) was developed, see Figure
74, and simulated in March-July 2011. Geothermal reservoir parameters used for this model are
listed in Table 5. Model 3 was a synthetic system that contains a doublet — an injection well and a
production well, as shown in Figure 74. The two wells are 500 m apart, with a fracture zone
between. The fracture zone under consideration is assumed to be 100 meters thick and 50 m
wide. For the microhole design, the second wellbore, which is connected to 40 microholes, is
drilled outside the fracture zone, then the 40 microholes are drilled into the fracture zone, as
shown in Figure 74.
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Figure 73. Model 2 Results showing Energy Flow Rate at Outlet.

Wellbore Simulator (T2Well/EOSL1, as lines) and the regular TOUGH2/EOS1with Darcy flow

For Model 3, we assume that four microholes (10% of the total) missed the fracture zone and
were drilled into the impermeable rock matrix. The remaining 36 microholes were able to hit the
fracture zone, which was created by fracturing the first main borehole. Fluid flow in the fracture
zone could reach equilibrium instantly. As a result, a single-continuum approach can be applied
for this scenario. In other words, fracture properties are applied to the fracture zone, and for the
rest of the model, matrix properties listed in Table 6 are used.

Figures 74 and 75 show the temperature profiles within the plane of the fracture zone at the end of
10 years for the conventional EGS design and EGS design with microholes, respectively. Figure
77 is a comparison of the temperatures of the produced fluid over time for the two designs. An
additional simulation considering impermeable matrix was performed to investigate the influence
of matrix permeability. Figure 78 is the comparison of the corresponding heat flux at the outlet of
the production well.
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Fracture permeability 1D

Fracture porosity 0.07

Fracture depth -4060 ~ -3960 m
Matrix permeability 0.1 mD

Matrix porosity 0.05

Injection fluid temperature 50 °C
Geothermal gradient 40 °C/km

Table 6: Reservoir parameters for Model 3.
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Figure 74. Model 3- Plan View with the Microhole Array (red lines).
Notice- the 40 microholes are collapsed into 4 lines in this view.
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Figure 75. Model 3- Temperature Distribution for Conventional EGS Design after 10 years.
The injection well is on the right.
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Figure 76. Model 3- Temperature Distribution for the Microhole EGS Design after10 years.
Injection takes place through the microhole array.
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Figure 77. Model 3- Comparison of the Outflow Temperature Change over Time.
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Figure 78. Model 3- Comparison of the Heat Flux at the Production Well.

Model 3 preliminary results, from Figure 77 & 78, show:

e Significant improvement in energy production can be achieved by injecting working fluids
from a microhole array into the fracture network;

e When a single continuum approach is used to model the system, the energy production is not
very sensitive to matrix permeability;

e For the microhole design, if some of the microholes have missed the fracture zone, the design
is able to self-regulate and assign more flow to other microholes. As a result, microhole
design is robust to drilling uncertainties.

e Break-through time for the microhole design is five longer than the conventional EGS
configuration, based on a 120°C temperature.

Model 4, based on Scenario 2 and a variant of Model 3 as seen in Figure 74, assumed that there is
a fast flow path in the middle of the fracture zone. This was a very high permeability path that
would show the flow self-regulation capabilities of microhole arrays. Preliminary results from
Model 4, plotted in Figure 79, shows that both reservoir designs have poorer performance relative
to Model 3. This is due to the high flow path leading to early thermal breakthrough. However, the
microhole configuration again shows a strong improvement over the conventional EGS design,
indicating robustness in EGS design.

In August 2011, LBNL started collecting geological and well data from the Soultz EGS project
and developing a 3D dual permeability (K) model based on that EGS project (Model 5). It used
all prior code developments already incorporated, including the option of with microhole arrays
and without (conventional) such an array. As shown in Figures 80 and 81, there are two
production wells and one injection well (in the middle) for the conventional design (Model 5a).
For the microhole configuration (Model 5b), the injection wellbore is connected to 40 microholes.
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By December 2011, the dual permeability model was built based on a 30 m thick fracture zone,
where most flow occurs, that is approximately delineated by micro seismicity data collected at
Soultz [Sausse et al., 2010]. The model domain is between -3800 m ~ -5300 m. The fracture zone
is assumed to be between -4400 m ~ -4800 m. Well sections above the numerical mesh uses a
semi-analytical radial heat-exchange model.

$ 180

EGS with microhole design

2100 Conventional EGS

3 80

S 60

O 0 10 20 30
Time (year)

Figure 79. Model 4- Outflow Temperature.
A very high fast-flow path exists within the fracture.

For the microhole case (Model 5b), the lower part of the injection well was replaced by 40
microholes. The dual permeability zone is about 400 meters thick. The geothermal gradient is
given by temperatures of T=160°C at a depth h=-3800 m, and T=200°C at h=-5000 m. A base
case scenario is defined in which the major fault zone permeability is two orders of magnitude
higher than the fracture permeability in the highly fractured system.

« Conventional Design Microhole Configuration
Figure 80. Model 5a & 5b are Soultz-based models
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Figure 81. Model 5 - Plan and Cross-Sectional views of the Microhole Array Configuration.
Conventional Wells shown in blue and Microholes shown in red. The numerical mesh is shown in green.

The temperature distributions of the model domain after 10 years for both designs is plotted in
Figures 82 and 83, and for 30 years in Figure 84. Temperatures at the two production wells for
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both designs are plotted in Figure 85 for 30 years only. Comparing the two designs, the
production temperature using conventional EGS is higher for the first few years and lower later
on as shown in Figure 85. Figure 86 shows the reason that, in the conventional EGS design, the
heat mainly comes from the major fault zone, which is at the lower part of the geothermal
reservoir, and thus has a higher temperature than the upper part of the reservoir. Once the heat
from the fault zone is exhausted, the temperature decreases. Compared to the conventional EGS,
more flow in the microhole design goes through the somewhat cooler fracture zone, which
explains the lower temperature at earlier time, but provides access to a larger rock volume and
allows more heat mining from the matrix of the dual permeability zone. Therefore, the
temperature at the end of the ten and 30 years is higher for the microhole array system allowing
for a more sustainable operation of the EGS system.
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Figure 82. Model 5a- Temperature Distribution for Conventional EGS after 10 years.
The injection well is in the middle of the system.

Two facets of microholes were also studied- preheating of the injected fluid and flow self-
regulating between microbores in an array. In a sub-model that was developed to consider fluid
flow through a 4 km long conventional well of radius 0.1 m, which is connected to forty 1.3 km
long microholes of radius 0.032 m. The microholes fan out symmetrically from the central well at
a 45°angle for 1 km, and then become vertical for the remaining 300 m. This sub-model was very
similar to the actual configuration studied in the 3D model. Water of 50°C was injected at a rate
of 80 kg/s; each microhole takes 2 kg/s, assuming symmetry. Fluid exited the well system at the
bottom of the microholes, which is different from the scenario studied in the full model, where
water may exit the microhole at any location according to the local injectivity. The formation
temperature follows a geothermal gradient of 30°C/km. Assuming that preheating of the working
fluid in the injection well system occurs by radial heat conduction only, and that there is no
interference among the microholes, we can employ a semi-analytical solution for calculating
transient, radial heat exchange between a flowing wellbore and a conductive formation.
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This sub-model demonstrated that preheating of the large diameter conventional well is relatively
small (approximately 6°C over a flow distance of 4 km). Once the fluid enters one of the
microholes, the temperature increases from 55 to above 100°C at early times, i.e., significantly
more than in the upper part of the well system despite the shorter flow distance. This is due to
several factors, notably the smaller flow velocity in the microholes (0.55 m/s) compared to that in
the large-diameter section of the injection system (2.2 m/s), which substantially increases the heat
uptake. Moreover, the microholes are located in the deeper parts of the reservoir and thus
encounter higher rock temperatures. The inclination of the microholes also contributes to the

Fas

Figure 83. Model 5b- Temperature Distribution for microhole array EGS after 10 years.
Injection takes place through the microhole array.

Pre-heating effect, as it prolongs the length of the flow path to reach the target depth. However, as
time goes on, cooling of the rock around the microholes gradually reduces the reheating effect,
with temperatures dipping below 100°C after about 4 years. After 30 years, the temperature
reaches about 90°C, and the radial extent of the cooling zone around a microhole, defined as the
radius with a temperature change of 50% and 10% of the total cooling amount after 30 years, is
about 1 m and 15 m, respectively. This means that the rock volume from which thermal energy is
extracted by conductive preheating is on the order of 105 m3 for the entire microhole array, a
volume very small compared to the stimulated reservoir volume, which is on the order of 109 m3.
This larger volume of hot rock could potentially be accessed by injecting the working fluid
through a microhole array, thus inducing a widely distributed flow pattern in the fracture network.

The last aspect of microhole arrays is the prospect of self-regulation of flow between microholes.
The fact that the total amount of injected working fluid is distributed over many microholes
provides an opportunity for self-regulation. Unlike in a conventional configuration, where most of
the fluid is taken up by one or a few high-injectivity features encountered by the well, microhole
arrays are likely to intersect many geological features of varying injectivity. Fractures with high
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permeability tend to induce high flow velocities in the vicinity of the microhole and in the
microhole itself. However, high velocities in the microholes lead to turbulent flow and thus higher
flow resistance that is transmitted back to the entrance of that specific microbore. As a
consequence, as the pressure in one microhole increases, the injected fluid is redistributed to
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1000~7"1000

Figure 84a and b. Model 5- Simulated Temperature-Change Distribution after 30 years
of exploitation for both (a) conventional and (b) microhole EGS configurations.
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Figure 85. Model 5- Production Well Outflow Temperatures over 30 years.
For both Production Wells and both Conventional and Microhole Array EGS Designs.

other microholes, resulting in a more even and widespread distribution of injection rates. To test
this hypothesis, we compare the injection-rate distribution using a standard model based on
Darcy’s law, where potential impacts of inertia and turbulence are neglected, and one based on
the Forchheimer (1901) equation, where velocity-dependent flow resistance is accounted for. The
non-Darcy flow coefficient is calculated using the model of Geertsma (1974). Accounting for
velocity-dependent flow resistance in the microholes, the standard deviation of the flow rates at
the head of the 40 microholes is reduced from 2.9 to 1.6 kg/s, indicating a more uniform injection
distribution. We conclude that self-regulation of a microhole array reduces the sensitivity of the
EGS operation to generally uncertain or unknown heterogeneity in the system, making it more
robust.

Lastly in this section and based on Model 5, Figure 87 shows the outflow temperature result of a
statistical analysis of the connecting flow area of the fracture-matrix that results from the
intersection of various microhole angles. In all cases the microhole EGS configuration out
performs the conventional EGS case, again showing robustness of the design.
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Conclusions from the Simulation Efforts in Phase 11-

1. Models 1 and 2 represented the self-contained heat exchanger that was found not an effective
way to mine heat, even if microholes are used.

2. A microhole design like Models 3-5 has the potential to improve the heat mining efficiency
compared to the conventional EGS design.

3. For a Model 3 doublet design of a conventional EGS, it is challenging to guarantee the second
wellbore will hit the fracture zone. The probability that the two wells get connected may not be
very high. In contrast, if some of the microholes in Model 4 missed the fracture zone, the
circulating fluid can self-regulate and flow through the remaining microholes that intersect the
fracture zone. Therefore, using a microhole design reduces the possibility of a failed EGS design.

4. The basic idea of improving the robustness and sustainability of an EGS using microhole arrays
is conceptually demonstrated. Conditions leading to thermal breakthrough are reduced, and a
larger area between the flowing working fluid and the hot rock is created by distributing injection
points over a much larger volume of the reservoir.

5. The performance of the microhole-based EGS could be higher than demonstrated here for
different locations of preferential flow zone and can potentially be further increased by optimizing
the configuration of the microhole array. Specifically, more than only 40 microbores can be used
in any given array. A given wellbore has sufficient height to allow room for over a hundred such
lateral kickoffs. Also, additional arrays emanating out of the same wellbore, but going opposite
directions to another pattern, are possible.

6. Flow self-regulation between microholes in a given array prevents early thermal breakthrough
and provides a longer heat mining life of an EGS project.

7. Preheating of the fluids in the large diameter conventional well is relatively small
(approximately 6°C over a flow distance of 4 km).

Phase 111 Design & Optimize Microhole Array Deployment for EGS
Phase 111, Task 1 Operation Plan for Drilling & Completion of EGS Microhole
Arrays

From this work it became apparent that a low bottom-hole pressure (BHP) was essential to
maintain optimal FLASH ASJ™ drilling conditions. As discussed earlier in the Background
Section, this is to ensure that a low density gas exists between the nozzle exit and the rock target.
That strong underbalanced condition also aids in formation rock failure at the bit/ nozzle and in
hole cleaning. That needed optimal BHP ranged from 100-300 psi for CO, and from 100 to 1000

Page 84 of 118



DE-EE0002783 Impact Technologies LLC

psi for N,. Nitrogen’s larger BHP range is due to its higher injection pressure during drilling
operations (needed to get density high enough to easily pump).

It is not desired to keep the full wellbore annulus at that low pressure due to possible casing
failure and well control concerns. Therefore, a downhole seal or packer assembly would be
needed with water, heavy brine or drilling mud in the annular space (space between the casing
and tubing) and restrict the required low drilling return pressure within the tubing to the surface. It
is envisioned further that the drill string pipe is inside one tubing string with a second blow-out
preventer (BOP, 1st one on the casing) in-place around the drill pipe at the surface. Furthermore,
is it not desired to have the return flow from the bottom depths below the packer/ seal assembly to
the surface of all fluids (gases and liquids, drilling or formation) and solids (drilling or formation)
occur in the tubing/drill string pipe annulus. This is because of the high velocities possible in the
return flow with abrasives and gases and the possible erosive wear on the drill string. Another
reason is the possibility of solids settling in that annular space and around the drill pipe if
pumping were to slow stop at any time, which would stick the drill pipe in the tubing. A better
solution is to have a separate tubing string designed specifically for that return flow, with a
smaller diameter at bottom and a larger diameter tubing nearer the surface (see WellFlo
simulation section (Phase I). This means that a 2nd tubing string must be run from the surface to
the downhole packer/ seal assembly to take this return flow- to be connected to a surface
adjustable choke and separation facilities (GLS, tanks, etc..). The FLASH ASJ™ system is
naturally underbalanced as it introduces gas into the flow stream which lightens the hydrostatic
head and allows upward flow; however this drill gas flow rate may not be sufficient to lift all drill
water, abrasive solids, formation liquid influx and formation rock debris as it is drilled. Additional
lift may be needed and two options were identified:

1) Gas Lift- an additional string was envisioned that would extend from the surface to the
downhole packer/ seal to allow injection of additional CO; or N, to help the return flow to the
surface. CO, has a higher density under pressure and would inject at a lower pressure, while N,
would provide a better return lift due to its much lower critical point. Mixing of the separately
injected gas with the drilling and formation fluids and solids would occur below the packer/ seal
assembly. The flow rates, pressure and velocities for different equivalent diameters can be seen in
the WellFlo simulation runs in Phase I. The open dual tubing strings allow close surface
monitoring of the operation. There is a limit as to how low the BHP can be maintained with gas
only lifting when increasing fluid influx from the formation occurs. There is also a concern as to
the feasibility of running 2 parallel tubing strings to EGS depths and sealing both within a
packer/seal assembly. Concurrent running of two coiled tubing strings with the packer already
assembled should be seriously considered for this application. This means that, at completion and
with drilling ongoing, now 3 coiled tubing strings would be in the wellbore (the CT drill string
internal to another CT).

2) Jet Pump- With higher influx rates additional lift methods are needed that are not dependent on
gas only lift. One preferred method is based on the Hughes, W.J., and Renfro, J.J., US Patent
Application #2003004048, “Down hole drilling assembly with independent jet pump”, March
2003 and USPTO#6877571. In this method a jet pump would provide the means to allow a higher
lift pressure above the jet pump and a lower desired pressure below the jet pump, even with solids
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and gases. Since Flash ASJ™ provides a very fine (20 micron or smaller) drilled rock debris, it

would pass through a properly designed jet pump orifice, although with erosional wear expected.
A more incompressible fluid is needed to efficiently operate the jet pump, requiring the use of
denser CO,, water/brine or oil and not N,. As the power fluid CO; turns into a gas higher in the
return tubing, it will help lift the mixture to the surface. Since abrasive solids are still not desired
in the same tubing string as the drill string, the jet pump assembly would be placed at the packer/
seal assembly on the return flow tubing end. The problem comes in delivering the higher
pressured fluid to the jet pump. First, the transfer of the high pressure pump operating fluid from
one injection tubing string to the return flow string containing the jet pump must occur through a
flow path assembly within or attached to the downhole packer/ seal assembly. To pump this
pressurized operating fluid down the tubing containing the drill string would require seals (outer
tubing to the inner sliding drill string) both at the surface and at the downhole packer/ seal
assembly. This would be possible, but difficult and would block one method of monitoring
downhole operations. Alternatively, a separate operating fluid injection tubing string could be
used, requiring an additional 3rd tubing string from the surface to the downhole packer/ seal
assembly at depth (4 tubing strings after completion and during drilling). This could only be done
with coiled tubing for all strings. The space within the normally EGS type 7” or larger internal
diameter casing is not the problem, if the tubing strings are 3” or less with no external connectors.

In conclusion, methods are available to implement FLASH ASJ™ at EGS depths, but that drilling
process must be proven first at the surface and then at ever increasing depths before reaching EGS
depths. No operator would jump from the surface to EGS depths in just one step. Therefore, no
further design or planning work was performed in this Phase and Task as all efforts were devoted
toward proving the FLASH ASJ™ drilling at the surface and in shallow applications.

Phase I11, Task 2 Optimized EGS Performance Using Microhole Technology
Subtask 2.1  Evaluate Intersection Probability of Microholes with Fracture Network
Microbores in EGS reservoirs.

With the model development and simulations completed, in October 2012, LBNL developed a
discrete fracture network using Fracman and developed an algorithm to calculate the number of
intersections between the wellbore and fractures. This was used to calculate the wellbore and
fracture intersection for multiple fracture network realizations. The results were used to evaluate
intersection probability of microholes with fractures in a fracture network for comparison with
conventional EGS injection and production wells. Model 5 was used as the basis, where half of
the injection wellbore GPK3 was replaced by 40 microholes and a discrete fracture network using
FracMan was generated within a square zone (1000 x 2200 x 600 m®) that represents the
stimulated fracture zone (see Figure 1). Each fracture was defined as a planar polygon in a 3-D
space. The fracture distribution was simulated by a random walk process called Levy Flight
(Mandelbrot, 1985), for which the length L of each step was given by a probability function. The
fracture orientation was assumed to be randomly distributed along the mean trend and plunge
following the univariate Fisher distribution. The fracture size was assumed to follow a uniform
distribution with a mean of 100 m and a standard deviation of 50 m. All fractures were of square
shape (4 sides) except for those intersected with the boundary of the fracture zone where it will be
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truncated accordingly. Finally, an algorithm was developed to calculate the intersection of the
wellbores with such a fracture network. Results are shown in Table 7 below.

In Table 8, intersections of the wellbores with fractures are at different dipping angles. Hitting
rate is the number of intersected fractures divided by the total number of fractures. Intersection
frequency is defined as the number of the intersected fractures scaled by the total length of the
given wellbore(s) within the box.

The intersection probability between microholes and fractures depends on the numbers and spatial
distributions of the microholes. Here, we compare one vertical conventional well (1000 m) with
11 microholes (with the same length) distributed like a fan that is perpendicular to the mean trend
of the fractures.

Average dip | Total Fractures intersected | Hitting rate (%) Intersection
(degree) Number frequency
of GPK3 Microholes | GPK3 Microholes | GPK3 | Microholes
fractures
0 (horizontal) 14414 293 7235 2.033 50.194 | 0.4954 0.3795
15 15085 361 6121 2.393 40.577 | 0.6103 0.3210
30 14707 361 6419 2.455 43.646 | 0.6103 0.3367
45 15256 78 4366 0.511 28.618 | 0.1319 0.2290
60 14891 152 3212 1.021 21.570 | 0.2570 0.1685
75 15450 57 2438 0.369 15.780 | 0.0964 0.1279
90 (vertical) 15197 51 1834 0.336 12.068 | 0.0862 0.0962
Average 15000.00 | 193.29 4517.86 0.33 30.35 0.33 0.24
STD 354.78 | 141.43 2114.41 0.24 14.73 0.24 0.11
STD/Average 0.02 0.73 0.47 0.73 0.49 0.73 0.47

Table 7. Wellbore/ Microhole Intersection Frequency

The fracture centers are randomly but uniformly distributed in space. Other parameters related to
fracture distributions are described in Tables 8 & 9 below. For each combination of parameters,
100 realizations are generated.

Center (m) Size (m)
X 0.0 3000.0
Y 0.0 3000.0
Z 0.0 3000.0

Table 8. Geometry of the Fracture Zone

Figure 88 shows the relative number of intersected fractures as a function of mean dipping angles
of the fractures. In the conventional vertical well case, this relative number goes down as the
dipping angle of fracture goes to 90°, following the cosine curve. Dipping angle of 90° gives
vertical fractures, which are parallel to vertical wellbore and are the worst case, resulting in very
low intersection probability. However, in the microhole case, microholes are of multiple
orientations in general and therefore are of less chance to get into the worst situation (i.e., all
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wells are parallel to the mean orientation of the fractures). The intersection probability between
microholes and fractures never goes as low as the one in the conventional case. This makes the

microhole designs more robust than the conventional vertical wellbore design.

Parameter Value Note
Ps (M°/m°) 0.4 Equation (3)
Mean trend (degree) 0 Bivariate Normal

Mean dipping (degree)

0, 15, 30, 45, 60, 75, or 90

Distribution

STD =10 in both trend and
dipping

0 dipping angle indicating
horizontal fracture

Mean size (m) 100 Normal distribution
Deviation of size (m) +20
Number of sides 5 except for those intersected

with the boundary of the
fracture zone where it will
be truncated accordingly

Table 9. Parameters used for Generating Fracture Networks.

Subtask 2.2

Develop Integrated EGS Approach Using Microhole Technology

Used modified TOUGH2 simulator with a Wellbore Simulator for non-Darcy flow in the

microbores to ultimately develop a sophisticated and complex Soultz-based model to evaluate the
benefits of installed microhole arrays in EGS reservoirs compared to conventional EGS systems.
The robustness and heat mining benefits of using microhole arrays in EGS reservoirs was
demonstrated fully in the above efforts.
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Figure 88.
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Phase IV  Final Reporting & Technology Transfer
Phase IV, Task 1 Project Management & Reporting

Most all Quarterly financial and technical reports were filed on time. Presentations at the annual
Peer Review Meetings in 2010, 2011, 2012 and 2013 were made and feedback considered. This
Final Report is late to allow additional testing and drilling with the FLASH ASJ™ system. In
addition the following additional deliverables were made:

Training and Professional Development-

One graduate student at the University of Tulsa earned a Master of Science degree in Mechanical
Engineering from this project. One PhD candidate performed much of his graduate studies on this
project.

Publications, Conference Papers, and Presentations-

“Use of Microholes in the Development of Improved Fluid Flow and Heat Transfer in EGS
Reservoirs: Initial Modeling Results” by Stefan Finsterle, Yingqgi Zhang, Lehua Pan, Patrick
Dobson (Lawrence Berkeley National Laboratory) and Ken Oglesby (Impact Technologies LLC)
at the AAPG/SPE/SEG Hedberg Conference on Enhanced Geothermal Systems, on March 14-18,
2011 in Napa, California.

“Microholes for Improved Heat Extraction from EGS Reservoirs: Numerical Evaluation”, by
Yingqi Zhang, Lehua Pan, Patrick Dobson (Lawrence Berkeley National Laboratory), Ken
Oglesby (Impact Technologies LLC), and Stefan Finsterle (LBNL), SGP-TR-194 Proceedings of
the Thirty-Seventh Workshop on Geothermal Reservoir Engineering at Stanford University,
Stanford, California, on January 30 - February 1, 2012,

“Simulating Microhole-Based Heat Mining from Enhanced Geothermal Systems”, by Yingqi
Zhang, Lehua Pan, Patrick Dobson (Lawrence Berkeley National laboratory), Ken Oglesby
(Impact Technologies LLC), and Stefan Finsterle (LBNL), TOUGH2 Symposium 2012,
Berkeley, California
http://esd.Ibl.gov/files/research/projects/tough/events/symposia/toughsymposium12/Zhang_Yingq
i-Microholes.pdf.

“Microhole Arrays for Improved Heat Mining from Enhanced Geothermal Systems” by Stefan
Finsterle, Yingqi Zhang, Lehua Pan, Patrick Dobson (all at LBNL) and Ken Oglesby (at Impact)
published in Geothermics, 47 (2013) 104-115.

DOE Peer Review Presentations —
May 2010 in Crystal City VA, June 2011 in Bethesda MD, May 2012 in Westminster CO, April
2013 in Denver CO

Tulsa University Separation Technology Projects (TUSTP) board presentations —

“High Pressure Multiphase Slurry Flow in Micro-channels” by Ashwin Padsalgikar on May 16,
2012 at the TUSTP meeting in Tulsa OK
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“Multiphase Slurry Jet Technology for Enhanced Geothermal Systems” by Thierry Groga-Bada
on May 16, 2012 at the TUSTP meeting in Tulsa OK

ASME student presentations-

“High Pressure Multiphase Slurry Flow in Microchannels”, by Ashwin Padsalgikar, ASME
Oklahoma Symposium, March 10, 2012 in Tulsa OK

“Nozzle Geometry Optimization for High Pressure Multiphase Slurry Flows” by A. Padsalgikar,
R. S. Mohan, Ph.D. and O. Shoham, Ph.D.(The University of Tulsa) and Ken Oglesby (Impact
Technologies LLC) on March 2013 at the ASME Oklahoma Symposium, Tulsa Oklahoma

website www.impact2u.com
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Conclusions

The original concept of the project was that multiple (100’s to create an array) directionally
drilled microholes (e.g., bores< 5.08cm/ 4””) emanating from a 1st EGS primary large bore
vertical wellbore to intersect fracture networks (natural or induced) that are hydraulically
connected to a 2nd EGS large bore vertical wellbore to form a flow circuit to the surface. That
full circuit creates a heat exchanger that contacts a larger volume of hot EGS rock. Several
different EGS patterns or circuits can be serviced from one EGS well with multiple microhole
arrays.

That concept was focused to address the DOE GTP goals of improved reservoir rock contact for
higher heat transfer / mining creating more efficient EGS projects with fewer vertical large bores
and longer lives and thus lower LCOE. This is because the success and sustainability of energy
production from EGS largely depends on the ability of the working fluid to get in contact with a
substantial volume of hot reservoir rock.

The original project objectives were:

Demonstrate EGS heat mining potential benefits in performance with microhole arrays with
TOUGH2 computer simulations.

Demonstrate technologies to install such microholes in EGS systems. No known method now,
but potential methods are high frequency millimeter wave directed energy, laser systems and
FLASH ASJ™. This project focused on demonstrating microholes drilled with FLASH abrasive
slurry jetting method.

Microhole Array Performance Simulation Efforts -
Modules linked to the TOUGH2 reservoir simulation program were coded/ modified for-
1) pre-heating above the EGS reservoir with semi-analytical methods,
2) non-darcy flow in the microholes with a modified Wellbore Simulator,
3) time/temperature memory of the reservoir rock by depth, and
4) fracture incidence.
Five microhole array EGS models were built to evaluate microhole systems-
1&2) single bore, concentric pipe/ counter flow heat exchange model (simplified and
complex radial),
3&4) doublet model with and without a 40 bore microhole array, and
5) sophisticated dual permeability (Dual-K) model adapted from the Soultz EGS field
geological data, with and without a 40 bore microhole array.
Extra) Soultz-based fracture network model was built for statistically estimating microbore
fracture intersection probabilities.

Most all the simulation findings were earlier reported in the published 2013 Geothermics paper,

“Microhole arrays for improved heat mining from enhanced geothermal systems” (52), but are

listed herein for completeness-

e Models 1 and 2 represented the self-contained concentric heat exchanger. It was found to be
not an effective way to mine EGS heat, even if microholes are used.

e The improved robustness and sustainability of an EGS using microhole arrays was
conceptually demonstrated. Models 3-5 results showed that microhole arrays can make a
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significant impact on long term heat transfer efficiency of EGS. Outflow temperatures of
production wells, with and without a 40 microhole array, showed a 2-7 times longer life
expectancy, with corresponding levels of mined heat/ energy.

Microhole arrays offer flexibility to an EGS system by allowing for distributed flow through
a larger volume of EGS reservoir rock and across a larger surface area of the fracture for
improved heat exchange between the hot matrix rock and the working fluid.

Flow self-regulation between microholes in a given array prevents early thermal
breakthrough and therefore provides for a longer heat mining life of an EGS project.

The basic idea of improving the robustness and sustainability of an EGS using microhole
arrays was conceptually demonstrated.

Microhole design is more robust to uncertainty in matrix-fracture interface area reduction
factor

Fracture Network model showed that microhole arrays can provide robustness (lower risk) in
fractured EGS system development. This is because microhole arrays lower the risk that the
directionally drilled bores will completely miss (i.e., NOT intersect) the fracture network that
is hydraulically connected to the second well. Not connecting to the fracture network with
only one bore would constitute a failed EGS design. In contrast, if some of the microholes
missed the fracture zone, the circulating fluid can self-regulate and flow through the
remaining microholes that intersect the fracture zone.

For the Model 3 doublet design of a conventional EGS, it was and still is challenging to
guarantee that the second wellbore will hit the fracture zone and form the flow circuit. The
probability that the two wells get connected may below and the EGS system design will
therefore fail. In contrast, if some of the microholes in Model 4 missed the fracture zone, the
circulating fluid can self-regulate and flow through the remaining microholes that intersect
the fracture zone. Therefore, using a microhole array design reduces the possibility of a failed
EGS design.

Other microhole array designs could be more beneficial than those modelled. Optimizing
microhole configuration including better matching bore size and flow rates may further
improve performance. Optimizing microbore count and placement on the vertical bore,
within the reservoir, and connecting to the fracture system may further improve performance.
Overall array designs could include hundreds of microholes and connect to multiple patterns
out of just one main vertical, large bore wellbore. A given wellbore has sufficient height to
allow room for over a hundred such lateral kickoffs, instead of just 40.

Preheating of the fluids in the large diameter conventional well is relatively small
(approximately 6°C over a flow distance of 4 km).

FLASH ASJ™ Drilling-
From hundreds of tests on nozzle designs, FLASH ASJ™ optimal conditions, bench drilling and
vertical drilling, with a variety of nozzles and rocks, the following conclusions are drawn:

FLASH ASJ™ systems (combination of FLASH supercritical fluids, abrasive materials,
carrier fluids, slurry nozzles and slurry pumps) are very efficient in cutting very hard rocks. It
was previously estimated to be 20 times faster than conventional cutting and drilling systems,
and that estimate still holds.

FLASH ASJ™ system can cut very hard rocks with very low 5000 psi pressures. This is in
contrast to water jet systems that operate at 20-40,000 psi pressures. Newer shallower rigs
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operate at 5000 psi with newer deep rigs operating at up to 7500 psi mud pump pressures.
This puts FLASH ASJ™ within reach of normal rig operating pressures.

Rotation methods are apparently needed for drilling bores to any great depth. This ensures a
wider cut and allows for return flow to bypass the nozzle. However, to ensure a full bore cut,
FLASH ASJ™ must be combined with a motor driven bit that is specially designed for
FLASH operations. This directs the long term effort toward combining FLASH ASJ™ with
the patented Inverted Motors for high pressure slurry operations and/ or with conventional
drilling / cutting systems, especially targeting nitrogen underbalanced drilling methods.
Multiple FLASH fluids were identified and evaluated including air (de-oxygenated), water/
steam, CO,, N, and flue gas (de-oxygenated, de-watered, and mostly N, and CO,). Only CO,
and steam has been bench tested.

o Steam or supercritical steam is useful only at the surface, very shallow (6-10 feet)
or very deep, at EGS depths. This is because it loses heat too fast in the cooler
shallower depths. Conversely, it is useful at great hot depths because it can self-
generate with heat from the earth, if pumped slow enough. Steam systems are the
simplest to create/ equip (slurry pump and heaters only), easiest to generate (burn
diesel in the heater), and may be the cheapest to utilize in the field. They have a
higher safety concern due to the pressure, energized abrasive fluid with a high
heat content. It must be generated and used at very high quality to be useful for
FLASH drilling and cutting. Even then it has a very low multiple volume
expansion, at about 5-8.

0 COgz is useful from the surface down to about 10,000 feet, based on the SPT
WellFlo program simulation runs. Deeper than 10,000 feet CO;’s higher liquid
density creates too much back-pressure on the downstream side of the FLASH
nozzle for optimal FLASH ASJ cutting. CO, has an expansion ratio from liquid to
gas that can be up to 20, making it better than N or supercritical steam. CO, must
be pumped cold then slightly heated for FLASH use. CO; has been used in the
oilfield for hydraulic fracturing in the 1970-1980s. There are some minor freezing
safety concerns.

0 Na is the cheapest to purchase or obtain in the field (membrane systems). N is
routinely used in the oilfield for drilling. It has a wide range of operational depths.
It has a volume expansion factor (gas to gas) of only about 8. N requires very
cold pumping requirements then high heating loads to allow for FLASH use.
Therefore, it has a high freezing safety concern.

Multiple FLASH carrier fluids were evaluated, including fresh water, brine water, mineral
oils, alcohols, the supercritical FLASH fluids, but fresh water was selected due to its low
cost, environmentally friendly nature, variety of additive chemicals and ease of handling.
The designed nozzles performed very good, but additional optimization of their dimensions
can still occur. In particular, nozzle length, its throat diameter, entrance and exit shape can be
better matched to the desired slurry flow rate. This can be based on the TU simulations now
being performed and/or in further bench testing. Full cut widths of over 2” with only 1
nozzle were obtained with the right combination of nozzle and FLASH conditions (rates,
gas/slurry ratios, temperature and pressure) which allow entry of a 1” or smaller nozzle and
pipe. The proprietary material that one nozzle was made from and tested in this project
showed little to no wear during testing. This would indicate that such nozzles would have
200 or more hours of operational life.

Page 93 of 118



DE-EE0002783 Impact Technologies LLC

e The HPSP4 slurry pump with clean fluid valving performed very good for these bench and
drilling FLASH ASJ™ operations. The pump can be shortened to allow for mobilization and
can be made of higher alloy steels for direct CO, utilization. However, the pump allows for
temporary drops in slurry concentration going to the nozzle during cylinder changes that
needs to be reduced or eliminated.

e The induction slurry pump (denoted as HPSP5) has great potential for reducing the footprint
and operational steps needed for continuous and steady FLASH ASJ™ operations. Its key
components need to be purchased off the API design and / or made so that testing can begin.

e A coiled tubing (CT) rig would still be desired for deep operations because it allows
continuous FLASH operations, without blow-down on joint makeups and faster tripping. In
those deeper operations pipe weight would keep the pipe straight.

e Invery shallow (500 ft or less) drilling operations a jointed pipe rig (very common) may be
preferred. However, a CT rig with very small (1/2” - 3/4”) stainless steel CT or a 2” hose CT
would be desired due to the concern about CT pipe bending. Improved CT straighteners on
the injection head may correct this problem, but steel has a memory.

e Coiled tubing in the 1” and 1.25” sizes are the most versatile and cheapest. With the low
pressure required for CO, FLASH ASJ™ operations, even thinner wall CT can be used- not
the case for use with N,. Removing or “de-flashing” the internal metal weld seal in CT pipe
is required for FLASH ASJ™ operation as the metal seam will be eroded and can plug the
nozzle, however, deflashed CT is more expensive. As discussed above, shielded and re-
enforced hoses or smaller diameter CT can be used for shallow (non-EGS) applications.

e The hydraulics to FLASH ASJ™ drill microholes vertically to great depth is theoretically
possible, per the WellFlo program. However, the very narrow clearances in such a hole, and
the small annular volume for controlled response, and the highly pressure underbalanced
wellbore condition for FLASH ASJ™ drilling and subsequent liquid influx makes this
unlikely to be accomplished. However, the hydraulics determined in the program point to the
use of FLASH ASJ™ as a strong completion method, if properly designed. Other concerns-

o0 Handling of formation influx so as not to lower or stop the drilling efficiency.

0 CO;and N; can form ice or hydrates downhole at the nozzle bit, based on Joules-
Thompson effects with low water content. Adding more water or liquid with the
slurry, adding an anti-freeze chemical, allowing higher formation fluid influx or
choking the annular return flow can mitigate this problem.

o0 High return velocities (estimated at greater than 1 meter per second, 180 feet/
minute) in the annulus can cause erosion of the well and pipes. This can be
mitigated by proper design of the downhole return flow area (tubing/casing size)
by depth, choking of the annular return flow (increased back-pressure down to the
nozzle) and increased water in the slurry.

e The Operations Control C++ program is a good start in controlling FLASH ASJ™ drilling
rig operations.

e Simplified directional methods and tools can be used with microhole directional drilling,
especially for hitting large, close targets. In fact, such tools must be used since no other real-
time tools are available in such small size holes/ pipes and at those temperatures and
pressures. The Schlumberger/ CTES directional program for vertical movement would be
useful in such applications.

® [mpact will continue developing the FLASH AS
starting in surface and shallow operations.

J™ technology for cutting and drilling, but
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Appendices
Appendix A
Properties of Nitrogen and Carbon Dioxide for FLASH ASJ™
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Heat Capacity of Carbon Dioxide (Evren Ozbayoglu)
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Pressure (bar)
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Appendix B

Impact Technologies LLC

Two WellFlo Drilling Simulation Cases at 20,000 feet
Full MSI Report runs are uploaded into GDR

Nitrogen WellFlo Simulation Run-

Total Depth: 20,000 ft
QN2=8 gpm AND Qslurry=1 gpm
Coiled Tubing: 1.25”0OD
Surface Pipe: 0-5000 ft, Casing ID:5”’
Hole Size: 2.5’ from 5000 ft to TD
APnozzle= 6000 psi fixed by design
Water Influx=0 gpm

Other Input Parameters

CASE-1 CASE-2
N2 Only | N2&Wate | All Runs
r

Formation Sandstone | Sandstone | Sandstone
Geothermal Gradient (°F/ft) 0.015 0.015 0.015
Surface Temperature (°F) 60 60 60
Injected Fluid Temperature (°F) 75 75 75
Return Choke Pressure (psia) 50 50 50
Nozzle Pressure Drop (psi) 7500 5000 8000
Cutting Size (micron) 25-100 25-100 25-100
ROP (ft/hour) 400 400 400
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Operational Envelope
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Carbon Dioxide WellFlo Run
Total Depth: 20,000 ft
QCO2=8gpm AND Qslurry=3 gpm
Coiled Tubing: 1.25”0D
Surface Pipe: 0-5000 ft, Casing ID: 5.5”
Hole Size: 2.5”” from 5000 to Total Depth
APnozzle= 4750 psi fixed
No water Influx

sured Depth (ft)

0 1,000 2,000 B.dDD 4,000 5,000 6,000 7,000
Pressure (psia)
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Appendix C
FLASH Fluid Internal Reports
by Dr. Felber

Page 118 of 118



Executive Summary

This data reflects some of the viscosities recently measured for 0.875 wt % Xanvis L solutions.
Comparison data from Kelco at lower polymer concentrations and lower temperatures are also
included.

Explanation Of Figure

This Figure shows some of the viscosity data that is available for Xanvis L. The 0.88 Wt % data
was measured at the Bartlesville laboratory of Clean Environmental Solutions during June 2011.
This data was taken using a Brookfield LV Series Viscometer with the LV-3 spindle. The
concentrated polymer solutions were diluted using fresh water—Sapulpa drinking water. The
Figure depicts some of the 72 and 140 °F data generated with the 0.875 Wt % polymer solutions.

The data are consistent with normal viscosity measurements. The lower the temperature is the
higher the measured viscosities. This inverse relationship is directly opposite of the Xanvis L
concentration which also influences the viscosities. There is a direct correlation with
concentration. The lower the concentration the lower the viscosities are.

Two temperatures for the 0.875 wt % Xanvis L are shown. The red solid line represents some of
the data taken at 72°F. The highest viscosity recorded was 60,400 cP. The direct comparison of
the 72°F at 6 RPM shows that it is 4,500 cP while the data at 140°F is 3,240 cP. The light green,
dashed line is an estimation of what the viscosities might be at lower shear rates for the 140°F
solutions.

For comparison data created by Kelco scientists is included. This work was reported in SPE
papers. The data chosen was the highest weight percent that they have reported—0.71 Wt %.
The comparison data was generated at 75 °F using ASTM Seawater. (SPE 64982) This work is
depicted by the dashed brown line.

The other comparison data chosen was because the temperature (120°F) is close to that in this
work—140°F. Their work utilized 0.57 Wt % Xanvis L in 3% KCI. This is the highest polymer
concentration that they reported at this temperature. (SPE 62790) It is shown by the dashed blue
line. The effect of lower polymer concentration contributes to the lower viscosities as well as the
120°F.
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Introduction
This work was undertaken to determine if exhaust gases from generators and other field
equipment could be used as sources for the gas necessary for FLASH ASJ™ drilling.

Literature reviews of various generators, ancillary equipment and technical papers were
conducted. This review did indeed determine that one can use exhaust gases for underbalanced
drilling techniques utilized by Impact Technologies, LLC.

Executive Summary

A source of gas is required to drill a 27, 5000 ft well requires a minimum volume of 109 ft®
(815.38 gallons). This volume is that required to have gases present in the entire drilling
column. Another requirement is that the gas volume must be able to be produced at rates of 5
gallons/minute. It is possible to have enough volume to achieve this goal based on the exhaust
gas rates from several generator manufacturers. The goal is to develop the necessary expertise to
implement the FLASH ASJ system when there is not sufficient supercritical CO; or nitrogen on
location. Ultimately solving this challenge could lead to even broader FLASH ASJ applications.

Several generator specifications were reviewed to determine suitability. There were some which
are capable of generating large enough volumes of exhaust gas to be utilized. There is no
general “rule of thumb” for using exhaust gas to drill wells. Each well must have separate
laboratory tests conducted at near reservoir conditions to determine if exhaust gases are safe to
use. By safe, it means that no explosions or fires will occur either downhole or in surface
equipment.

Using exhaust gas for drilling has been conducted in Canada over the last 20 years. The physical
properties and phase diagrams for a typical exhaust system were also developed.

Using flue gas as a FLASH ASJ source was also reviewed. It is possible to use this gas as a
source for the underbalanced drilling system.

The type and sources for ancillary equipment were also defined. Neither the ancillary equipment
costs nor the delivery time for each unit was determined.

Current Exhaust Gas Underbalanced Drilling Technology Review

A current technology review was conducted. It is important to note that published current
underbalanced drilling technology involves using gases as an adjunct to liquid muds. This is in
contrast to the technology for FLASH ASJ in which gas is an integral part of the drilling fluid
mixture not just an adjunct used to lighten conventional muds. Some comparisons and contrasts
are noted in the following sections.

The growing demand for maximizing production in a cost-effective manner has led to
development of novel technologies. Underbalanced drilling (UBD) has proven to be a viable
technique to reduce drilling damage caused by drilling fluid invasion. Underbalanced drilling
also has many other potential advantages, such as
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¢+ increased rate of penetration,

% productivity testing while drilling,
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drilling fluid options,
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% eliminating differential sticking, and
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reducing completion costs.

Gas is injected and/or circulated with the drilling mud to reduce potential for formation damage
from whole mud, fluid filtrate or solids invasion into the hydrocarbon-bearing formation. This
procedure involves gas injection via a separate string to that through which the drilling mud is
injected. The gas employed is usually nitrogen, in order to prevent fire and explosion hazards.
However, nitrogen injection adds a significant cost. Another major challenge for remote or long
duration UBD operations is the liquid nitrogen supply. This has increased interest in the use of
air or deoxygenated air (membrane) technology to reduce costs and logistical challenges
associated with liquid nitrogen.

If nitrogen injection were replaced with that of air, the cost could be reduced considerably.
Nitrogen, natural gas, normal air or an oxygen-containing gas (usually vitiated air, which is air
mixed with nitrogen, or de-oxygenated air, which is air with some of the oxygen removed) are
used. Of these choices, the oxygen containing gases are the least expensive; however, there is a
potential for flammable, explosive mixtures to be present in the wellbore and surface piping.

Horizontal well underbalanced drilling is also practiced. Injection either with the drilling mud or
via a separate string is common. Just as for vertical wells, safe operational ranges of oxygen-
containing gas/live oil/drilling mud mixtures can be determined if the flammability has been
measured. (Metha 1995)

Flammability limits are affected by a number of different factors. The most important are
temperature and pressure. For some fuels, small amounts of moisture can widen flammability
limits, as can presence of hydrocarbon containing liquids. Significant widening of the
flammability limits of complex fuel mixtures can also be caused by presence of low levels of
hydrogen sulfide, carbon monoxide and hydrogen.

Many complex mixtures could be encountered with injection of an oxygen-containing gas.
Drilling mud may ignite at concentrations of oxygen significantly lower than 21 percent. It is
possible that explosions may occur at concentrations as low as five percent oxygen. It has been
found that high pressure flammability limit behavior is neither simple nor uniform, but is specific
to the mixture examined. It must therefore be stressed that flammability characteristics for a
given reservoir and operating conditions are case specific. (Metha, 1995)

Laboratory studies to test for ignition characteristics and flammability of gas, oil, and drilling
mud mixtures must be conducted for each specific reservoir. To conduct these tests, the reaction
vessel contains mixtures of air, the drilling polymer such as Xanvis, and live oil. The pressure



ranges are based on the reservoir. The temperature range is also determined by that expected to
be encountered in the reservoir. Flammability limits are determined. Results are then used to
design safety features for a field application horizontal drilling program using underbalanced
methods at depth. This technique has proven successful, and a significant cost saving was
realized by utilizing a 40 percent nitrogen, 60 percent air mixture instead of pure nitrogen.
(Metha, 1995)

The mixtures were classified as “flammable”, since using de-oxygenated air there is a continuous
supply 5 % O,. Ignition was classified in two categories: ‘Strong Reactions’, when the
temperature rise was instantaneous after the introduction of a spark with a total temperature rise
in excess of 50 °F; and “Weak Reactions’, when the rate of temperature rise was relatively slow
after the introduction of a spark with a total temperature rise of more than 41 °F but less than
50°F.

Where a limited amount of reaction was observed with very low rate of temperature rise after the
introduction of a spark with a total temperature rise of less than 41 °F, it was designated as
‘Limited Reactions’ and classified as no ignition. The hydrocarbon mixture flammability was
significantly affected (widened) by the presence of hydrogen sulfide. In addition, operating
pressure and temperature had a strong influence on mixture ignition characteristics.

Other studies were performed to determine safe conditions for underbalanced drilling using
compressed air and liquid nitrogen. The main objectives were:

< to establish flammability of mixtures of air, live heavy oil and drilling mud as a function
of pressure, and

% to determine optimum composition of vitiated air (nitrogen-air mixture), based on
flammability data, in order to minimize ignition or explosion potential during
underbalanced drilling operations.

Currently, there are no general “rules-of-thumb” which can be used to predict if an
underbalanced drilling operation will be conducted in a safe, effective manner. (Metha, 1996)
Using exhaust gas for underbalanced drilling has killed the market for nitrogen membrane units.
(jonralph)

Hydrogen Sulfide Effects

Studies have also been conducted to determine flammability of complex mixtures of fuel gases
containing H,S, hydrocarbon condensate and drilling mud in de-oxygenated air (consisting of 5
% O, with the balance being N;). Flammability tests at realistic reservoir pressures and
temperatures and at the types of operating conditions which might be encountered during sour
underbalanced drilling operations should be conducted for each project. The goal is to establish
hydrogen sulfide concentration effects on flammability. Establishing safe design and operation
of underbalanced drilling projects in sour hydrocarbon fields using de-oxygenated air containing
5% oxygen with the balance being nitrogen is important.

It was determined that de-oxygenated air containing 5 % oxygen was the benchmark for a safe
underbalanced drilling operation in reservoirs containing very small amounts of hydrogen sulfide

3



(up to 3000 ppm). This particular composition of deoxygenated air is economically achievable.
Work was conducted at near-atmospheric conditions and is not valid at elevated pressures and
temperatures. The pressure range chosen was from 0.0 to 3000 psig.

It is well known that increases in pressure and temperature have a widening effect on
flammability range. Therefore, it was concluded that optimizing compositions at atmospheric
conditions using correlations and extending the values to higher pressures and temperatures
would lead to the “worst-case” flammability scenario.

Again, it must be stressed that results are highly case-specific. They are valid only for specific
fuel gas, hydrocarbon and drilling mud mixtures and the run conditions investigated. The test
parameters were designed for a specific set of reservoir conditions; thus, the ignition
characteristics described herein should NOT be applied to other reservoirs.

It should NOT be assumed that de-oxygenated air containing five percent oxygen by volume
with the balance being nitrogen can be safely used during an underbalanced drilling operation for
a hydrocarbon system containing other gases. The flammability limits for each system must be
tested. (Metha, 1996)

Also note that the underbalanced drilling discussed here does not relate specifically to mixing the
gas at the surface to create underbalanced fluids. Rather the gas is added subsurface to create an
underbalanced fluid. This is in contrast to Impact Technologies methods but still gives one
insight into how the fluids could behave downhole. The exhaust gas system could be used for
FLASH ASJ drilling.

Field Applications
Over the past two decades, the underbalanced drilling technology has evolved significantly. It
can yield benefits such as

+¢ increasing ROP (reduced well cost)

X/
°

reducing formation damage (increased productivity)

X/
°

limiting lost circulation problems

X/
°

reducing differential sticking

X/
°

providing formation testing/evaluating while drilling and
%+ picking TD from production rate or first water influx.

Underbalanced drilling has several advantages over conventional drilling, but it also has several
disadvantages as well. The principle advantage is that the penetration rates are usually 3-6
times greater that mud drilling. The disadvantage is that the penetration rates are higher.
Although penetration rates are higher, you’re basically limited by the rig crew's capability to be



able to "keep-up” and also recognize when the well "tells" them that something is happening
downhole that isn't "right”. There problems can lead one to a "fishing" job.

In well pre-planning, determine what a "safe" penetration rate would be, even though the
capability exists to drill faster and, adhere to it during implementation. Plan to schedule enough
time for "circulating™ before making connections to make sure you have a reasonable clean
annulus prior to shutting down the injection gas. If one is using coiled tubing, the requirements
are different.

The people responsible have to be educated, that once the air is cut-off "mother nature” takes
over (gravity), and the cuttings in the annulus will fall, as "air" has very little carrying capacity.
"Velocity", is the primary carrying agent for straight "air" drilling (commonly called "Dusting").
(Redman69)

That said, by 2003, out of over 15,000 wells drilled under *“so called” UBD conditions in North
America, approximately 9,000 wells were drilled with truly underbalanced conditions over the
entire planned depth/length and completion. Worldwide, the percentage drilled through the pay
zone and completed underbalanced is considerably less. A variety of techniques have been
employed relevant to different applications, such as:

+ air drilling and use of air hammers

+«» flow drilling

¢+ gas injection (via drill string; parasite string; inner string)
% mist and

% foam drilling.

Depending on the application and availability, gases such as air, deoxygenated air created
through membrane separation or exhaust gas recompression, vitrified air, cryogenic nitrogen and
natural gas have been injected in order to achieve these conditions. (Pratt) Another method is
being tried in Australia using natural gas and nitrogen. Weatherford is championing this system.
(Santarelli)

Using Exhaust Gas For Drilling

A schematic of an exhaust gas system is shown in Figure 1 below. (Pratt) The two engines
supply the input to the catalytic converter which eliminates oxygen from the stream. Through a
series of heat exchangers and scrubbers the gas is made ready for using in the underbalanced
drilling operation. Note that the final injection stream has no oxygen.

This technique has been used successfully on remote Canadian locations for many years. It
should be noted that drilling with exhaust gas units can cause very serious problems. (CamT)
This occurs when the gas generated was not treated properly or when surface equipment fails.

Exhaust gas systems are not as simple as one would believe. One can’t just hook up a
compressor to some diesel engine exhaust and go with it. If this is done, you'll also have no



drillpipe, no casing, and no surface injection piping. The compressors can also be damaged. If
one is under the impression that membranes give bad corrosion with oxygen, saltier water and
temperature, then one should see what a poorly controlled exhaust gas corrosion management
system can do. Fortunately this is extremely rare, however it does occur 2 or 3 times every 4 to 6
months. (Kevin S) A well controlled exhaust gas system produces approximately 87% N, and
13% CO; as the injection gas as shown in Figure 1.
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Figure 1: Exhaust Gas Schematic

Figure 2 is an example of how a field application layout using exhaust gas for underbalanced
drilling looks. (Pratt)

Figure 2: Exhaust Gas Field Equipment Layout
6



Nitrogen Drilling

In contrast to the exhaust gas system, one of the fluids used in underbalanced drilling operations
is cryogenic nitrogen, the liquid form of nitrogen, which is at a temperature of -321°F. Some of
the characteristics of it are it is transported in tractor/trailer bulkers and stored at the drilling
location in "Queen storage tanks" (typically 503 barrels).

The cryogenic N is pressure transferred to a Cryogenic N, pumping unit which is capable of
pumping 1 to 80 scfm at 1 to 50,000 psi or greater. The pumps are generally from the fracing
industry. The N, pumper has a liquid N, storage tank, (about 63 barrels) and that is held at a
fixed pressure, pressure feeding a downstream pump. This pump then pre-charges the liquid
nitrogen to a couple hundred psi and forces it to the cryogenic pumps, which is usually a triplex.
The triplex pressurizes the cryogenic nitrogen to its operating pressure and forces it to the heat
convertor, which converts the cryogenic nitrogen to gaseous nitrogen at 77°F.

For the average two-phase system drilling a 6 1/4" hole with saltwater and nitrogen, it takes
about 200 gpm water and about 1500 scfm nitrogen (11,221 gpm) at a drilling pressure of 1100
psi. (KevinS) These numbers are important to remember since the FLASH ASJ system requires
a higher pressure and 5 gpm availability for the drilling fluid.

Cryogenic nitrogen is not inexpensive when compared to other gas methods. The cryogenic
pumping equipment and cryogenic storage equipment can run about $15-$20K per day; then
there is the cost of the nitrogen—30 scm * $0.75/scm * 24 (pumping about 75—85 % of the time
on underbalanced drilling jobs, but there are also cryogenic losses so one can almost say
pumping is 100%).

Cryogenic nitrogen costs vary on location and weather conditions. For example, if one is in
Alberta, Canada, where there is one of the world's largest N, factories, costs are significantly
lower than if one is in South Dakota where one may only get 1 bulker of nitrogen every 24 hours
delivered. The cost delivered to site in Canada, including trucking and standard losses run about
$0.75/scm.

A deoxygenated air system for 1500 scfm at 2200 psi costs around CAN $2.8 Mil and takes 6
months to build. The system is extremely portable. However, one of the disadvantages is the
remaining 5% oxygen which given the right downhole chemistry causes massive corrosion.
Some mud companies are close to conquering this 10 year old problem, however only close. On
a high rate, remote location, this is the only economical way to go, unless you have exhaust gas
or a gas line you can tie into. There is also air, but this is not very common in places outside of
the U. S.; most likely due to lack of experience elsewhere. (KevinS)

So using nitrogen or exhaust gas for underbalanced drilling is not unheard of. The EPA
requirements have complicated this use by limiting nitrogen in the exhaust from off road
equipment.

EPA Off Road Standards
There is a requirement that off road diesel equipment must meet exhaust emission standards.
Some of the requirements are summarized below.



Tier 1-3 Standards

The first Federal standards (Tier 1) for new nonroad (or off-road) diesel engines were adopted in
1994 for engines over 50 hp. The requirements were to be phased-in from 1996 to 2000. In
1996, a Statement of Principles (SOP) pertaining to nonroad diesel engines was signed between
EPA, California Air Resources Board and engine makers (including Caterpillar, Cummins,
Deere, Detroit Diesel, Deutz, Isuzu, Komatsu, Kubota, Mitsubishi, Navistar, New Holland, Wis-
Con, and Yanmar). On August 27, 1998, EPA signed the final rule reflecting the SOP
provisions. The 1998 regulation introduced Tier 1 standards for equipment under 50 hp and
increasingly more stringent Tier 2 and Tier 3 standards for all equipment with phase-in schedules
from 2000 to 2008. Tier 1-3 standards were met through advanced engine design, with no or
only limited use of exhaust gas after treatment such as oxidation catalysts. Tier 3 standards for
NOyx+ HC are similar in stringency to the 2004 standards for highway engines; however Tier 3
standards for PM (Particle Matter) were never adopted.

Tier 4 Standards

On May 11, 2004, the EPA signed the “final” rule introducing Tier 4 emission standards, which
are to be phased-in over the period of 2008-2015. Tier 4 standards require PM and NOy
emissions be further reduced by about 90%. Such emission reductions can be achieved through
the use of control technologies—including advanced exhaust gas after treatment—similar to
those required by the 2007-2010 standards for highway engines.

Nonroad Diesel Fuel

The other element for nonroad equipment is diesel. At the Tier 1-3 stage, sulfur content in
nonroad diesel fuels was not limited. The oil industry specification was 0.5% (wt., max), with
the average in-use sulfur level of about 0.3% = 3,000 ppm. To enable sulfur-sensitive control
technologies in Tier 4 engines—such as catalytic particulate filters and NOx absorbers—EPA
mandated reductions in sulfur content in nonroad diesel fuels, as follows:

e 500 ppm effective June 2007 for nonroad, locomotive and marine (NRLM) diesel fuels

e 15 ppm (ultra-low sulfur diesel) effective June 2010 for nonroad fuel, and June 2012 for
locomotive and marine fuels

The Figure below shows the EPA timeline for reduced particle matter and NO, implementation.
Included are the years when new emissions are active as well as the NOy, hydrocarbon, carbon
monoxide, and particle matter limits. (Caterpillar)


http://www.dieselnet.com/standards/us/hd.php#y2004
http://www.dieselnet.com/standards/us/hd.php#y2007

Figure 3: EPA Emission Requirements--Nonroad

Industries Where Applicable

The nonroad standards cover mobile nonroad diesel engines of all sizes used in a wide range of
construction, agricultural and industrial equipment. Examples of regulated applications include
farm tractors, excavators, bulldozers, wheel loaders, backhoe loaders, road graders, diesel lawn
tractors, logging equipment, portable generators, skid steer loaders, or forklifts.

EPA defined nonroad engines as based on the principle of mobility/portability, and includes
engines installed

(1) on self-propelled equipment,

(2) on equipment that is propelled while performing its function, or

(3) on equipment that is portable or transportable, as indicated by the presence of wheels.
In other words, nonroad engines are all internal combustion engines except motor vehicle
(highway) engines, stationary engines (or engines that remain at one location more than 12
months), engines used solely for competition, or aircraft engines.
Effective May 14, 2003, the definition of nonroad engines was changed to also include all diesel
powered engines—including stationary ones—used in California agricultural operations. This

change applies only to engines sold in California. Stationary engines sold in other states are not
classified as nonroad engines.



The nonroad diesel emission regulations are not applicable to all nonroad diesel engines.
Exempted are the following nonroad engine categories:

o Engines used in railway locomotives; those are subject to separate EPA regulations.

e Engines used in marine vessels, also covered by separate EPA regulations. Marine
engines below 37 kW (50 hp) are subject to Tier 1-2—but not Tier 4—nonroad standards.
Certain marine engines that are exempted from marine standards may be subject to
nonroad regulations.

e Engines used in underground mining equipment. Diesel emissions and air quality in
mines are regulated by the Mine Safety and Health Administration (MSHA).

« Hobby engines (below 50 cm? per cylinder)

A new definition of a compression-ignition (diesel) engine is used in the regulatory language
since the 1998 rule. The definition focuses on engine cycle, rather than ignition mechanism,
with the presence of a throttle as an indicator to distinguish between diesel-cycle and otto-cycle
operation. Regulating power by controlling the fuel supply in lieu of a throttle corresponds with
lean combustion and diesel-cycle operation. This language allows the possibility that a natural
gas-fueled engine equipped with a sparkplug is considered a compression-ignition engine.
(DieselNet)

So what do these requirements mean for oil field equipment? The next section details some
examples.

Compressor Review
EPA has entered into an agreement with several companies who have agreed to limit exhaust of
NOy and particular matter. These companies were listed previously.

Two compressor manufacturers were reviewed—Cummins and Caterpillar. In both cases the
company was proud that they were in compliance with EPA nonroad diesel requirements. Even
with the engines meeting EPA standards, there is enough nitrogen + carbon dioxide exhaust
volume being emitted that the exhaust can be the gas source for the Impact Technology FLASH
ASJ system.

One would still need to choose a generator that could support the rates needed for this
application. In order for a generator to meet the rate requirements for the FLASH ASJ system, it
must be capable of producing exhaust gas at a rate of 8,898 ft*/min. Examples of the Cummins
engines are the Genset PC880 series (Appendix A, page A-1). Caterpillar diesel examples are in
the PRIME 1360 ekW, 1700 kVA engine series Appendix A, page A-9.

One could also use 2 much smaller generators—4000 ft*/min each. This arrangement may allow
for more rate variations. It could also lower the acquisition costs. Appendix A, page A-5 is an
example of the + 4000 rated generator from Cummins. A Cat PRIME 580 eKW example is
included on page A-15.
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More information from each company is included in Appendix A. Each generator highlighted
will produced enough exhaust gas to meet FLASH ASJ requirements for a 2”” 5000” wellbore.

Ancillary Equipment Sources

In order to successfully apply the exhaust gas system several pieces of ancillary equipment must
be used. This section is targeted toward locating this equipment. See Appendix B for more
information on the ancillary equipment types and sources.

Using Figure 1 as an example, the ancillary equipment is listed as it appears on this figure. The
first item is the catalytic converter. PTX purifiers are used to control commercial equipment
exhaust powered with engines using unleaded gasoline, diesel fuel, or LPG, allowing the safe use
of such equipment in enclosed spaces. PTX purifiers are used on fork lifts, trucks, floor
sweepers, underground locomotives, stationary or portable engines. (Cohn) These catalytic
converters may be purchased from Optimized Process Design. They do not have literature
available on the Internet. The contact information is OPD, 25610 Clay Road, Katy, TX 77493.
The phone number is (281) 371-7500.

There are also several other prominent catalytic converter sources. One of them is BASF. The
contact information is BASF Catalysts LLC, 101 Wood Avenue, Iselin, NJ 08830-0770. The
phone number is (732) 205-5000. The web site is www.basf-catalysts.com. A description of one
of their products begins on page B-1of Appendix B.

A hot blower that can handle 1100 °F can be supplied through The New York Blower Company.
The contact information is 7660 Quincy Street, Willowbrook, IL 60527-5530. The phone
number is 800-208-7918 and the web site is www.nyb.com. Product descriptions are listed in
Appendix B beginning on page B-3.

For the miniature air cooled heat exchangers, www.wholesalehydraulics.com is a good source.
They market several brands—American Heat Transfer, American Standard Thermal Transfer, and
Young Radiator for example. These are all manufacturers on miniature air cooled heat exchangers.
Depending on the model, cooling rates range from 1 to 1000 gpm. They do not have brochures that one
can download but they do have brief descriptions of several of their heat exchangers.

The toll free number is 1-800-329-6888. E-mail is info@wholesalehydraulics.com. The parent company
is Advanced Fluid Power, Inc. Itis located in Mobile, Alabama. Advanced Fluid Power, Inc. has over 75
years of combined experience. The address is 1-10 Industrial Parkway, Theodore, Alabama 36582.
Examples of their product lines are in Appendix B on page B-6.

For the scrubbers in Figure 1, it is suggested that Impact use the Tulsa University designed
separators. It should be fairly inexpensive to design and fabricate them for the throughput
necessary for rate, temperature and pressure ranges expected. Impact or MSI should be able to
manufacture the two phase separator equipment required. Appendix B, page B-8 contains some
of MSI’s information.

The rotary screw compressor is marketed by Kaeser. More information can be obtained at
http://us.kaeser.com/Products. The closest distributor is MIS Group, Inc. The phone number is
(713) 671-9565. The address is 9402 North Loop E, Houston, TX 77029-1228. Or the Kaeser
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number is (800) 777-7873. Some more compressor information is contained in Appendix B on
page B-9.

The reciprocating compressor can be provided by Dresser Rand or GE. The Dresser contact
information is Dresser-Rand, West8 Tower Suite 1000, 10205 Westheimer Road, Houston, TX 77042.
The phone number is (713) 354-6100. An example of their reciprocating compressor is shown in
Appendix B on page B-10.

The oxygen analyzer can be purchased from Alpha Omega Instruments Corporation. It is located at 30
Martin Street, Cumberland, RI 02864. The phone number is (800) 262-5977.  The web site is
http://www.aoi-corp.com. The analyzers which could be used are Series 2520 & 3520 Portable
Oxygen Analyzers. The product information sheet is in Appendix B on page B-12.

Now that the compressors and ancillary equipment have been reviewed, what are the exhaust gas
fluid properties which might be utilized in the underbalanced drilling operations?

Fluid Properties

Exhaust Gas

A physical properties study of the typical cleaned up exhaust gas is made up of 87 % Nitrogen
and 13 % Carbon Dioxide was conducted. See Figure 1 above. Some of the exhaust gas mixture
physical properties were determined and are included in Table 1 below.

Table 1: 87 % Nitrogen + 13 % Carbon Dioxide Mixture Physical Properties

Normal Freezing Gas Phase Liquid Phase
Point Properties Properties Triple Point Critical Point
(1 atm) @ 68°F& @1 atm| @ B P& @ 1 atm

English Units

Latent Heat T ifi Specific Specific
of . P Heat |Temp.|Pressure/ Temp. Pressure|Density
Vaporization (Cp)

BTU/Ib
G

Substance ° BTU/Ib °F ° Ib/cu ft

N + CO, Mixture ~ 29.40 ‘-273.3‘ ‘ ‘ 7.21 ‘ ‘ 12.95 ‘-373.0‘ 1.00 ‘-178.9’ 1073.4 ‘ 25.99‘

The phase diagram for exhaust gas is shown in Figure 4. The nitrogen—carbon dioxide mixture
is shown in black. The important features are that it goes supercritical at -180°F. Low
temperatures are required to drive it to the supercritical region. The carrying capacity of this
fluid might be lower compared to carbon dioxide since the molecular weight is 29 while it is 44
for CO..
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Figure 4: 87 % Nitrogen + 13 % Carbon Dioxide Mixture Phase Diagram

On Figure 4 the nitrogen phase diagram is included for reference. It is depicted in green. The
conversion of 1 ft* of this mixture would be between that of carbon dioxde—533 ft* and that of
nitrogen which is 694 ft* at 60 and 14.696 psi. If one assumes each element contributes its
respective amount of volume to the expansion, then the number would be 673 ft® (0.87 *694 ft*
+0.13 * 533 ft*), however it is unclear if one can really assume that the mixture would vaporize
in this manner.

Sample Of Expanded Physical Properties—Nitrogen + Carbon Dioxide Mixture

The table shows some more physical properties of the 87 % nitrogen + 13 % carbon dioxide
mixture. The differences at these two temperatures—60 and 70 —are slight. These two
temperatures were chosen because they are the ambient temperature range which might be most
frequently encountered.

Table 2: Expanded 87 % Nitrogen + 13 % Carbon Dioxide Mixture Physical Properties List

Temp., | Press.,, | Density, | Enthalpy, Entropy, Heat Capacity, Heat Capacity,
psig lbm/ft® | (Btu/lbm) (Btu/lbm-°R) | C,(Btu/lbm-°R) | C,(Btu/lbm-°R)

60 0 0.08 139.93 1.5185 0.17457 0.24257

100 0.61 139.07 1.3782 0.17516 0.24601

1000 5.50 131.67 1.2187 0.17997 0.27792

2000 10.88 124.81 1.1604 0.18419 0.30948

3000 15.73 119.84 1.1239 0.18724 0.32979

4000 19.83 116.71 1.0978 0.18950 0.33932

5000 23.21 115.01 1.0780 0.19132 0.34239

6000 26.00 114.36 1.0623 0.19293 0.34232

8000 30.35 115.06 1.0384 0.19589 0.33924

10000 33.62 117.34 1.0205 0.19865 0.33582

70 0 0.08 142.36 1.5231 0.17477 0.24275

100 0.60 141.53 1.3829 0.17532 0.24602

1000 5.37 134.45 1.2239 0.17987 0.27614

2000 10.61 127.88 1.1663 0.18388 0.30585
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3000 15.34 123.11 1.1301 0.18685 0.32545
4000 19.37 120.08 1.1042 0.18908 0.33521
5000 22.71 118.42 1.0845 0.19090 0.33883
6000 25.49 117.77 1.0687 0.19251 0.33930
8000 29.85 118.44 1.0448 0.19545 0.33697
10000 33.14 120.69 1.0269 0.19819 0.33398

The enthalpy curves are depicted in the Figure below. Note the similarity at the two
temperatures reported. There is, however, some separation.
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Figure 5: 87 % Nitrogen + 13 % Carbon Dioxide Enthalpy Curves

The entropy curves for the nitrogen—carbon dioxide mixture are shown in the Figure below.
Unlike the enthalpy curves the entropy curves are essentially on top of each other. See Figure 6.
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Figure 6: 87 % Nitrogen + 13 % Carbon Dioxide Mixture Entropy Curves

The density-pressure plots are included for the nitrogen—carbon dioxide mixture. Because they
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Figure 8: 87 % Nitrogen + 13 % Carbon Dioxide Figure 7: 87 % Nitrogen + 13 % Carbon Dioxide
Density Curve @ 60 Degrees F Density Curve @ 70 Degrees F

are so close, the plots are shown separately.

The constant volume heat capacities are also shown separately because they too are also very
close. The variances are slight throughout the pressure range investigated.
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The heat capacities at constant pressure are shown in the Figure below. Note that in the pressure
range (Highlighted by red line) important for this work the differences are almost
indistinguishable.
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Figure 11: 87 % Nitrogen + 13 % Carbon Dioxide Constant Pressure Heat Capacities

Flue Gas

Flue gas was also reviewed. It is defined as the gas that exits to the atmosphere via a flue, which
is a pipe for conveying exhaust gases from a fireplace, oven, furnace, boiler or steam generator.
Quite often, it refers to the combustion exhaust gas produced at power plants. The emissions are
different for each source.

Flue gas emissions from fossil fuel combustion refer to the combustion product gas resulting
from 10 to 25 volume percent or more of flue gas. Its composition depends on what is being
burned, but it will usually consist of mostly nitrogen (typically more than two-thirds) derived
from the combustion air, carbon dioxide (CO2) and water vapor as well as excess oxygen (also

16



derived from the combustion air). This is closely followed in volume by water vapor created by
combustion of the hydrogen in the fuel with atmospheric oxygen. Much of the 'smoke' seen
pouring from flue gas stacks may in fact be water vapor forming a cloud as it contacts cool air.
It further contains a small percentage of pollutants such as particulate matter, carbon monoxide,
nitrogen oxides and sulfur oxides.

A typical flue gas from the combustion of fossil fuels will also contain nitrogen oxides (NOy),
sulfur dioxide (SO,) and particulate matter. The nitrogen oxides are derived from the nitrogen in
the air as well as from any nitrogen containing compounds in the fossil fuel. Sulfur dioxide is
derived from any sulfur-containing compounds in the fuels. The particulate matter is composed
of very small particles of solid materials and very small liquid droplets which give flue gases
their smoky appearance.

At power plants, flue gas is often treated with a series of chemical processes and scrubbers,
which remove pollutants. Electrostatic precipitators remove particulate matter and flue gas
desulfurization captures the sulfur dioxide produced by burning fossil fuels, particularly coal.
Nitrogen oxides are treated either by modifications to the combustion process to prevent their
formation, or by high temperature or catalytic reaction with ammonia or urea. In either case, the
aim is to produce nitrogen gas, rather than nitrogen oxides.

The steam generators in large power plants and the process furnaces in large refineries,
petrochemical and chemical plants, and incinerators burn large amounts of fossil fuels and
therefore emit large amounts of flue gas. The table below presents the total amounts of flue gas
typically generated by the burning of fossil fuels such as natural gas, fuel oil and coal. Data in
the table were obtained by stoichiometric calculations. (Gas Emissions)

Table 3: Flue Gas Generated By Fossil Fuel Combustion

Combustion Data Fuel Gas | Fuel Oil | Coal
Fuel Properties:
Gross heating value, Btu/scf 1,093
Gross heating value, Btu/gal 150,000
Gross heating value, Btu/lb 11,150
Molecular weight 18
Specific gravity 0.9626
Gravity, °API 155
Carbon/hydrogen ratio by weight 8.1
weight % carbon 61.2
weight % hydrogen 4.3
weight % oxygen 7.4
weight % sulfur 3.9
weight % nitrogen 1.2
weight % ash 12.0
weight % moisture 10.0
Combustion Air:
Excess combustion air, % 12 15 20
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Wet Exhaust Flue Gas:
Amount of wet exhaust gas, scf/10° Btu of fuel 11,600 11,930 | 12,714
CO, in wet exhaust gas, volume % 8.8 12.4 13.7
0, in wet exhaust gas, volume % 2.0 2.6 3.4
Molecular weight of wet exhaust gas 21.7 29.0 29.5
Dry Exhaust Flue Gas:
Amount of dry exhaust gas, scf/10° Btu of fuel 9,510 10,600 | 11,554
CO; in dry exhaust gas, volume % 10.8 14.0 15.0
O, in dry exhaust gas, volume % 2.5 2.9 3.7
Molecular weight of dry exhaust gas 29.9 30.4 30.7

Note: scf is standard cubic feet at 60 °F and 14.696 psia.

It is of interest to note that the total amount of flue gas generated by coal is only 10 percent
higher than the flue gas generated by natural gas. This means that changing to gas fired
electrical plants will have virtually no impact on air emissions released.

Also in the US there are a range of emerging technologies for removing pollutants emitted from
power plants. One of these is the deployment of technologies to remove mercury from flue
gas—typically by adsorption on sorbents or by capture in inert solids as part of the flue gas
desulfurization product. There is very little performance data from large-scale industrial
applications of such technologies. None has achieved significant worldwide market penetration
so valid conclusions based on this implementation are premature.

Conclusions and Recommendations

History has shown that successful underbalanced drilling applications using exhaust gas have
been applied for over two decades. A brief review of available diesel powered generators
indicates that the exhaust gas rate is sufficient to be applied with Impact Technologies” FLASH
ASJ system. The ancillary equipment required for safe operation of an exhaust gas drilling
system is also available. If one wanted to pursue the flue gas system for underbalanced drilling,
it is expected that similar equipment would be required to use flue gas as that for exhaust gas
drilling.

It is recommended that serious consideration of the exhaust gas system be undertaken.
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ALTERNATOR

Specification

1500RPM 50HZ

Type

Exciter type

Voltage regulator
Voltage regulation
Insulation
Protection

Rated power factor
Stator winding
Winding pitch
Winding leads

4-Pole, Rotating Field

Brushless, Self excited

Solid State, Volts/Hz
1.0%

Class H

P23

0.8

Double layer concentric

Two thirds
12

® Alternators meet the requirement of BS EN 60034 and the
relevant section of otherinternational standards such as
BS5000, VDEOS20, NEMAMG1-32, IEC24, CSAC22.2-100,
As1359, and other standards and certifications can be
considered on request,

® The 2/3 pitch design aveids excessive neutral currents, With the
2/3 pitch and carefully selected pole and tooth designs,
ensures very low waveform distortion.

® Brushless alternator with brushless pilot exciter for excellent
loadresponse,

® Theinsulation systemis class H, easy parallelling with mains or
other generators, standard 2/3 pitch stator windings avoid
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Introduction

Previous work (Felber, 2008 — 2011) evaluated polymers, surfactants and various aspects of
carbon dioxide for underbalanced drill applications. This work was undertaken to determine if
exhaust gases from generators and other field equipment could be used as sources for the gas
necessary for FLASH ASJ™ drilling.  This report contains several new figures and a revised
Appendix B.

Literature reviews of various generators, ancillary equipment and technical papers were
conducted. This review did indeed determine that one can use exhaust gases for underbalanced
drilling techniques utilized by Impact Technologies, LLC.

Executive Summary

A source of gas is required to drill a 2”, 5000 ft well requires a minimum volume of 109 ft*
(815.38 gallons). This volume is that required to have gases present in the entire drilling
column. Another requirement is that the gas volume must be able to be produced at rates of 5
gallons/minute. It is possible to have enough volume to achieve this goal based on the exhaust
gas rates from several generator manufacturers. The goal is to develop the necessary expertise to
implement the FLASH ASJ system when there is not sufficient supercritical CO; or nitrogen on
location. Ultimately solving this challenge could lead to even broader FLASH ASJ applications.

Several generator specifications were reviewed to determine suitability. There were some which
are capable of generating large enough volumes of exhaust gas to be utilized. There is no
general “rule of thumb” for using exhaust gas to drill wells. Each well must have separate
laboratory tests conducted at near reservoir conditions to determine if exhaust gases are safe to
use. By safe, it means that no explosions or fires will occur either downhole or in surface
equipment.

Using exhaust gas for drilling has been conducted in Canada over the last 20 years. The physical
properties and phase diagrams for a typical exhaust system were also developed.

Using flue gas as a FLASH ASJ source was also reviewed. It is possible to use this gas as a
source for the underbalanced drilling system.

The type and sources for ancillary equipment were also defined. Neither the ancillary equipment
costs nor the delivery time for each unit was determined.

Current Exhaust Gas Underbalanced Drilling Technology Review

A current technology review was conducted. It is important to note that published current
underbalanced drilling technology involves using gases as an adjunct to liquid muds. This is in
contrast to the technology for FLASH ASJ in which gas is an integral part of the drilling fluid
mixture not just an adjunct used to lighten conventional muds. Some comparisons and contrasts
are noted in the following sections.

The growing demand for maximizing production in a cost-effective manner has led to
development of novel technologies. Underbalanced drilling (UBD) has proven to be a viable



technique to reduce drilling damage caused by drilling fluid invasion. Underbalanced drilling
also has many other potential advantages, such as

% increasing rate of penetration,

+ testing while drilling,

s drilling fluid options,

% eliminating differential sticking, and
% reducing completion costs.

Gas is injected and/or circulated with the drilling mud to reduce potential for formation damage
from whole mud, fluid filtrate or solids invasion into the hydrocarbon-bearing formation. This
procedure involves gas injection via a separate string to that through which the drilling mud is
injected. The gas employed is usually nitrogen, in order to prevent fire and explosion hazards.
However, nitrogen injection adds a significant cost. Another major challenge for remote or long
duration UBD operations is the liquid nitrogen supply. This has increased interest in the use of
air or deoxygenated air (membrane) technology to reduce costs and logistical challenges
associated with liquid nitrogen.

If nitrogen injection were replaced with that of air, the cost could be reduced considerably.
Nitrogen, natural gas, normal air or an oxygen-containing gas (usually vitiated air, which is air
mixed with nitrogen, or de-oxygenated air, which is air with some of the oxygen removed) are
used. Of these choices, the oxygen containing gases are the least expensive; however, there is a
potential for flammable, explosive mixtures to be present in the wellbore and surface piping.

Horizontal well underbalanced drilling is also practiced. Injection either with the drilling mud or
via a separate string is common. Just as for vertical wells, safe operational ranges of oxygen-
containing gas/live oil/drilling mud mixtures can be determined if the flammability has been
measured. (Metha 1995)

Flammability limits are affected by a number of different factors. The most important are
temperature and pressure. For some fuels, small amounts of moisture can widen flammability
limits, as can presence of hydrocarbon containing liquids. Significant widening of the
flammability limits of complex fuel mixtures can also be caused by presence of low levels of
hydrogen sulfide, carbon monoxide and hydrogen.

Many complex mixtures could be encountered with injection of an oxygen-containing gas.
Drilling mud may ignite at concentrations of oxygen significantly lower than 21 percent. It is
possible that explosions may occur at concentrations as low as five percent oxygen. It has been
found that high pressure flammability limit behavior is neither simple nor uniform, but is specific
to the mixture examined. It must therefore be stressed that flammability characteristics for a
given reservoir and operating conditions are case specific. (Metha, 1995)



Laboratory studies to test for ignition characteristics and flammability of gas, oil, and drilling
mud mixtures must be conducted for each specific reservoir. To conduct these tests, the reaction
vessel contains mixtures of air, the drilling polymer such as Xanvis, and live oil. The pressure
ranges are based on the reservoir. The temperature range is also determined by that expected to
be encountered in the reservoir. Flammability limits are determined. Results are then used to
design safety features for a field application horizontal drilling program using underbalanced
methods at depth.  This technique has proven successful, and a significant cost saving was
realized by utilizing a 40 percent nitrogen, 60 percent air mixture instead of pure nitrogen.
(Metha, 1995)

The mixtures were classified as “flammable”, since using de-oxygenated air there is a continuous
supply 5 % 0O,. Ignition was classified in two categories: ‘Strong Reactions’, when the
temperature rise was instantaneous after the introduction of a spark with a total temperature rise
in excess of 50 °F; and “Weak Reactions’, when the rate of temperature rise was relatively slow
after the introduction of a spark with a total temperature rise of more than 41 °F but less than
50°F.

Where a limited amount of reaction was observed with very low rate of temperature rise after the
introduction of a spark with a total temperature rise of less than 41 °F, it was designated as
‘Limited Reactions’ and classified as no ignition. The hydrocarbon mixture flammability was
significantly affected (widened) by the presence of hydrogen sulfide. In addition, operating
pressure and temperature had a strong influence on mixture ignition characteristics.

Other studies were performed to determine safe conditions for underbalanced drilling using
compressed air and liquid nitrogen. The main objectives were:

¢ to establish flammability of mixtures of air, live heavy oil and drilling mud as a function
of pressure, and

< to determine optimum composition of vitiated air (nitrogen-air mixture), based on
flammability data, in order to minimize ignition or explosion potential during
underbalanced drilling operations.

Currently, there are no general “rules-of-thumb” which can be used to predict if an
underbalanced drilling operation will be conducted in a safe, effective manner. (Metha, 1996)
Using exhaust gas for underbalanced drilling has killed the market for nitrogen membrane units.
(jonralph)

Hydrogen Sulfide Effects

Studies have also been conducted to determine flammability of complex mixtures of fuel gases
containing H,S, hydrocarbon condensate and drilling mud in de-oxygenated air (consisting of 5
% O, with the balance being N;). Flammability tests at realistic reservoir pressures and
temperatures and at the types of operating conditions which might be encountered during sour
underbalanced drilling operations should be conducted for each project. The goal is to establish
hydrogen sulfide concentration effects on flammability. Establishing safe design and operation
of underbalanced drilling projects in sour hydrocarbon fields using de-oxygenated air containing
5% oxygen with the balance being nitrogen is important.
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It was determined that de-oxygenated air containing 5 % oxygen was the benchmark for a safe
underbalanced drilling operation in reservoirs containing very small amounts of hydrogen sulfide
(up to 3000 ppm). This particular composition of deoxygenated air is economically achievable.
Work was conducted at near-atmospheric conditions and is not valid at elevated pressures and
temperatures. The pressure range chosen was from 0.0 to 3000 psig.

It is well known that increases in pressure and temperature have a widening effect on
flammability range. Therefore, it was concluded that optimizing compositions at atmospheric
conditions using correlations and extending the values to higher pressures and temperatures
would lead to the “worst-case” flammability scenario.

Again, it must be stressed that results are highly case-specific. They are valid only for specific
fuel gas, hydrocarbon and drilling mud mixtures and the run conditions investigated. The test
parameters were designed for a specific set of reservoir conditions; thus, the ignition
characteristics described herein should NOT be applied to other reservoirs.

It should NOT be assumed that de-oxygenated air containing five percent oxygen by volume
with the balance being nitrogen can be safely used during an underbalanced drilling operation for
a hydrocarbon system containing other gases. The flammability limits for each system must be
tested. (Metha, 1996)

Also note that the underbalanced drilling discussed here does not relate specifically to mixing the
gas at the surface to create underbalanced fluids. Rather the gas is added subsurface to create an
underbalanced fluid. This is in contrast to Impact Technologies methods but still gives one

insight into how the fluids could behave downhole. The exhaust gas system could be used for
FLASH ASJ drilling.

Field Applications
Over the past two decades, the underbalanced drilling technology has evolved significantly. It
can yield benefits such as

¢+ increasing ROP (reduced well cost)

«¢+ reducing formation damage (increased productivity)

«¢+ limiting lost circulation problems

«»+ reducing differential sticking

«»+ providing formation testing/evaluating while drilling and

«»+ determining TD from production rate or water influx.

Underbalanced drilling has several advantages over conventional drilling, but it also has several
disadvantages as well. The principle advantage is that the penetration rates are usually 3-6



times greater that mud drilling. The disadvantage is that the penetration rates are higher.
Although penetration rates are higher, you’re basically limited by the rig crew's capability to be
able to "keep-up” and also recognize when the well "tells" them that something is happening
downhole that isn't "right”. There problems can lead one to a "fishing" job.

In well pre-planning, determine what a "safe" penetration rate would be, even though the
capability exists to drill faster and, adhere to it during implementation. Plan to schedule enough
time for "circulating™ before making connections to make sure you have a reasonable clean
annulus prior to shutting down the injection gas. If one is using coiled tubing, the requirements
are different.

The people responsible have to be educated, that once the air is cut-off "mother nature” takes
over (gravity), and the cuttings in the annulus will fall, as "air" has very little carrying capacity.
"Velocity", is the primary carrying agent for straight "air" drilling (commonly called "Dusting").
(Redman69)

That said, by 2003, out of over 15,000 wells drilled under *“so called” UBD conditions in North
America, approximately 9,000 wells were drilled with truly underbalanced conditions over the
entire planned depth/length and completion. Worldwide, the percentage drilled through the pay
zone and completed underbalanced is considerably less. A variety of techniques have been
employed relevant to different applications, such as:

R/
°e

air drilling and use of air hammers

*

flow drilling

0

7
L X4

gas injection (via drill string; parasite string; inner string)

% mist and foam drilling.

Depending on the application and availability, gases such as air, deoxygenated air created
through membrane separation or exhaust gas recompression, vitrified air, cryogenic nitrogen and
natural gas have been injected in order to achieve these conditions. (Pratt) Another method is
being tried in Australia using natural gas and nitrogen. Weatherford is championing this system.
(Santarelli)

Using Exhaust Gas For Drilling

Diesel Powered Generator

A schematic of an exhaust gas system is shown in Figure 1 below. The engine supplies the input
to the catalytic converter which eliminates oxygen from the stream. Through a series of heat
exchangers and scrubbers the gas is made ready for using in the underbalanced drilling
operation. Note that the final injection stream has no oxygen.

A modified version of this technique utilizing two engines has been used successfully on remote
Canadian locations for many years. (Pratt) It should be noted that drilling with exhaust gas units
can cause very serious problems. (CamT) This occurs when the gas generated was not treated
properly or when surface equipment fails.



Exhaust gas systems are not as simple as one would believe. One can’t just hook up a
compressor to some diesel engine exhaust and go with it. If this is done, you'll also have no
drillpipe, no casing, and no surface injection piping. The compressors can also be damaged. If
one is under the impression that membranes give bad corrosion with oxygen, saltier water and
temperature, then one should see what a poorly controlled exhaust gas corrosion management
system can do. Fortunately this is extremely rare, however it does occur 2 or 3 times every 4 to 6
months. (Kevin S) A well controlled exhaust gas system produces approximately 87% N, and
13% CO;, as the injection gas as shown in Figure 1.

Rate is 0.668 cf/m =5 gal/min

Figure 1: Diesel Exhaust Gas Schematic

Diesel Powered Exhaust Gas HP Requirements

The generator can create 486 HP. The horsepower requirements for the other equipment shown
in Figure 1 are for the heat exchanger—25 HP, for the rotary screw compressor—3 HP, for the
booster pump—O0 HP (pressure driven), and for the second heat exchanger—25 HP. The total
horsepower requirement is 53 HP. The oxygen analyzer is battery powered. These horsepower
requirements are well within the range of that provided by the generator.

An example of a diesel powered exhaust gas system is shown in Figure 2. This is an example of
how a field application layout using exhaust gas from 2 generators for underbalanced drilling
looks. (Pratt)



Figure 2: Exhaust Gas Field Equipment Layout

Propane Powered Generator

Another exhaust gas system is that driven by propane and air. The schematic is displayed below.
Note that there are few differences from the diesel exhaust system. The most compelling one is
that propane burns at a higher temperature than diesel—1031 compared to 900
respectively.

Rate is 0.668 cf/m =5 gal/min

Figure 3: Propane Exhaust System



Propane Powered Exhaust Gas HP Requirements

The propane powered generator creates 97.7 HP. The requirements for the other equipment are
for the first heat exchanger it is 25 HP. For the rotary screw compressor the requirements are 3
HP. The requirement for the booster pump is that the entrance pressure be at least 90 psi. No
other power requirements are necessary. For the second heat exchanger to power requirements
are 25 HP. The total horsepower requirement is 53. These requirements are well within that
provided by the generator.

Now that the two exhaust systems have been explored the two most common nitrogen systems
will be discussed.

Nitrogen Drilling

Cryogenic Systems

In contrast to the exhaust gas system, one of the fluids used in underbalanced drilling operations is
cryogenic nitrogen, the liquid form of nitrogen, which is at a temperature of -321°F. Some of the
characteristics of it are it is transported in tractor/trailer bulkers and stored at the drilling location
in "Queen storage tanks" (typically 503 barrels).

The cryogenic N, is pressure transferred to a Cryogenic N, pumping unit which is capable of
pumping 1 to 80 scfm at 1 to 50,000 psi or greater. The pumps are generally from the fracing
industry. The N, pumper has a liquid N, storage tank, (about 63 barrels) and that is held at a
fixed pressure, pressure feeding a downstream pump. This pump then pre-charges the liquid
nitrogen to a couple hundred psi and forces it to the cryogenic pumps, which is usually a triplex.
The triplex pressurizes the cryogenic nitrogen to its operating pressure and forces it to the heat
convertor, which converts the cryogenic nitrogen to gaseous nitrogen at 77°F.

For the average two-phase system drilling a 6 1/4" hole with saltwater and nitrogen, it takes
about 200 gpm water and about 1500 scfm nitrogen (11,221 gpm) at a drilling pressure of 1100
psi. (KevinS) These numbers are important to remember since the FLASH ASJ system requires
a higher pressure and 5 gpm availability for the drilling fluid.

Cryogenic nitrogen is not inexpensive when compared to other gas methods. The cryogenic
pumping equipment and cryogenic storage equipment can run about $15-$20K per day; then
there is the cost of the nitrogen—30 scm * $0.75/scm * 24 (pumping about 75—85 % of the time
on underbalanced drilling jobs, but there are also cryogenic losses so one can almost say
pumping is 100%).

Cryogenic nitrogen costs vary on location and weather conditions. For example, if one is in
Alberta, Canada, where there is one of the world's largest N, factories, costs are significantly
lower than if one is in South Dakota where one may only get 1 bulker of nitrogen every 24 hours
delivered. The cost delivered to site in Canada, including trucking and standard losses run about
$0.75/scm.

Deoxygenated Air Systems
A schematic for this system is shown in Figure 4 below. Note that the engine drives the
COMPressors.



Rate is 0.668 cf/m =5 gal/min

Figure 4: Nitrogen System Schematic

An example deoxygenated air system for 1500 scfm at 2200 psi costs around CAN $2.8 Mil and
takes 6 months to build. The system is extremely portable. However, one of the disadvantages is
the remaining 5% oxygen which given the right downhole chemistry causes massive corrosion.
Some mud companies are close to conquering this 10 year old problem, however only close. On
a high rate, remote location, this is the only economical way to go, unless you have exhaust gas
or a gas line you can tie into. There is also air, but this is not very common in places outside of
the U. S.; most likely due to lack of experience elsewhere. (KevinS) This system would not be a
replica of Figure 4 above. This information is included for reference.

Deoxygenated Air System HP Requirements

The power is supplied by either a diesel or propane driven generator/compressor. The Kaeser
combination provides between 48 and 111 HP available to run the equipment. The first heat
exchanger requires an estimated 35 HP. The available data does not included information to
determine the horsepower requirements. This estimate is taken from other equipment reviewed
for this project. The first compressor requires 3 HP. The remaining heat exchangers require 25
HP each. The remaining compressors require 3 HP each. The total HP requirement is 122. This
is slightly higher than the combination generator/compressors reviewed for this study. It may be
necessary to modify the schematic in order to get within the HP limits.

This study shows that using nitrogen or exhaust gas for underbalanced drilling is not unheard of.
The EPA requirements have complicated this use by limiting nitrogen in the exhaust from off
road equipment. Some of the limits are listed in the next section.

EPA Off Road Standards

There is a requirement that off road diesel equipment must meet exhaust emission standards.
Some of the requirements are summarized below. This information is included as reference to



the steps EPA may take for future requirements on exhaust emissions which could affect the skid
built for enhanced geothermal drilling applications.

Tier 1-3 Standards

The first Federal standards (Tier 1) for new nonroad (or off-road) diesel engines were adopted in
1994 for engines over 50 hp. The requirements were to be phased-in from 1996 to 2000. In
1996, a Statement of Principles (SOP) pertaining to nonroad diesel engines was signed between
EPA, California Air Resources Board and engine makers (including Caterpillar, Cummins,
Deere, Detroit Diesel, Deutz, Isuzu, Komatsu, Kubota, Mitsubishi, Navistar, New Holland, Wis-
Con, and Yanmar). On August 27, 1998, EPA signed the final rule reflecting the SOP
provisions. The 1998 regulation introduced Tier 1 standards for equipment under 50 hp and
increasingly more stringent Tier 2 and Tier 3 standards for all equipment with phase-in schedules
from 2000 to 2008. Tier 1-3 standards were met through advanced engine design, with no or
only limited use of exhaust gas after treatment such as oxidation catalysts. Tier 3 standards for
NOx+ HC are similar in stringency to the 2004 standards for highway engines; however Tier 3
standards for PM (Particle Matter) were never adopted.

Tier 4 Standards

On May 11, 2004, the EPA signed the “final” rule introducing Tier 4 emission standards, which
are to be phased-in over the period of 2008-2015. Tier 4 standards require PM and NOy
emissions be further reduced by about 90%. Such emission reductions can be achieved through
the use of control technologies—including advanced exhaust gas after treatment—similar to
those required by the 2007-2010 standards for highway engines.

Nonroad Diesel Fuel

The other element for nonroad equipment is diesel. At the Tier 1-3 stage, sulfur content in
nonroad diesel fuels was not limited. The oil industry specification was 0.5% (wt., max), with
the average in-use sulfur level of about 0.3% = 3,000 ppm. To enable sulfur-sensitive control
technologies in Tier 4 engines—such as catalytic particulate filters and NOy absorbers—EPA
mandated reductions in sulfur content in nonroad diesel fuels, as follows:

e 500 ppm effective June 2007 for nonroad, locomotive and marine (NRLM) diesel fuels

e 15 ppm (ultra-low sulfur diesel) effective June 2010 for nonroad fuel, and June 2012 for
locomotive and marine fuels

The Figure below shows the EPA timeline for reduced particle matter and NOy implementation.

Included are the years when new emissions are active as well as the NOy, hydrocarbon, carbon
monoxide, and particle matter limits. (Caterpillar)
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Figure 5: EPA Emission Requirements--Nonroad

Industries Where Applicable

The nonroad standards cover mobile nonroad diesel engines of all sizes used in a wide range of
construction, agricultural and industrial equipment. Examples of regulated applications include
farm tractors, excavators, bulldozers, wheel loaders, backhoe loaders, road graders, diesel lawn
tractors, logging equipment, portable generators, skid steer loaders, or forklifts.

EPA defined nonroad engines as based on the principle of mobility/portability, and includes
engines installed

(1) on self-propelled equipment,

(2) on equipment that is propelled while performing its function, or

(3) on equipment that is portable or transportable, as indicated by the presence of wheels.
In other words, nonroad engines are all internal combustion engines except motor vehicle
(highway) engines, stationary engines (or engines that remain at one location more than 12

months), engines used solely for competition, or aircraft engines.

Effective May 14, 2003, the definition of nonroad engines was changed to also include all diesel
powered engines—including stationary ones—used in California agricultural operations. This
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change applies only to engines sold in California. Stationary engines sold in other states are not
classified as nonroad engines.

The nonroad diesel emission regulations are not applicable to all nonroad diesel engines.
Exempted are the following nonroad engine categories:

o Engines used in railway locomotives; those are subject to separate EPA regulations.

e Engines used in marine vessels, also covered by separate EPA regulations. Marine
engines below 37 kW (50 hp) are subject to Tier 1-2—but not Tier 4—nonroad standards.
Certain marine engines that are exempted from marine standards may be subject to
nonroad regulations.

e Engines used in underground mining equipment. Diesel emissions and air quality in
mines are regulated by the Mine Safety and Health Administration (MSHA).

« Hobby engines (below 50 cm® per cylinder)

A new definition of a compression-ignition (diesel) engine is used in the regulatory language
since the 1998 rule. The definition focuses on engine cycle, rather than ignition mechanism,
with the presence of a throttle as an indicator to distinguish between diesel-cycle and otto-cycle
operation. Regulating power by controlling the fuel supply in lieu of a throttle corresponds with
lean combustion and diesel-cycle operation. This language allows the possibility that a natural
gas-fueled engine equipped with a sparkplug is considered a compression-ignition engine.
(DieselNet)

So what do these requirements mean for oil field equipment? The next section details some
examples.

Compressor Review
EPA has entered into an agreement with several companies who have agreed to limit exhaust of
NOy and particular matter. These companies were listed previously.

Two compressor manufacturers were reviewed—Cummins and Caterpillar. In both cases the
company was proud that they were in compliance with EPA nonroad diesel requirements. Even
with the engines meeting EPA standards, there is enough nitrogen + carbon dioxide exhaust
volume being emitted that the exhaust can be the gas source for the Impact Technology FLASH
ASJ system.

One would still need to choose a generator that could support the rates needed for this
application. In order for a generator to meet the rate requirements for the FLASH ASJ system, it
must be capable of producing exhaust gas at a rate of 8,898 ft*/min. Examples of the Cummins
engines are the Genset PC880 series (Appendix A, page A-1). Caterpillar diesel examples are in
the PRIME 1360 ekW, 1700 kVA engine series Appendix A, page A-9.
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One could also use 2 much smaller generators—4000 ft*/min each. This arrangement may allow
for more rate variations. It could also lower the acquisition costs. Appendix A, page A-5 is an
example of the + 4000 rated generator from Cummins. A Cat PRIME 580 eKW example is
included on page A-15.

More information from each company is included in Appendix A. Each generator highlighted
will produced enough exhaust gas to meet FLASH ASJ requirements for a 2”” 5000” wellbore.

Ancillary Equipment Sources For Exhaust Gas And Nitrogen Systems

In order to successfully apply the exhaust gas system several pieces of ancillary equipment must
be used. This section is targeted toward locating this equipment. See Appendix B for more
information on the ancillary equipment types and sources.

Using Figures 1 and 3 as an example, the ancillary equipment is listed as it appears on this
figure. The first item is the catalytic converter. PTX purifiers are used to control commercial
equipment exhaust powered with engines using unleaded gasoline, diesel fuel, or LPG, allowing
the safe use of such equipment in enclosed spaces. PTX purifiers are used on forklifts, trucks,
floor sweepers, underground locomotives, stationary or portable engines. (Cohn) These catalytic
converters may be purchased from Optimized Process Design. They do not have literature
available on the Internet. The contact information is OPD, 25610 Clay Road, Katy, TX 77493.
The phone number is (281) 371-7500.

There are also several other prominent catalytic converter sources. One of them is BASF. The
contact information is BASF Catalysts LLC, 101 Wood Avenue, Iselin, NJ 08830-0770. The
phone number is (732) 205-5000. The web site is www.basf-catalysts.com. A description of one
of their products begins on page B-1of Appendix B.

These catalytic convertors have temperature ranges from 200 to 3500°F. If the temperature
exceeds the maximum, the matrix holding the catalyst will melt. The minimum temperature is
necessary to make the catalyst activate. There are some catalysts that can be used at lower
temperatures but they are not completely commercial yet. (Holroyd)

According to the heat exchanger computer program (Heat Exchange Calculator) it might be
necessary to put two heat exchangers in series in order to prevent metal fatigue with the large
heat changes expected for propane or diesel exhaust systems. They would also have to be larger
than the miniature heat exchangers discussed in the previous paragraphs. However, specialized
high temperature heat exchangers can be purchased from Munters. Their high temperature heat
exchangers can be used in applications where the input temperature is 1400 to 2000°F. These
exchangers are not overly big. Information on them is in Appendix B beginning on page
Appendix B-3. Their contact information is 225 South Magnolia Avenue, Buena Vista, VA
24416. The phone number is (540) 291-1111. The fax number is (540) 291-3333. Their web
page is www.nunstershightemperature.com.

For the scrubbers it is suggested that Impact use the Tulsa University designed separators. It
should be fairly inexpensive to design and fabricate them for the throughput necessary for rate,
temperature and pressure ranges expected. Impact or MSI should be able to manufacture the
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two phase separator equipment required.  Appendix B, page B-8 contains some of MSI’s
information.

The rotary screw compressor is marketed by Kaeser. More information can be obtained at
http://us.kaeser.com/Products. The closest distributor is MIS Group, Inc. The phone number is
(713) 671-9565. The address is 9402 North Loop E, Houston, TX 77029-1228. Or the Kaeser
number is (800) 777-7873. Some more compressor information is contained in Appendix B on
page B-9.

The booster pump is manufactured by Haskel. It has the capability to pressure gases at 60 psi to
9000 psi. It is pressure driven. The contact information is Haskel International, Inc., 100 East
Graham Place, Burbank, California 91502. The phone number is (818) 843-4000. The fax
number is (818)556-2549. Their web page is www.haskel.com. Information on this pump
begins on page Appendix B-13.

The oxygen analyzer can be purchased from Alpha Omega Instruments Corporation. It is located
at 30 Martin Street, Cumberland, RI 02864. The phone number is (800) 262-5977. The web
site is http://www.aoi-corp.com. The analyzers which could be used are Series 2520 & 3520
Portable Oxygen Analyzers. The product information sheet is in Appendix B on page B-12.

Figure 4 shows the ancillary equipment that might be required for extracting nitrogen from air.
Some of the equipment is described above. The remainder is included below.

The combination engine with compressor can be purchased from Kaeser. Their contact
information is P. O. Box 2143, 96410 Coburg, Germany. The phone number is 49-9561 640-0.
The fax number is 49-9561 640130. The web page is www.kaeser.com. Information on this
combination is in Appendix B beginning on page Appendix B-22.

For the miniature air cooled heat exchangers, www.wholesalehydraulics.com is a good source.
They market several brands—American Heat Transfer, American Standard Thermal Transfer,
and Young Radiator for example. These are all manufacturers of miniature air cooled heat
exchangers. Depending on the model, cooling rates range from 1 to 1000 gpm. They do not
have brochures that one can download but they do have brief descriptions of several of their heat
exchangers.

The toll free number is 1-800-329-6888. E-mail is info@wholesalehydraulics.com. The parent
company is Advanced Fluid Power, Inc. It is located in Mobile, Alabama. Advanced Fluid
Power, Inc. has over 75 years of combined experience. The address is 1-10 Industrial Parkway,
Theodore, Alabama 36582. Examples of their product lines are in Appendix B on page B-6.

If one chooses a reciprocating compressor, it can be provided by Dresser Rand or GE. The
Dresser contact information is Dresser-Rand, West8 Tower Suite 1000, 10205 Westheimer Road,
Houston, TX 77042. The phone number is (713) 354-6100. An example of their reciprocating
compressor is shown in Appendix B on page B-11.

Now that the compressors and ancillary equipment have been reviewed, what are the exhaust gas
fluid properties which might be utilized in the underbalanced drilling operations?
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Fluid Properties

Exhaust Gas

A physical properties study of the typical cleaned up exhaust gas is made up of 87 % Nitrogen
and 13 % Carbon Dioxide was conducted. See Figure 1 above. Some of the exhaust gas
mixture physical properties were determined and are included in Table 1 below.

Table 1: 87 % Nitrogen + 13 % Carbon Dioxide Mixture Physical Properties

Normal Freezing Gas Phase Liquid Phase
Point Properties Properties Triple Point Critical Point
(1 atm) @ 68°F& @1 atm| @ B P& @ 1 atm

English Units

Latent Heat
Temp. of
Vaporization

Specific Specific

Heat |Temp. Pressure|Temp. Pressure|Density
(Cp)

Specific
Gravity

Specific

Substance Mol. °F BTU/Ib Air=1 Ul BTOU/lb

Weight °F E °F psia °F psig | Ib/cu ft

N + CO, Mixture ~ 29.40 ‘-273.3‘ ! ‘ 12.95 ‘-373.0 1.00 ‘-178.9’ 1073.4 ‘ 25.99 ‘

The phase diagram for exhaust gas is shown in Figure 6. The nitrogen—carbon dioxide mixture
is shown in black. The important features are that it goes supercritical at -180 . Low
temperatures are required to drive it to the supercritical region. The carrying capacity of this
fluid might be lower compared to carbon dioxide since the molecular weight is 29 while it is 44
for CO..

U111V Ty

Pressure (psig)

Figure 6: 87 % Nitrogen + 13 % Carbon Dioxide Mixture Phase Diagram
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On Figure 6 the nitrogen phase diagram is included for reference. It is depicted in green. The
conversion of 1 ft* of this mixture would be between that of carbon dioxde—533 ft* and that of
nitrogen which is 694 ft* at 60°F and 14.696 psi. If one assumes each element contributes its
respective amount of volume to the expansion, then the number would be 673 ft* (0.87 *694 ft*
+0.13 * 533 ft*), however it is unclear if one can really assume that the mixture would vaporize
in this manner.

Sample Of Expanded Physical Properties—Nitrogen + Carbon Dioxide Mixture

The table shows some more physical properties of the 87 % nitrogen + 13 % carbon dioxide
mixture. The differences at these two temperatures—60 and 70°F—are slight. These two
temperatures were chosen because they are the ambient temperature range which might be most
frequently encountered.

Table 2: Expanded 87 % Nitrogen + 13 % Carbon Dioxide Mixture Physical Properties List

Temp., | Press.,, | Density, | Enthalpy, Entropy, Heat Capacity, Heat Capacity,
°F psig lbm/ft® | (Btu/lbm) (Btu/lbom-°R) | C,(Btu/lom-°R) | C,(Btu/lbm-°R)

60 0 0.08 139.93 1.5185 0.17457 0.24257

100 0.61 139.07 1.3782 0.17516 0.24601

1000 5.50 131.67 1.2187 0.17997 0.27792

2000 10.88 124.81 1.1604 0.18419 0.30948

3000 15.73 119.84 1.1239 0.18724 0.32979

4000 19.83 116.71 1.0978 0.18950 0.33932

5000 23.21 115.01 1.0780 0.19132 0.34239

6000 26.00 114.36 1.0623 0.19293 0.34232

8000 30.35 115.06 1.0384 0.19589 0.33924

10000 33.62 117.34 1.0205 0.19865 0.33582

70 0 0.08 142.36 1.5231 0.17477 0.24275

100 0.60 141.53 1.3829 0.17532 0.24602

1000 5.37 134.45 1.2239 0.17987 0.27614

2000 10.61 127.88 1.1663 0.18388 0.30585

3000 15.34 123.11 1.1301 0.18685 0.32545

4000 19.37 120.08 1.1042 0.18908 0.33521

5000 22.71 118.42 1.0845 0.19090 0.33883

6000 25.49 117.77 1.0687 0.19251 0.33930

8000 29.85 118.44 1.0448 0.19545 0.33697

10000 33.14 120.69 1.0269 0.19819 0.33398

100 0 0.07 149.65 1.5374 0.17535 0.24328

100 0.56 148.91 1.3966 0.17582 0.24612

2000 5.03 142.66 1.2390 0.17970 0.27176

3000 9.87 136.92 1.1829 0.18319 0.29684

120 0 0.07 154.52 1.5460 0.17575 0.24365

100 0.54 153.83 1.4052 0.17618 0.24625

1000 4.83 148.07 1.2485 0.17969 0.26945

2000 9.45 142.80 1.1932 0.18290 0.29206

3000 13.67 138.93 1.1587 0.18546 0.30828

The 60 and 70°F enthalpy curves are depicted in the Figure below. Note the similarity at the two
temperatures reported. There is, however, some separation.
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Figure 7: 87 % Nitrogen + 13 % Carbon Dioxide Enthalpy Curves

The 60 and 70°F entropy curves for the nitrogen—carbon dioxide mixture are shown in the
Figure below. Unlike the enthalpy curves the entropy curves are essentially on top of each other.
See Figure 8.
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Figure 8: 87 % Nitrogen + 13 % Carbon Dioxide Mixture Entropy Curves
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The 60 and 70  density-pressure plots are included for the nitrogen—carbon dioxide mixture.
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Figure 9: 87 % Nitrogen + 13 % Carbon Dioxide Figure 10: 87 % Nitrogen + 13 % Carbon Dioxide
60 Degree F Density Curve 70 Degree F Density Curve

Because they are so close, the plots are shown separately. The density values for 100 and 120
are depicted in Figure 11 below. The 120  values are shown in magenta. Note that there is
some divergence between these curves.

Figure 11: 87 % Nitrogen + 13 % Carbon Dioxide 100 & 120 Degree F Density Curves

The constant volume heat capacities at 60 and 70  are also shown separately because they too
are also very close. The variances are slight throughout the pressure range investigated.
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The heat capacities for 60 and 70°F at constant pressure are shown in the Figure below. Note
that in the pressure range (Highlighted by red line) important for this work the differences are
almost indistinguishable.
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Figure 14: 87 % Nitrogen + 13 % Carbon Dioxide Constant Pressure Heat Capacities

Flue Gas

Flue gas was also reviewed. It is defined as the gas that exits to the atmosphere via a flue, which
is a pipe for conveying exhaust gases from a fireplace, oven, furnace, boiler or steam generator.
Quite often, it refers to the combustion exhaust gas produced at power plants. The emissions are
different for each source.

Flue gas emissions from fossil fuel combustion refer to the combustion product gas resulting
from 10 to 25 volume percent or more of flue gas. Its composition depends on what is being
burned, but it will usually consist of mostly nitrogen (typically more than two-thirds) derived
from the combustion air, carbon dioxide (CO,) and water vapor as well as excess oxygen (also
derived from the combustion air). This is closely followed in volume by water vapor created by
combustion of the hydrogen in the fuel with atmospheric oxygen. Much of the 'smoke' seen
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pouring from flue gas stacks may in fact be water vapor forming a cloud as it contacts cool air.
It further contains a small percentage of pollutants such as particulate matter, carbon monoxide,
nitrogen oxides and sulfur oxides.

A typical flue gas from the combustion of fossil fuels will also contain nitrogen oxides (NOy),
sulfur dioxide (SO,) and particulate matter. The nitrogen oxides are derived from the nitrogen in
the air as well as from any nitrogen containing compounds in the fossil fuel. Sulfur dioxide is
derived from any sulfur-containing compounds in the fuels. The particulate matter is composed
of very small particles of solid materials and very small liquid droplets which give flue gases
their smoky appearance.

At power plants, flue gas is often treated with a series of chemical processes and scrubbers,
which remove pollutants. Electrostatic precipitators remove particulate matter and flue gas
desulfurization captures the sulfur dioxide produced by burning fossil fuels, particularly coal.
Nitrogen oxides are treated either by modifications to the combustion process to prevent their
formation, or by high temperature or catalytic reaction with ammonia or urea. In either case, the
aim is to produce nitrogen gas, rather than nitrogen oxides.

The steam generators in large power plants and the process furnaces in large refineries,
petrochemical and chemical plants, and incinerators burn large amounts of fossil fuels and
therefore emit large amounts of flue gas. The table below presents the total amounts of flue gas
typically generated by the burning of fossil fuels such as natural gas, fuel oil and coal. Data in
the table were obtained by stoichiometric calculations. (Gas Emissions)

Table 3: Flue Gas Generated By Fossil Fuel Combustions

Combustion Data Fuel Gas | Fuel Oil | Coal
Fuel Properties:

Gross heating value, Btu/scf 1,093

Gross heating value, Btu/gal 150,000

Gross heating value, Btu/lb 11,150
Molecular weight 18

Specific gravity 0.9626

Gravity, °API 15.5
Carbon/hydrogen ratio by weight 8.1

weight % carbon 61.2
weight % hydrogen 4.3
weight % oxygen 7.4
weight % sulfur 3.9
weight % nitrogen 1.2
weight % ash 12.0
weight % moisture 10.0

Combustion Air:
Excess combustion air, % 12 15 20
Wet Exhaust Flue Gas:
Amount of wet exhaust gas, scf/10° Btu of fuel 11,600 11,930 | 12,714
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CO, in wet exhaust gas, volume % 8.8 12.4 13.7
0, in wet exhaust gas, volume % 2.0 2.6 3.4
Molecular weight of wet exhaust gas 271.7 29.0 29.5
Dry Exhaust Flue Gas:
Amount of dry exhaust gas, scf/10° Btu of fuel 9,510 10,600 | 11,554
CO; in dry exhaust gas, volume % 10.8 14.0 15.0
O, in dry exhaust gas, volume % 2.5 2.9 3.7
Molecular weight of dry exhaust gas 29.9 30.4 30.7

Note: scf is standard cubic feet at 60 °F and 14.696 psia.

It is of interest to note that the total amount of flue gas generated by coal is only 10 percent
higher than the flue gas generated by natural gas. This means that changing to gas fired
electrical plants will have virtually no impact on air emissions released.

Also in the US there are a range of emerging technologies for removing pollutants emitted from
power plants. One of these is the deployment of technologies to remove mercury from flue
gas—typically by adsorption on sorbents or by capture in inert solids as part of the flue gas
desulfurization product. There is very little performance data from large-scale industrial
applications of such technologies. None has achieved significant worldwide market penetration
so valid conclusions based on this implementation are premature.

Conclusions and Recommendations

History has shown that successful underbalanced drilling applications using exhaust gas have
been applied for over two decades. A brief review of available diesel and propane powered
generators indicates that the exhaust gas rate is sufficient to be applied with Impact
Technologies” FLASH ASJ system. The ancillary equipment required for safe operation of an
exhaust gas drilling system is also available. If one wanted to pursue the flue gas system for
underbalanced drilling, it is expected that similar equipment would be required to use flue gas as
that for exhaust gas drilling. The equipment required for nitrogen-carbon dioxide systems which
haven’t been combusted also are available.

It is recommended that serious consideration of the exhaust gas and nitrogen systems be
undertaken.
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Appendix A—Example Generator Brochures
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ALTERNATOR

Specification

1500RPM 50HZ

Type

Exciter type

Voltage regulator
Voltage regulation
Insulation
Protection

Rated power factor
Stator winding
Winding pitch
Winding leads

4-Pole, Rotating Field

Brushless, Self excited

Solid State, Volts/Hz
1.0%

Class H

P23

0.8

Double layer concentric

Two thirds
12

® Alternators meet the requirement of BS EN 60034 and the
relevant section of otherinternational standards such as
BS5000, VDEOS20, NEMAMG1-32, IEC24, CSAC22.2-100,
As1359, and other standards and certifications can be
considered on request,

® The 2/3 pitch design aveids excessive neutral currents, With the
2/3 pitch and carefully selected pole and tooth designs,
ensures very low waveform distortion.

® Brushless alternator with brushless pilot exciter for excellent
loadresponse,

® Theinsulation systemis class H, easy parallelling with mains or
other generators, standard 2/3 pitch stator windings avoid
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AIR 1.
PRODUCTS Z=

PRISM® ALPHA MEMBRANE

NITROGEN GENERATION
DESIGN & REFERENCE MANUAL

AIR PRODUCTS AND CHEMICALS, INC.
PRISM MEMBRANES
11444 . ACKLAND ROAD
ST. LOUIS, MISSOURI 63146

PHONE: 314-995-3300 OR 800-635-8842
FAX: 314-995-3500

Copyright Air Products and Chemicals Inc., 2010
Prism is a registered trademark of Air Products and Chemicals, Inc.
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1.0 SAFETY

The PRISM® Alpha membrane is utilized for the production of high purity nitrogen gas
(0.1-5% oxygen impurity). The nitrogen product and oxygen-enriched waste streams
produced by the membrane can be hazardous if proper precautions are not taken.

Gaseous nitrogen is colorless, odorless, inert, tasteless, non-corrosive, and non-
flammable. Nitrogen is non-toxic but can act as an asphyxiant by displacing the
necessary amount of oxygen in the air to sustain life (a minimum of 19% oxygen is
required for life support). Safety procedures must be established and followed before
entering any enclosed or poorly ventilated area containing nitrogen generating equipment
or piping. WARNING: The nitrogen gas generated by the membrane cannot
support life.

The waste gas stream of the membrane can be enriched with oxygen concentrations as
high as 50%. While oxygen itself will not burn, it will readily support the combustion of
materials, which under normal circumstances would not burn, and it will accelerate the
burning of materials, which will burn, such as many building materials and clothing. All
oxygen-enriched streams from the membrane must be vented outdoors, at least 12 feet
(3.7 meters) above grade, into an area that will minimize contact with personnel and
equipment. The oxygen-enriched gas should be vented away from any enclosures, any
areas with inadequate air circulation, or areas near combustion sources.

After installing the membrane separators, the piping containing nitrogen must
immediately (upon start-up) be thoroughly leak-checked to prevent the possibility of
nitrogen leakage into the area surrounding the equipment. WARNING: Nitrogen leaks
into confined areas may result in a decrease of the oxygen content below safe
breathing levels.

WARNING: Operation of the PRISM Alpha membrane separator above the rated
design pressure or temperature may be hazardous. Do not connect it to compressed
air sources that can exceed its maximum rated pressure without installing
appropriate pressure controls and safety relief devices in the compressed air supply
line.

Specific procedures must be developed for maintenance of the equipment on which the
membrane separator is located. Appropriate labels must be continuously displayed in all
areas where personnel might be exposed to a nitrogen atmosphere under normal or upset
conditions.

Note: Disassembly of the PRISM Alpha membrane separator should not be attempted
without express permission of an Air Products PRISM membrane service representative.
Failure to obtain permission may void the warranty or cause damage to the separator.
Specific procedures must be followed during the disassembly/reassembly operation.
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Self-locking clamp nuts on the v-band clamps retaining the removable end caps on
the DE8100 and DE8060 must not be re-used for safety reasons.

For additional information see
e Safety Grams at this link:
o Safetygram - Gaseous Nitrogen
o Safetygram - Dangers of Oxygen-Deficient Atmospheres
o Safetygram - Oxygen and Oxygen-Enriched Mixture Hazards
e Material Safety Data Sheets (MSDS) at this link
o Nitrogen Material Safety Data Sheet (MSDS)
o Oxygen Material Safety Data Sheet (MSDS)
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http://www.airproducts.com/Responsibility/EHS/ProductSafety/ProductSafetyInformation/safetygrams.htm
https://apdirect.airproducts.com/MSDS/Default.aspx

2.0 PRISM® ALPHA MEMBRANES

2.1 How PRISM Alpha Membranes Work

The PRISM Alpha membrane uses asymmetric hollow fiber membrane technology to
separate and recover nitrogen from compressed air. Atmospheric air contains 78%
nitrogen, 21% oxygen, and 1% other gases. The PRISM Alpha membrane uses the
principle of selective permeation to produce high purity nitrogen. Each gas has a
characteristic permeation rate, which is a function of its ability to dissolve and diffuse
through a membrane. Oxygen is a "fast” gas and is selectively diffused through the
membrane wall while nitrogen is allowed to travel along the inside of the fiber, thus
creating a nitrogen rich product stream. The oxygen enriched gas, or permeate, is vented
from the membrane separator at atmospheric pressure. The driving force for the
separation is the difference between the partial pressure of the gas on the inside of the
hollow fiber and that on the outside.

A typical membrane separator contains thousands of fibers, which are bundled and
encased at both ends in epoxy resin. The ends of the bundles are cut which leaves the
fiber bores open on both ends, allowing the gas to travel from one end to the other. The
bundles of fibers are enclosed in a suitable casing (see Typical PRISM Alpha Membrane
Separator Construction Drawing, Section 8.0). The casing protects the fibers and routes
the gas properly from feed to product end.

In the PRISM Alpha membrane separator, compressed air flows down the inside of
hollow fibers. "Fast" gases - oxygen, carbon dioxide, and water vapor, and a small
amount of "slow" gases, pass through the membrane wall to the outside of the fibers.
They are collected at atmospheric pressure as the permeate, or waste stream, and should
be vented to a safe location (see Safety, Section 1.0). Most of the "slow" gases and a very
small amount of the "fast" gases continue to travel through the fiber until they reach the
end of the membrane separator, where the product nitrogen gas is piped to the
application.
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3.0 FEED AIR SUPPLY

3.1 Feed Air Quality

The feed gas for a membrane separator system is typically compressed air at a pressure of
60 psig (4.1 barg) to as high as 350 psig (24.1 barg), which may be supplied from a plant
air system or a dedicated compressor. Depending on the source, the air may contain
various contaminants, the most common of which are water and compressor lubricants.
Atmospheric pollutants, particularly in heavily industrialized areas, may also be present.

Air entering the compressor carries with it dust, atmospheric contaminants, and water
vapor. Inside the compressor, oil aerosols, vapors, and other solid particles resulting
from compressor wear may be added to the compressed air stream. The compressed air
should be treated to remove any condensed liquids, entrained mists, and solid particulates
before entering the membrane separator. Occasionally vapor phase contaminants will
also have to be removed from the feed stream. The degree of clean-up required depends
upon the particular contaminants present, the effects those contaminants will have on the
performance and lifetime of the membrane separator, and the final nitrogen purity
requirements.  Pre-treatment steps typically include cooling, filtration, and final
temperature and/or pressure control.
Air Inlet Specifications

Component Continuous Maximum ppm by Volume
Hydrogen 10

Carbon Monoxide 35

Carbon Dioxide 350
Methane 10
Acetylene 1.0

Ethane 1.0
Ethylene 1.0
Propylene 1.0
Propane 1.0
Butane and heavier hydrocarbons 0.1
Particulate Matter 2.5 mg/m3

The above contaminants will not harm the membrane material, even in much greater
concentrations. They will all permeate across the membrane to varying degrees. For
cases where concentrations are higher than listed there may be residual contaminants in
the nitrogen gas stream. Consult Air Products PRISM® Membranes for technical advice.

QOP-43-06 Rev. B



If any of the contaminants listed below exist, consult Air Products PRISM Membranes.

Sulfur Dioxide

Hydrogen Sulfide

Mercaptans

Ammonia

Chlorides or Chlorine

Oxides of Nitrogen (NO or NO9)

Acid Fumes
Solvent Vapors
Coal Dust
Smoke / Soot
Ozone

In some cases, it may be desirable to treat the compressed air before it enters the

membrane separator(s) with one of the following:

o Air dryers (refrigeration, desiccant, or membrane) to reduce water vapor / prevent
condensation

o Activated carbon adsorption filters to remove oil vapors

e Molecular sieve beds to remove undesirable chemical vapors

3.2 Compressor Selection

The typical air compressor used on membrane separator systems is an air-cooled, oil
flooded rotary screw machine operating at normal pressures between 60 psig (4.1 barg)
and 350 psig (24.1 barg). In some cases, specifically when trace amounts of compressor
oil are not permitted in the final nitrogen product gas, "oil-free” compressors (including
dry screw, non-lubed reciprocating, or centrifugal compressors) may be required. It is
important to determine the effect, if any, on user's product quality or on process safety
when ppm (parts per million) levels of compressor lubricant are present in the final
nitrogen gas. Activated carbon adsorbers may also be used to remove hydrocarbon and
lubricant vapors, as well as other potential vapor phase contaminants, from the air supply
or product stream.

3.3 Air Receiver Tank

An air receiver tank or water separator equipped with an automatic drain is normally
installed downstream of the compressor. These devices serve as knockouts for bulk
liquids that condense after compression and aftercooling, thereby reducing the load on
the filtration system and minimizing the chance for liquids to reach the membrane
separator. Liquid oil on the membrane will cause fouling and significantly decrease the
system performance, resulting in reduced nitrogen flow or off-specification purity. In
addition, the air tank provides buffer volume for the compressor controls in order to
reduce the air pressure fluctuations. Since the membrane separation process is steady
state and continuous, the air tank need not store a large volume of compressed air.
Follow compressor manufacturer recommendations for minimum tank volume.
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3.4 Compressor Installation

Air compressors must be installed according to manufacturer's recommended
instructions. For indoor installations, locate the machine the proper distance from walls
and corners. This installation practice will assist in preventing compressor overheating
due to poor ventilation and will provide adequate maintenance clearance. Ducting
compressor cooling air into and out of the building is recommended to prevent heat
buildup and negative room pressures, especially in confined areas. Water-cooled
aftercoolers may be necessary in installations where ventilation is restricted or where
high ambient temperatures are common.

WARNING: Operation of the PRISM Alpha membrane separator above the rated
design pressure may be hazardous. Do not connect it to compressed air sources that
can exceed its maximum rated pressure without installing appropriate pressure
controls and safety relief devices in the compressed air supply line.

Care should be taken so that the air compressor does not ingest hydrocarbon vapors or
fumes or excessive dust. If necessary, special intake filters for removal of the foreign
matter should be installed, or if possible, the air source should be piped from a remote
location where uncontaminated air is available.

3.5 Condensate Disposal

Provisions must be made for proper disposal of the oily water condensate that will be
present if a lubricated compressor is used. Dumping oily condensate into municipal
sewers generally is not permitted.
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4.0 DESIGN

4.1 Design Considerations

Requested separator model performance tables are attached. In sizing for the required
nitrogen flow, the operating pressure drop across all upstream filters and regulators must
be accounted for when determining the feed pressure to the membrane separator. The
typical time-to-change filter element pressure drop of 10 psid (0.7 bard) will rarely be
encountered with the recommended six-month element change schedule. If the pressure
fluctuates and no pressure regulator will be used, size the membrane separator based on
the lowest feed air pressure that will be encountered. If the range of the pressure
fluctuation is more than 10% of the minimum pressure, it is advisable to install a pressure
regulator before the filter to eliminate the fluctuation.

The "operating temperature” is the average membrane separator temperature. The design
temperature loss is 10°F (6°C) across a membrane separator, even in a heated enclosure.
Therefore, to achieve an average membrane separator temperature of 115°F (46°C), it
should be fed with air that has been heated to 120°F (49°C), and the temperature drop
across the separator must be no more than 10°F (6°C)

4.2 Nitrogen Production

The requested separator model performance tables are attached. These tables show the
volume flow of nitrogen that can be produced by a given membrane separator at a variety
of temperatures and pressures, with purities ranging from 95-99.5% oxygen-free gas.
Consult Air Products PRISM Membranes for those applications requiring purities greater
than 99.5%. The tables also indicate the volume flow of feed air required at each
condition. IMPORTANT: The design pressure shown on the performance tables is the
pressure at the inlet to the membrane separator (i.e., the pressure after any filters and/or
regulators and/or feed air heaters). These tables represent the estimated OEM
performance.

In order to determine what size membrane separator is required for an application, the
following must be determined:

e Nitrogen Purity and Flow Requirements

e Auvailable Feed Pressure and Flow

e Desired Nitrogen Usage Pressure

e Ambient Extremes

e Nitrogen Usage Pattern (Continuous or Intermittent)
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4.3 Enriched Oxygen Production

PRISM Alpha membrane separators can be used to produce oxygen-enriched air, with
oxygen levels ranging from 25-50% oxygen. The oxygen-enriched air exits the permeate
port, and is at ambient pressure. Please contact Air Products PRISM Membranes to
determine the appropriate size membrane separator for your application. The following
information is required:

e Oxygen-Enriched Air Purity and Flow Requirements

e Auvailable Feed Pressure and Flow

e Ambient Extremes

e Oxygen-Enriched Air Usage Pattern (Continuous or
Intermittent)

4.4 Pressure Effects

Any size PRISM Alpha membrane separator will produce more nitrogen and consume
more compressed air when fed with higher pressure. The recovery of the membrane
separator (nitrogen/air ratio) will increase as it is fed with higher-pressure air. See the
pressure sensitivity graph in Section 10.1.

4.5 Temperature Effects

Any size PRISM Alpha membrane separator will produce more nitrogen when operated
at a higher temperature, but will also consume a relatively greater quantity of compressed
air (reduced recovery). Please refer to the temperature sensitivity graph in Section 10.2.
The membrane separator must be operated at a temperature that is, at a minimum,
10°F (6°C) greater than the dew point of the feed air. This is necessary to ensure that
water vapor and oil vapor in the feed air will not condense on the membrane. LIQUID
OIL WILL PERMANENTLY DAMAGE THE MEMBRANE. The membrane can
tolerate liquid water, but the performance will decline when wet and will not return to
specification until clean, dry air has been run through it for a sufficient amount of time to
dry the fiber. Any water or oil that is introduced to the membrane separator must remain
in vapor form while in contact with the membrane.

The maximum discharge temperature expected from the compressor should dictate the
membrane separator operating temperature.  Air Products PRISM Membranes
recommends a normally closed inlet valve wired to close if there is less than a 10°F (6°C)
differential between the inlet air and the membrane separator operating temperature. This
valve should be placed upstream of the membrane separator in order to protect it from
damage due to hot feed air. Refer to Section 5.3 for additional information on the inlet
valve.
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4.6 Purity Effects
The PRISM Alpha membrane is more efficient when producing product containing

greater concentrations of oxygen. Typical membrane N2 recovery at 120 psig (8.3 barg)
and 115°F (46°C) is:

Recovery % (N2 flow x 100/Air flow)
N1 separator P3 separator

95% 44% 53%

99% 24% 34%

Nitrogen Purity

For this reason, the membrane separator should be designed using the appropriate purity
for the application. Over-designing for higher nitrogen purity (less oxygen) than required
may result in more and/or larger membrane separators being required, a larger
compressor, and greater power consumption.

4.7 Pressure Drop
The feed-to-N2 product pressure drop across the membrane separator varies with

operating pressure, operating temperature, product purity, and membrane separator
length. The first three parameters all affect the flow through the membrane separator,
and the greater the flow through the membrane separator, the greater the pressure drop.
For example, operating a given membrane separator under given operating conditions at
95% nitrogen will cause a greater pressure drop than operating at 99% nitrogen, due to
the greater quantity of throughput at 95%. Typical pressure drops are listed in the table
below.

Typical Pressure Drop for 95% O2-Free Product at Maximum Separator Temperature

Model Separator Separator Pressure Drop
Temperature Inlet Pressure psid (bard)
°F (°C) psig (barg)
PA6050-N1 180 (82) 220 (15.2) 7 (0.5)
PA4050-N1 130 (54) 220 (15.2) 4 (0.3)
PA4030-N1 130 (54) 220 (15.2) 2 (0.14)
DE8100-P1 130 (54) 220 (15.2) 10 (0.7)
DE8060-P1 130 (54) 220 (15.2) 6 (0.4)
PA4050-N1 130 (54) 220 (15.2) 4 (0.3)
PA4030-N1 130 (54) 220 (15.2) 2 (0.14)
PA3030-N1 130 (54) 220 (15.2) 2 (0.14)
PA3020-N1 130 (54) 220 (15.2) <1 (<0.07)
PA3010-N1 130 (54) 220 (15.2) <1 (<0.07)
PA1020-P1 130 (54) 220 (15.2) <1 (<0.07)
PA1010-P1 130 (54) 220 (15.2) <1 (<0.07)
PA6050-P3 180 (82) 220 (15.2) 5 (0.35)
PA4050-P3 130 (54) 220 (15.2) 3(0.2)
PA4030-P3 130 (54) 220 (15.2) <1 (<0.07)
9
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4.8 Dew point
Since water is a "fast" gas, most of the water vapor that is fed to the membrane separator

will exit with the oxygen enriched air, or permeate (waste gas). Refer to the graph in
Section 10.3 that indicates the dew point in the nitrogen gas (dependent upon inlet
conditions and nitrogen purity).

4.9 Product Purity Greater Than 99.5%
Consult Air Products PRISM Membranes for those applications requiring product purity
greater than 99.5%.

10
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5.0 MEMBRANE SEPARATOR SYSTEM CONTROLS AND

INSTRUMENTATION
(See Typical PRISM Alpha® Membrane Separator System Flow Diagram - Section 9.0)

5.1 Filtration

Air entering the compressor carries with it dust, hydrocarbon vapors, and water vapor.
Inside the compressor, oil aerosols, vapors, and other solid particles resulting from
compressor wear may be added to the compressed air stream. As the air exits the
compressor, it is cooled in the aftercooler and undergoes further cooling in the piping that
causes oil and water vapors to condense. These liquid contaminants must be removed
prior to entering the membrane separator system in order to ensure stable performance
and long service life.

Coalescing filters must be installed upstream of the membrane separator in order to
remove both bulk and aerosol liquid water and liquid compressor oil:

Filtration must remove solids and liquids 0.01 micron and larger.
Filtration must remove 99.999% of oil aerosols; remaining oil content 0.001 ppm w/w

Filter Construction: Must be fitted with an automatic drain and differential
pressure (time-to-change) indicator.

Typically, 2-3 coalescing filters in series are required to remove the contaminants to the
required levels. It is usually a staged removal process in which each filter is specifically
designed to either precede or follow another specific filter in order to provide the required
contaminant removal.

With proper filtration, the only remaining contaminants in the compressed feed air will be
in the vapor phase, with water and oil possibly at the saturation point.

Coalescing filters can handle limited liquid (oil plus water) and particulate loads. It may
be necessary to install a moisture separator to protect the coalescing filters from flooding
and to ensure a coalescing element life of greater than six months. The moisture
separator must meet the construction specifications for the coalescing filters, and the
efficiency rating must be selected to insure removal to a level that is less than the liquid
loading limit of the coalescing filter that follows. Generally, a moisture separator will not
be required with a well-maintained compressor that includes some mechanism (e.g.,
routinely drained receiver, water separator or filter) to remove liquid water. However,
compressed air quality should always be checked prior to installing a PRISM Alpha
membrane separator. If, after blowing down the lines, the compressed air supply is
visibly contaminated with liquid water, oil, or particulates, a moisture separator must be
installed. A moisture separator must also be installed if experience indicates the
coalescing filter life to be less than six months.

11
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Automatic condensate drains are required for removal of the condensate generated by the
filtration train. Typically, an automatic drain is installed on each filter housing. Float-
type drains are commonly used. Timed drains are sometimes used, but the time intervals
must be set carefully. Opening the drain too frequently and for too long an interval can
reduce the operating pressure and affect membrane separator performance. High liquid
level switches may be installed to detect a drain failure, in which case the system should
be shut down immediately.

To reduce hydrocarbon vapor content, an activated carbon adsorber may be installed after
the liquid removal stages. Food and drug applications or special electronic uses may
require oil vapor removal.

All filters must be sized for the maximum possible inlet flow and rated for the maximum
pressure and temperature that could be encountered. Careful consideration must be given
to all operating conditions (e.g., startup, shutdown, etc) in addition to normal operating
conditions.

5.2 Pressure Regulation

A pressure regulator should be installed before the filtration if the compressed air supply
fluctuates. A fluctuating air supply will cause variations in the product flow rate and
purity. lIdeally, the air supply pressure should be controlled to + 1 psi (0.07 bar).

5.3 Inlet Solenoid Valve

A solenoid valve placed at the membrane separator inlet can act as a safety device if its
position is normally closed. The valve should be wired to open only if the feed air is at
least 10°F (6°C) cooler than the membrane separator operating temperature. This
automatic shut-off will prevent damage and loss of performance due to condensation of
water and oil vapor on the membrane.

5.4 Membrane Separator

The membrane separator will produce nitrogen whether oriented vertically or
horizontally. However, it is important to recognize that the orientation should be made to
prevent the collection of condensate in the feed and permeate ports. Liquid water in the
membrane separator will decrease its performance. It will not permanently damage the
membrane separator, however, unless oil is also present (see Section 4.5). Liquid water
accumulation in the carbon steel end caps of the Model DE8100 and DE8060 membrane
separators may eventually cause particulate formation and severely decrease the
performance and life.

5.5 Feed Air Piping: The orientation of the feed inlet nozzle is important for the model
DE8060 and DE8100 membrane separators. On these models, the inlet nozzle should
always point downward in order to prevent collection of any liquids or particulates on the
membrane.
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5.6 Vent Piping: The performance shown in the performance tables assumes that the
permeate gas exits the permeate port at essentially atmospheric pressure. Therefore, any
vent (permeate) piping should be sized appropriately to prevent backpressure at the
permeate port. The vent lines must be piped outdoors at least 12 ft (3.7 m) above grade to
prevent flammability hazards to nearby personnel and/or machinery. If it is not possible
to pipe the permeate this way, insure adequate ventilation is provided to dilute the
oxygen-enriched gas to safe levels (see Safety, Section 1.0). Vent piping should be
shielded to prevent accumulation of rain or foreign matter. Piping should be configured
such that there is no way for condensate to run backwards into the membrane separator if
condensate forms outside the boundary of the nitrogen system. The opportunity for
condensate to form will be minimized if the membrane separators and vent (permeate)
piping are kept warm during shutdown.

Anaerobic TFE-type pipe thread sealants (SWAK is one common brand name) should not
be used for installation of fittings into the permeate port of the 4-inch and smaller
membrane separators which have ABS shells. These sealants are not compatible with
ABS and will rapidly weaken the mechanical strength of the plastic, generally resulting in
cracking. If fittings are to be installed in the permeate port, it is recommended that the
threads be sealed using standard PTFE tape or seal nuts. Typically, the pressure at the
permeate port will be near atmospheric, so the potential for leakage is minimal.

5.7 Nitrogen Gas Piping: The nitrogen gas outlet nozzle may be oriented in any direction
since the gas is very dry.

Appropriate safety labels should be continuously displayed in all areas where personnel
might be exposed to a nitrogen atmosphere under normal or upset conditions.

5.8 Feed Air Heater

A feed air heater is usually installed after the filters and upstream of the membrane
separator. This enables the membrane separator to be operated at a controlled
temperature that is necessary for steady performance. It also enables the user to operate
at the temperature necessary to obtain the desired performance. Heating is typically
accomplished using an electric resistance heater immersed in the air stream. Other
heating methods include steam, hot water, or other re-circulated fluids that might be
available. The heater should be sized based on the ambient temperature extremes. A
feed air heater is critical when the membrane separator is fed with compressed air that is
saturated with oil and/or water vapor as would typically be the case when fed directly
from a feed air compressor. The membrane separator must operate at a higher
temperature, at least 10 F (6 <), than the compressed feed air in order to prevent
liquid oil and water from condensing on the membrane. If the membrane separator is
operating in a controlled, indoor environment with compressed air that has been treated
with a compressed air dryer to a dew point below the operating temperature of the
membrane separator, it can be safely operated without a heater. However, a greater
volume of nitrogen will be produced using a feed air heater (see attached Performance
Tables).
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Proper safety interlocks should be included which prevent runaway overheating of the
heater. Runaway heaters may result in membrane separator damage, personnel hazards,
or potential fire. The control circuits should be separate and independent from the
protective interlock circuits to provide positive protection in case of heater upset.

5.9 Oxygen Analyzer

An oxygen analyzer will display the level of oxygen in the nitrogen product gas produced
by the membrane separator. The analyzer should be able to send signals to the delivery
and vent solenoid valves in order to prevent off-specification nitrogen from being
delivered to the storage tank or the application.

Dual analyzers or a single fail-safe analyzer should be utilized in safety-sensitive
applications. A calibration bypass valve should be included when dual analyzers are used
in order to allow calibration of one analyzer "off-line” so that neither production of nor
assurance of nitrogen purity is interrupted.

5.10 Flow Meter

A flow meter can be installed downstream of the membrane separator in order to measure
the volume of nitrogen generated. There are a wide variety of flow meters that may be
used. The need for pressure and temperature compensation depends on the type flow
meter used, the location of the flow meter, and the user requirements. If the flow meter is
not temperature and pressure compensated, the flow must be corrected if the nitrogen is
not at the design pressure and temperature of the meter.

5.11 Needle Valve
A needle valve may be installed downstream of the membrane separator in order to
provide a convenient manual flow/purity adjustment.

5.12 Flow Limiting Devices

A backpressure regulator may be used to limit the flow through the membrane separator
so the system cannot be overdrawn. Frequently the backpressure regulator is used for a
coarse flow adjustment, and the needle valve is used for fine-tuning to the desired purity.
This type of device works best where variations in downstream conditions are minimal.

A constant differential pressure flow valve is another device which can be used to limit
the flow through a membrane separator, thereby keeping the oxygen level from
exceeding specification. This device keeps a constant flow through the system regardless
of downstream pressure fluctuations (e.g., changing levels of a nitrogen storage tank).
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5.13 Delivery Solenoid Valve

A solenoid valve may be installed downstream of the back pressure regulator, and can be
wired to "deliver" the nitrogen if it has the correct oxygen content, and to "vent" the gas
if the oxygen concentration is too high. This valve assures the user that if, for some
reason, the membrane separator produces off-specification nitrogen, the nitrogen will be
diverted and not delivered to the application.

5.14 Check Valve

A check valve should be installed if a nitrogen storage tank is used to store nitrogen gas
produced by the PRISM Alpha membrane separator. The check valve will prevent back-
flow and loss of the stored gas through the membrane separator when it is not in
operation. A check valve should also be installed if there is potential for any other
contaminating gases or vapors that may be present downstream to flow back into the
membrane separator.

5.15 Enclosure Heater

If the membrane separator is in an enclosure, an enclosure heater is recommended to keep
it warm. An enclosure heater will allow for a faster start-up (the membrane separator will
reach its maximum flow for a given pressure more quickly) by reducing the warm-up
time required.

The use of an enclosure heater can also minimize or eliminate the need to insulate the
membrane separator in order to minimize temperature loss and thereby attain the
expected performance.

5.16 Nitrogen Storage Tank
A nitrogen product receiver tank may be desirable in order to provide storage of nitrogen
gas. The tank should be sized appropriately for peak usage periods that exceed the
membrane separator capacity or as backup during brief equipment downtimes. Use the
following formula to size the tank:

Define:

Storage Pressure = P (Generally storage pressure equals N2 discharge pressure)

Usage Pressure = P1
Desired Storage Volume in SCF (standard cubic feet )

Calculate tank size required :

Volume(SCF)x14.7
(P2-P1)

Note: To convert tank size from cubic feet to gallons, multiply the above result by
7.5.
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5.17 Piping - General

All pipe and pipe threads should be clean and free of rust, welding slag, particulates,
grease, water, or cutting oils before connection to the membrane separator system. Dirt,
grease, and scale that enter the membrane separator may cause premature fouling or
failure of the filtration system, resulting in temporary or permanent loss of nitrogen flow
or off-specification purity.

As noted in section 5.6, anaerobic TFE-type pipe thread sealants should not be used on
the permeate ports of the 4” and smaller membrane separators as they are incompatible
with the ABS shell material.

A typical PRISM Alpha membrane separator system flow diagram is shown in Section
9.0.
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6.0 PRE-INSTALLATION, START-UP AND OPERATION

6.1 Pre-Installation
PRISM Alpha® membrane separators can be used with oil lubricated, water lubricated,
and non-lubricated compressors.

Before installing the membrane separator, verify the following:

a) The maximum pressure that could be encountered is less than the pressure rating
of all the system components, including the membrane separator.

b) The maximum temperature that could be encountered is less than the temperature
rating of all the system components, including the membrane separator.

c) The line sizes are adequate for the expected flows and allowable pressure drop.

d) The inlet air meets the specifications as described in Section 3.1.

Open the compressed air line at the connection point and allow any accumulated water,
oil, or particulates to blow out. Use extreme caution to prevent accidents or injuries
during this operation.

If, after blowing out the line, the compressed air is visibly contaminated with water, oil,
or particulates, a moisture separator (sized for the supply air flow and pressure) must be
installed before the coalescing filters to protect the membrane and prolong the filter life.

A shut off valve (ball or gate valve) of the same size as the supply line should be installed
before the filter and membrane separator so they can be isolated.

Connect the nitrogen rich gas to a storage tank or directly to the application. Route the
filter drain line to a suitable location.

6.2 Start-up and Operation
Open the air supply to the membrane separator and check for any leaks. Nitrogen leaks
in enclosed or confined areas can be fatal. Some automatic drains may leak air until the
pressure builds up to about 10 psig (0.7 barg). It will then seal, except when discharging
accumulated water and oil.
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The filter differential pressure indicators and drains should be inspected on a regular
frequent schedule. If the filter differential pressure indicator shows high differential
pressure on either the moisture separator (if applicable) or the coalescing filters, all of the
filter elements must be changed. It is recommended that replacement filter elements be
kept in inventory as spares. If the coalescing filter elements’ life is consistently less than
six months and the sizing confirmed to be correct, a moisture separator should be
installed. If the filters' life remains less than six months with a moisture separator
installed, compressor maintenance or excessive line corrosion and/or contamination is
indicated. If any decrease is observed in the drain rate of the filter, it should be
depressurized and the bowl removed. If the liquid level in the bowl is above the
automatic drain float, the drain is not operating properly and should be replaced.

Filter elements should be replaced on a regular schedule, preferably every six months,
and at least once per year. When replacing the filter element, wash the filter bowl and
automatic drain with warm soapy water to remove any accumulated oil. Fill the bowl
during washing to verify the automatic drain is operating.

For extended shut down of the membrane separator, turn off the air supply and allow the
pressure to decrease. Shut off the power to the system (de-energizing the heaters,
solenoids, analyzers, etc.)

6.3 Intermittent or Cyclic Operation

When a PRISM Alpha membrane separator is de-pressurized, air from the atmosphere
may enter through the permeate vent piping. On restarting, the air in the membrane
separator will result in a short period of higher-than-design oxygen in the product gas
stream. There may also be a short delay before the membrane separator "warms-up™ to
its design temperature. This delay can be minimized through the use of insulation and
heated enclosures.
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7.0 MAINTENANCE

The membrane separator system is a relatively simple, passive device with few moving
parts that require maintenance. However, it is important to remember that the system
operates under pressure, and proper precautions (including system depressurization and
positive isolation from external pressure sources) must be taken any time piping
connections or filter housings must be disconnected or any maintenance performed.
Failure to do so could result in injury to operating and maintenance personnel.

The recommended routine maintenance is as follows:

a) Replacement of the filter elements every six months if the air supply is not
clean, with a minimum frequency of annual replacement (regardless of air
quality).

b) Replacement of the oxygen analyzer sensor, if an analyzer is used and the
sensor is the type that requires regular replacement.

There are no repairable components within the PRISM® Alpha membrane separator, and
any attempt to disassemble it could lead to damage and void the warranty.

To ensure the performance of the PRISM Alpha membrane separator and to obtain
maximum compressor life, all compressor maintenance schedules recommended by
the compressor manufacturer should be followed.

7.1 Filter Elements

If the filter differential pressure indicator gives a "time-to change" indication on any
filter, all of the filter elements must be changed. Continuing to operate for an extended
period after any of the differential indicators have indicated "time-to-change" could result
in low air pressure, and consequently high oxygen content, as well as permanent loss of
performance due to reduced removal efficiency of the filters. Continued operation in this
mode will eventually cause failure of the filter elements and more rapid and severe
contamination of the membrane separator.

Visual inspection of the filter elements should be performed periodically to verify the
elements’ integrity. If there is no change in the differential pressure indicators after a
long period of operation, the elements may be damaged, and the air may be bypassing the
elements.

7.2 Filter Automatic Drains

If a high water level is observed in a filter, the automatic drain is not functioning
correctly and the membrane separator system should be shut down. Extended operation
with malfunctioning automatic drains could result in liquid water and oil entering the
membrane separator. These contaminants will lead to high oxygen content in the
nitrogen stream as well as damage to the membrane separator, so inspections should be
frequent. See Section 5.1 concerning the use of high liquid level switches.
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7.3 High Oxygen Content in the Nitrogen Gas

Before attempting to troubleshoot the PRISM Alpha membrane separator, verify that the
nitrogen usage is at or below the design level. High flow will result in high oxygen
content.

Another possible cause of off-specification nitrogen is low feed air pressure, due either to
low pressure at the filters or a high-pressure drop across the filters. The latter will be
indicated on the differential pressure indicator.

High oxygen content may also be caused by failure of the automatic drains as discussed
in section 7.2.

7.4 Oxygen Analyzer

There are several types of oxygen analyzers that may be selected for use with the PRISM
Alpha membrane separator. Some analyzers use a fuel cell that will expire and must be
replaced. A regular replacement schedule is recommended for the fuel cell if this is the
case. An expired fuel cell cannot be calibrated, may fail instantaneously (will not slowly
decline), and many fuel cells in the failure mode indicate the product purity is better (less
oxygen) than the actual purity. For this reason, regular calibration and replacement
schedules are critical. Safety sensitive applications should use dual analyzers (see
Section 5.9).

Contact Air Products PRISM Membranes (314-995-3300 or 1-800-635-8842) for
additional technical assistance with membrane applications.
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10.0 OPERATING VARIABLES

Pressure Sensitivity
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Temperature Sensitivity
PRISM®Alpha Performance
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11.1 1to 4 Inch Diameter PRISM Membrane Installation Guide

oo £

1 to 4 Inch Diameter PRISM® Membrane Installation Guide

< Vv

Use Teflon Tape Only

@ | | | -_77 7/.; ‘/' . | | | ’ | .
i '
Seal Nut Hand Tight Threaded

Recommended Engagement Only Too Deep

Do Not Block
Vent Ports

Vertical
Orientation v

QOP-43-07 (PRISM Membrane Installation Guide) Page 1 of 2
Rev C
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11.2 PA6 PRISM Membrane Installation Guide

PA6 PRISM® Membrane Installation Guide

PA6050-xx-8C-xx PA6050-xx-8B-xx

"8C" = 1 inch SAE "gB" = 1 inch BSPP
For use with SAE J1926/1  For use with ISO 228:1 (E)
i 1 5/16-12 fittings with 1" BSPP (G1) fittings with
Do Not Use Pipe Thread Sealant o-ring seal. gasket seal.
Use Teflon Tape
Do Not Rotate Cap Observe Flow Direction

Do Not Block
Vent Port(s)

For More Information

To learn more about our global gas generation capabilities or to tell us more about your needs, contact us at:

Air Products and Chemicals, Inc.
PRISM Membranes

11444 Lackland Road

St. Louls, MO 63146-3544

Tel 800-635-8842

Fax 314-995-3500

© Air Products and Chemicals, Inc., 2009 (31421}

tell me more

www.airproducts.com/membranes

Page 2 of 2
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Introduction

The purpose of this work is to report existing and determine new viscosities of Xanvis L for use
in the Impact Technologies, LLC FLASH ASJ™ drilling system. Also to derive viscosity
equations for fresh water and brines for use when Xanvis L laboratory viscosities have not been
measured.

Literature reviews of technical papers and laboratory experiments were used. The object of this
report is to put into one place the Xanvis L viscosity information.

Executive Summary

The polymer is to be used as a carrier in the underbalanced drilling fluid required to drill a 27,
5000 ft well. To fill this wellbore it requires a minimum volume of 109 ft® (815.38 gallons).
This volume is that required to have gases present in the entire drilling column. The Xanvis L is
an effective carrier as long as the downhole temperatures are less than 180°F.

Other polysaccharide polymers can be used at higher temperatures. Geovis XT is included for
consideration at these higher temperatures.

It should be noted that density of biopolymer solutions does not apply since the solutions are
thixotropic.

Synthetic ASTM Seawater Analysis

Because ASTM Seawater is used in many viscosity measurements, it is helpful to know exactly
what the formulation is. ASTM Seawater Composition is designated as ASTM.D1141. It is
assumed that this is the “seawater” used in all applications when Seawater is referred to.

Formulation for artificial seawater is listed in the following table or one could simply purchase
the ASTM Seawater formulation to be dissolved in 1 liter of water. Generally the pH is brought
up to 8.0. This seawater has a TDS of about 35,000 ppm.

Table 1: ASTM Seawater Composition

Salt Grams/liter
NaCl 24.6
KCI 0.67
CaCl, *2H,0 1.36
MgSQ,4 * 7 H,0O 6.29
MgCl, * 6 H,O 4.66
NaHCO; 0.18

The viscosity data gathered from SPE papers, technical bulletins and laboratory measurements
taken for Impact Technologies, LLC follow.

Viscosity Relationships

Xanthan solution viscosities can be measured over a wide range of shear rates. One of the
important industry problems is determining from laboratory measurements which fluid will have
the most desirable properties under field conditions. Higher viscosities translate into lower



particle settling velocities. Xanthan is an excellent polymer to use under these conditions. Data
from Impact Technologies Fluids and results from reviewed published data are included in this

section.

The reviewed solutions are listed in the following Table. Data are arranged in

increasing Wt % polymer concentration. The 0.875 Wt % Xanvis data is listed in the Impact
Technologies Fluids Data section.

Table 2: Xanthan Viscosity Source Materials

Polymer, | Polymer, | Temp.,

#/bbl Wt % °F Brine Source

0.50 0.14 74 Seawater SPE 64982

0.75 0.21 120 | 2 % KCI Drilling Fluids Rheology
0.84 0.24 Room | Fresh SPE 13907

1.00 0.29 80 2 % KCI Drilling Fluids Rheology
1.00 0.29 120 | 2 % KCI Drilling Fluids Rheology
1.00 0.29 74 Seawater SPE 64982

1.00 0.29 120 2 % KCI Drilling Fluids Rheology
1.00 0.29 75&78 | Seawater Drilling Fluids Rheology
1.25 0.36 80 2 % KCI Drilling Fluids Rheology
1.25 0.36 75&78 | Seawater Drilling Fluids Rheology
1.50 0.43 80 2 % KCI Drilling Fluids Rheology
1.50 0.43 120 3% KCI SPE 62790

1.50 0.43 250 | 3% KCI + 0.25 #/bbl Na,SO; SPE 62790

1.50 0.43 75 3 %KCI SPE 62790

1.50 0.43 75 Seawater SPE 64982

1.50 0.43 200 Seawater +0.25 #/bbl Na,;SO3 SPE 64982

1.50 0.43 250 Seawater +0.25 #/bbl Na,;SO3 SPE 64982

1.50 0.43 75 Seawater SPE 64982




1.50 0.43 100 | 2% KCI Xanvis Sales Bulletin
1.50 0.43 180 | 2% KCI Xanvis Sales Bulletin
1.50 0.43 280 | 10 #/gal NaCl Xanvis Sales Bulletin
1.50 0.43 280 | Seawater Xanvis Sales Bulletin
1.50 0.43 120 | 2 % KCI Drilling Fluids Rheology
1.50 0.43 75&78 | Seawater Drilling Fluids Rheology
1.50 0.43 75 2 % KCI Xanvis Sales Bulletin
1.50 0.43 75 3% KCI Xanvis Sales Bulletin
1.50 0.43 78 11 ppg CaCl, Xanthan Formulated Systems
1.50 0.43 78 Saturated NaCl Xanthan Formulated Systems
1.50 0.43 78 Seawater Xanthan Formulated Systems
1.50 0.43 Room | Fresh Water SPE 19736
1.50 0.43 Room | 2 % KCI SPE 19736
2.00 0.57 80 2 % KCI Drilling Fluids Rheology
2.00 0.57 75&78 | Seawater Drilling Fluids Rheology
11 #/bbl CaCl, + 0.3 #/bbl
2.00 0.57 85 NaSO; Xanthan Formulated Systems
11 #/bbl CaCl, + 1 #/bbl MgO +
2.00 0.57 280 | 0.3 #/bbl NaSO; Xanthan Formulated Systems
11 #/bbl CaCl, + 0.3 #/bbl
2.00 0.57 280 | NaSOg3 Xanthan Formulated Systems
2.00 0.57 78 Seawater Xanthan Formulated Systems
2.00 0.57 78 Saturated NaCl Xanthan Formulated Systems
2.00 0.57 78 11 ppg CaCl, Xanthan Formulated Systems




2.00 0.57 75 3 % KCI Xanvis Sales Bulletin
2.00 0.57 75 2 % KCI Xanvis Sales Bulletin
11.4 ppg CaCl, + 0.25 #/bbl

2.00 0.57 75 Na,SO3 +1.00 #/bbl MgO SPE 64982

2.00 0.57 120 | 3% KClI SPE 62790

2.20 0.63 80 Saturated NaCl + 1 #/bbl MgO Xanthan Formulated Systems

2.20 0.63 300 | Saturated NaCl + 1 #/bbl MgO Xanthan Formulated Systems
80 &

2.25 0.64 300 10 #/bbl CaCl, + 1 #/bbl MgO** | Xanthan Formulated Systems
80 &

2.25 0.64 300 | 11 #/bbl CaCl, + 1 #/bbl MgO** | Xanthan Formulated Systems
80 & | 11.3#/bbl CaCl,+ 1 #/bbl

2.25 0.64 300 | MgO** Xanthan Formulated Systems

2.50 0.71 75 Seawater SPE 64982

**Only @ 1 shear rate

Impact Technologies Fluids Data
The purpose of this work is to determine the viscosity relationships over the expected

temperature range.

in the underbalanced drilling fluids for ASJ.

The concentration chosen was 0.875 Wt % which is the concentration used

A total of 10 tests were conducted using 0.875 Wt % Xanvis L in combinations of fresh and
150,000 ppm NaCl. The temperatures ranges studied were from 30 to 140°F. The results are
listed in the following Table and shown in the following Figures.

Table 3: 0.875 Wt % Data Various Temperatures

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.875 Fresh 7.34 4,550 30
14.68 2,505
36.69 1,124
73.38 636
0.875 Fresh 0.37 62,000 40
0.73 33,500
1.83 14,480
3.67 8,400
7.34 5,000




14.68 2,543
36.69 1,133
73.38 611
0.875 150,000 ppm 0.37 28,000 40
NaCl 0.73 14,400
1.83 6,720
3.67 3,440
7.34 1,940
14.68 1,080
36.69 504
73.38 290
0.875 Fresh 7.34 4,600 69.4
14.68 2,440
36.69 1,072
73.38 592
0.875 Fresh 0.37 60,400 72
0.73 33,500
1.83 15,200
3.67 8,400
7.34 4,500
14.68 2,450
36.69 1,040
73.38 600
0.875 Fresh 7.34 3,240 140
14.68 1,990
36.69 960
73.38 598

This Figure shows the temperature dependence for 0.875 Wt % Xanvis L solutions.

otherwise noted the solutions are in fresh water.
equivalent. The 40°F data were replicated 3 times. The values on this plot are the numeric
averages of these runs. The 30 degree Fahrenheit data is the numeric average of 2 runs. The 72
and 140 degree data are individual tests. Even the 140°F data—qgreen—is very close especially
at the higher shear rates which are the most likely rates that will be encountered in underbalanced

drilling applications.

The 40°F solution in 150,000 ppm NaCl was replicated 2 times. The plot shows the numeric

average of these runs.

The data at 30, 40, and 72°F are nearly
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Figure 1: 0.875 Wt % Xanvis L Viscosities Various Temperatures Fresh & 150,000 ppm NacCl

Figure 2 shows the viscosity—shear rate results for the coolest temperature studied and one near
room temperature. This data shows that at these temperatures the viscosities are nearly equal for
the 0.875 Wt % Xanvis L solutions in fresh water. The 30 data were replicated twice while
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Figure 2: 0.875 Wt % Xanvis L Viscosities, 69.4 & 30 Deg F, Fresh Water



the 69.4°F was not. This 30°F is the same included in Figure 1 above.

A comparison with other Xanvis work is shown below. The outside work was conducted by
Kelco personnel.

Comparison With Other Xanvis Work

This data reflects some of the viscosities recently measured for 0.875 wt % Xanvis L solutions.
Comparison data from Kelco at lower polymer concentrations and lower temperatures are also
included.

This Figure shows some of the viscosity data that is available for Xanvis L. The 0.88 Wt % data
was measured at the Bartlesville laboratory of Clean Tech Innovations, LLC during June 2011.
This data was taken using a Brookfield LV Series Viscometer with the LV-3 spindle. The
concentrated polymer solutions were diluted using fresh water—Sapulpa drinking water. The
Figure depicts some of the 72 and 140 °F data generated with the 0.875 Wt % polymer solutions.

The data are consistent with normal viscosity measurements. The lower the temperature is the
higher the measured viscosities. This inverse relationship is directly opposite of the Xanvis L
concentration which also influences the viscosities. There is a direct correlation with
concentration. The lower the concentration the lower the viscosities are.

Two temperatures for the 0.875 wt % Xanvis L are shown. The red solid line represents some of
the data taken at 72°F. The highest viscosity recorded was 60,400 cP. The direct comparison of
the 72°F at a shear rate of 7.34 sec™® shows that it is 4,500 cP while the data at 140°F is 3,240 cP.
The light green, dashed line is an estimation of what the viscosities might be at lower shear rates
for the 140°F solutions.

For comparison data created by Kelco scientists is included. This work was reported in SPE
papers. The data chosen was the highest weight percent that was reported—0.71 Wt %. The
comparison data was generated at 75 °F using ASTM Seawater. (SPE 64982) This work is
depicted by the dashed brown line.

The other comparison data chosen was because the temperature (120°F) is close to the highest
temperature in this work—2140°F. Their work utilized 0.57 Wt % Xanvis L in 3% KCI. This is
the highest polymer concentration that they reported at this temperature. (SPE 62790) It is
shown by the dashed blue line. The effect of lower polymer concentration contributes to the
lower viscosities as well as the 120°F.
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Figure 3: Comparison Xanvis Concentrations And Temperatures
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Other Kelco data are discussed below. Most of the Kelco data was generated with low polymer
concentrations.

Kelco Technical Bulletin Data

The viscosities reported here were determined by Kelco personnel. They were disclosed in the
various Technical Bulletins prepared by Kelco. Each Table represents only the data given in the
Figure(s) immediately following the Table.

Table 4 lists the viscosity numbers at various concentrations based on specific shear rates and
brine concentrations.

Table 4: 0.63 Wt % Xanvis Data 80 and 300 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.63 Saturated NaCl 5 1,000 80
+ 1 Ib/bbl MgO 10 600
100 100
1000 22
0.63 Saturated NaCl 5 305 300
+ 1 Ib/bbl MgO 10 190
100 50
1000 14

The Figure below depicts the effects on temperature of 0.63 Wt % Xanvis L at various shear
rates. The polymer is dissolved in saturated NaCl plus 1 Ib/bbl MgO. The data is consistent in
that the 300°F viscosities are lower than those reported at 80°F. The data source is the Kelco
Formulated Systems Technical Bulletin.
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Figure 4: 0.63 Wt % Xanthan Viscosities At 80 & 300 Deg F
This Table shows the data collected at 85 and 280°F for 0.57 Wt % Xanvis.
Table 5: 0.57 Wt % Xanvis 85 and 280 Deg F
Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.57 11 ppg CacCl, 5 1,020 85
+0.3 10 700
Ib/bbl Na,SO3 100 180
300 80
0.57 11 ppg CacCl, 5 180 280
+0.3 10 180
Ib/bbl Na,SO3 100 46
+ 1 Ib/bbl MgO 300 30
0.57 11 ppg CacCl, 18 38 280
+0.3 20 38
Ib/bbl Na,SO3 100 30
300 20

Using 0.57 Wt % Xanvis the 85 and 280°F viscosity effects were studied in 11 ppg of CaCl, plus
0.3 Ib/bbl of Na,SOs. In one instance—depicted by the yellow line—1 Ib/bbl of MgO was added
to the brine. What this shows is that not only is it necessary to add sodium sulfite to the brine
and for increased stability at higher temperatures (275°F) magnesium oxide also helps to
stabilize Xanvis L.
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Figure 5: 0.57 Wt % Xanthan Viscosities At 85 & 280 Deg F

The data list for 0.64 Wt % Xanvis L at various temperatures occurs in the following Table.
There are three different brines reported.

Table 6: 0.64 Wt % Xanvis L--Various Temperatures And Brines

10 ppg CaCl, + 1
Ib/bbl MgO
Temperature, °F Viscosity, cP
80 107
100 100
150 87
200 75
300 12.5
11 ppg CaCl, + 1
Ib/bbl MgO
Temperature, °F Viscosity, cP
80 130
100 124
150 111
200 92
300 37.5
11.3 ppg CaCl, + 1
Ib/bbl MgO
Temperature, °F Viscosity, cP
80 149
100 135
150 121

10




200 109
300 70

The comparison of 0.64 Wt % Xanvis L viscosities at various temperatures and brines is shown
in the following Figure. The CaCl, brines are stabilized with 1 Ib/bbl MgO. As expected the
heavier brine 11.3 ppg CaCl; has the highest viscosity throughout the temperature range studied.
Al of these viscosities were taken at 100 sec™.
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Figure 6: 0.64 Wt % Xanvis L At Various Temperatures in Various Calcium Chloride Brines

All of the following measurements were taken at 78 . The brines are seawater, saturated NaCl
and 11.0 ppg of CaCl,. This table lists the input data for Figure 7.

Table 7: Various Xanvis L Polymer Concentrations--Low Shear Rates--78 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature,
0.43 Seawater 0.0636 28,000 78
5.1 890
0.57 Seawater 0.0636 59,000 78
5.1 1300
0.43 Saturated NaCl 0.0636 33,000 78
5.1 840
0.57 Saturated NaCl 0.0636 62,000 78
5.1 1280

11




0.43 11 ppg CaCl, 0.0636 9,000 78
5.1 500

057 11 ppg CaCl, 0.0636 19,000 78
5.1 700

Note that the shear rate range is narrow compared to some of the other data reported. Also that
the CaCl; brines have lower viscosities than those diluted with NaCl brines.
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Figure 7: 0.43 & 0.57 Wt % Xanvis L In Three Different Brines At 78 Deg F

Other data shows the relationship of concentration in 3% KCI. The Figure below depicts this
relationship at 75 . Once again the shear rate range is restricted.

Table 8: 0.43 And 0.57 Wt % Xanvis In 3 % KCI Low Shear At 75 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature,
0.43 3 % KCI 0.0636 33,000 75
5.1 820
0.57 3 % KCI 0.0636 62,000 75
5.1 1200

Laboratory bench tests have shown that 0.57 Wt % fluids could be used in the Impact
Technologies, LLC ASJ drilling applications. The 0.43 Wt % data is included for reference.

12



100,000 i —rT
' 057 wi %
\\k

N

. 10,000 N

< NG

>

= N

a ‘\

S 1,000

S

100
0.01 0.10 1 10

Shear Rate, 1/sec

Figure 8: 0.43 & 0.57 Wt % Xanvis L in 3 % KCI At 75 Deg F

An example of the same polymer concentrations but in 2 % KCI at 75°F is listed in the Table
below and shown in the Figure.

Table 9: 0.43 And 0.57 Wt % Xanvis in 2 % KCI At 75 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.43 2 % KCI 0.1 20,000 75
1 3,100
10 400
100 70
1000 13
0.57 2 % KCI 0.1 40,000 75
1 4,500
10 700
100 100
1000 19

Note that the shear rate range is larger compared to the 2 % KCI brines above. Once again the
0.57 Wt % polymer fluid would be applicable to the ASJ work.

13
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Figure 9: 0.43 & 0.57 Wt % Xanthan In 2 % KCI At 75 Deg F

This Table lists 0.43 Wt % Xanvis diluted in 2 % KCI. The data was taken at 100 and 180°F.

Table 10: 0.43 Wt % Xanvis in 2 % KCl at 100 and 180 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.43 2 % KCI 0.1 16,000 100
1 2,800
10 380
100 68
1000 13
0.43 2 % KCI 0.1 4,800 180
1 1,500
10 290
100 58
1000 11

14




The effect of 100 and 180 °F temperatures on 0.43 Wt % polymer solutions in 2 % KCI is shown
below. Over this range of shear rates the differnces are nominal until the very low shear rates.
The low rates are less than those expected to be encountered in ASJ field applications.
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Figure 10: 0.43 Wt % Xanvis In 2 % KCI At 100 & 180 Deg F

The Table below and the following Figure show the temperature effects for a shear rate of 100

sec’t. The 0.43 Wt % solutions were tested in seawater and 10 Ib/bbl NaCl.

Table 11: 0.43 Wt % Various Temperatures In Seawater And 10 ppg NaCl

Seawater
Temperature, °F Viscosity, cP
75 82
124 71
210 60
255 51
280 16
10 Ib/bbl NaCl
Temperature, °F Viscosity, cP
75 100
124 88
210 76.6
255 66
280 68

15



Xanvis L solutions are generally stable up to 250°F. In order to make more stable Xanvis L in
saturated NaCl solutions at higher temperatures—up to 300°F—one must add low molecular
weight alcohols, oxygen scavengers, or anti-oxidants.

To increase the stability to 350°F the
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Figure 11: 0.43 Wt % Xanvis in Seawater & 10 ppg NaCl At Various Temperatures
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Xanvis must be dissolved in formate brines. Even though one can add these chemicals to the
Xanvis, it is recommended that one use Xanthan formulated for higher temperature use.

More drilling fluids formulations are given in the Kelco Drilling Fluid Rheology Bulletin.
Examples for 120°F at various Xanvis L concentrations are listed below and shown in Figure 12.

Table 12: Various Xanvis L Low Concentrations In 2 % KCI At 120 Deg F

Polymer, Wt % Brine Shear Rate, sec™ | Viscosity, cP Temperature, °F
0.21 2 % KCI 0.06 680 120
0.1 610
1 380
10 120
100 26
1,000 5
0.29 2 % KCI 0.06 1,600 120
0.1 1,450
1 700
10 180
100 35
1,000 7
0.49 2 % KCI 0.06 10,500 120

16



0.1 8,000
1 1,900
10 360
100 65
1,000 11

Even though the concentrations reported here are too low for the ASJ applications, it does show
the polymer concentration relationships and gives some insight to what might happen when the
polymer solutions are exposed to elevated temperatures—2120°F. The viscosities are similar over
the shear rate range studied. The polymers were diluted with 2 % KCI.
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Figure 12: Various Low Concentration Xanvis Solutions in 2 % KCI At 120 Deg F
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Other low shear rate data are reported below. The concentrations show that at these low shear
rates the higher concentration Xanvis has the highest viscosity. This data was measured at 80°F

using polymers diluted by 2 % KCI.

Table 13: Various Xanvis L Concentrations In 2 % KCl At Low Shear Rates And 80 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.29 2 % KCI 0.06 9,500 80
5.1 440
0.36 2 % KCI 0.06 18,500 80
5.1 640
0.43 2 % KCI 0.06 31,000 80
5.1 860
0.57 2 % KCI 0.06 56,000 80
5.1 1,350
100,000
29 wt %
g 0.36-wt %
0 -|_0.43 wt %
%) . =057 Wt %
~ 10,000 s
=y B S
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Figure 13: Various Xanvis Concentrations In 2 % KCl At Room Temperature

The following data were extracted from SPE papers which reported Xanthan viscosities.

Other Viscosity Measurement Sources

SPE papers

Some of the earliest Xanthan data was published in 1985. The chart and figure shows some of

the viscosities reported. (Clark, 1989)

Table 14 lists the data collected from the Clark work.

18



Table 14: Fresh Water 0.24 And 0.48 Wt % Xanthan At Room Temperature

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.24 Fresh 0.001 58,061 Room
0.1 1,700
1 580
5.2 237
10 116
100 30
170 25
479 13
1000 10
0.48 Fresh 0.01 48,000 Room
0.1 18,000
1 4,000
10 800
100 160
1000 18

The purpose for including this Figure is to depict the viscosities over a very large shear rate
range. The experiments were conducted in fresh water at room temperature. The curves are
consistent since the lower polymer concentration has the lower viscosity.
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Figure 14: 0.24 & 0.48 Wt % Xanthan In Fresh Water At Room Temperature
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Table 15 lists the data collected from this work. The differences are within experimental error.

Table 15: 0.48 Wt % Xanthan In Fresh Water & 2 % KCl At Room Temperature

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.48 Fresh 0.01 100,000 Room
0.1 21,100
1 4,000
10 540
100 80
1000 7.8
0.48 2 % KCI 0.1 20,000 Room
1 4,000
10 580
100 85

Data in Figure 15 are from a 0.48 Wt % xanthan solution made with and without potassium
chloride. This Figure shows the viscosity similarities in fresh water and 2 % KCI at this polymer
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Figure 15: 0.48 Wt % Xanthan In Fresh & 2 % KCl At Room Temperature

concentration. These experiments were also conducted at room temperature. This data indicates
that Xanthan polymer viscosities are unaffected by low alkali salt concentrations. (Clark, 1989)

Another example of the viscosity versus concentration effects is given below. The work was

conducted at room temperature. The solutions were mixed in ASTM seawater. A constant shear
rate of 0.06 sec™ was used to measure these viscosities. (Navarrete, 2001) Table lists the data.
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Table 16: Various Xanvis Concentrations In Seawater At Room Temperature

Polymer, Wt Brine Viscosity, cP | Temperature,
% °F
0.17 Seawater 3,000 Room
0.23 6,500
0.29 11,500
0.34 20,000
0.4 30,000
0.46 40,000
0.51 51,250
0.57 64,250

To compare these polymer concentrations the data are shown in the Figure below. As the table
states the polymer was dissolved in ASTM seawater and this work was conducted at room
temperature.
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o
o
o
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40,000
30,000
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Viscosity, cP

o = =l ‘ ‘ ‘
0 0.10 0.20 0.30 0.40 0.50 0.60
Concentration, wt %

Figure 16: Various Xanthan Concentrations In Seawater At Room Temperature

The Table below lists the data shown in Figure 17. Using seawater at room temperature, results
are consistent. The lowest polymer concentration produces the lowest viscosities.

Table 17: 0.14, 0.29, & 0.71 Wt % Xanthan In Seawater At Room Temperature

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.14 Seawater 0.06 650 Room
0.1 600
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1 360
10 80
100 18
1,000 5
0.29 Seawater 0.06 10,100 Room
0.1 9,000
1 1,800
10 380
100 45
1,000 9
1,000 5
0.71 Seawater 0.06 100,000 Room
0.1 70,000
1 15,000
10 4,000
100 650
1000 120

No explanation was offered as to why the 0.14 Wt % polymer solution viscosities curved at shear
rates of 1 and lower. This would not be significant for the ASJ applications since the shear rates

would be much higher than 1.

From our laboratory work we have shown that only the 0.71 Wt % polymer solution would be
suitable for our applications with respect to lifting the impact solids in the base drilling fluid and

the rock solids produced during drilling.
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-~ "'ﬁi-.\
54 100
0
S
10 =W &‘
l 0.29|wt%
1 =0Tt %
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Figure 17: Three Xanthan Concentrations in Seawater At Room Temperature

Shear Rate, 1/sec
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To test the effects of 11.4 ppg CaCl, brine containing 0.25 Ib/bbl Na,SO3 and 1 Ib/bbl of MgO at
room temperature on 0.57 Wt % Xanthan, a few viscosities were reported. The results are listed
in the Table below and shown in Figure 18.

Table 18: 0.57 Wt % Xanvis In 11.4 ppg Calcium Chloride At Room Temperature

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.57 11.4 ppg CacCl, 100 20 Room
+0.25 Ib/bbl 350 9.8
Na,SOzand 1 1000 9.0
Ib/bbl MgO

The Xanthan was directly hydrated in this brine. One can see that it wasn’t too effective. This
work shows that if it is necessary to use brines with higher concentrations of divalent ions, it is
advisable to hydrate the Xanvis in fresh water in high polymer concentrations then dilute the

polymer solution with the divalent brines.

producing higher

Viscosity, cP

This allows the Xanvis to be more successful in

viscosities.
100 =
10

1

10

100
Shear Rate, 1/sec

Figure 18: 0.57 Wt % Xanthan In Calcium Chloride At Room Temperature

1000

Other Xanthan viscosities show that at higher temperatures the viscosities are affected.
(Navarrete, 2000) Table 19 contains these results.

Table 19: 0.43 Wt % Xanthan In 3 % KCI At 75 And 120 Deg F

Polymer, Wt % Brine Shear Rate, sec” | Viscosity, cP Temperature, °F
0.43 3% KCI 0.06 33,000 75
0.1 26,000
1 3,200
10 450
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100 65
0.43 3 % KCI 0.06 10,000 120
0.1 8,500
1 2,000
10 380
100 50
0.57 3 % KCI 0.06 35,000 120
0.1 25,000
1 4,200
10 650
100 91
0.43 3% KCI +0.25 0.06 100,000 250
Ib/bbl Na,SO3 0.1 70,000
1 15,000
10 4,000
100 650
1000 120

The Figure below shows the comparison between polymer concentrations of 0.43 and 0.57 Wt

%. It looks as though the Xanthan is beginning to disintegrate at 250°F since there is a sharp
viscosity reversal at 10 sec™.
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Shear Rate, 1/sec
Figure 19: 0.43 & 0.57 Wt % Xanthan In 3 % KCl At Three Temperatures
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Other work has demonstrated high temperature effects. (Navarrete, 2001) ASTM seawater was
used as the base brine for these experiments. The polymer concentration was 0.43 Wt %. The
Table below lists this data.

Table 20: 0.43 Wt % Xanvis At 200 And 250 Deg F

Polymer, Wt % Brine Shear Rate, sec’ | Viscosity, cP Temperature, °F
0.43 Seawater + 0.25 0.15 1,100 200
Ib/bbl Na,SO; 1 700
10 220
100 48
0.43 Seawater + 0.25 5.5 36 250
Ib/bbl Na,SO; 10 32
100 18

It should be noted that when temperatures of 200°F or higher are expected to be encountered
when using Xanvis L, it is necessary to add 0.25 Ib/bbl sodium sulfite to stabilize the fluid. Even
then the fluids might not be too stable.

10000 |
===200 Deg F
250 Deg F
1000 | =~
T \x‘\
3: \\
2 100 S
O N
2
S
10 ﬁ
0.10 1 10 100

Shear Rate, 1/sec
Figure 20: 0.43 Wt % Xanvis L In Seawater At 200 & 250 Deg F

To overcome some of the high temperature characteristics of Xanvis, high temperature
biopolymers have been developed. These polymers might be better suited for use when drilling
geothermal wells especially as total depth is approached.
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Derivation Of Xanvis Viscosity Equations

This work was conducted because of the temperature limitations of the Brookfield viscometer
available at Clean Technology Solutions, LLC. The highest temperature one can reach is 160°F.
This temperature doesn’t represent the highest temperature that Xanvis is a viable component of
the underbalanced drilling fluids so it is necessary to be able to calculate representative
viscosities at temperature greater than 160°F. Conversely, it is necessary to be able to calculate
Xanvis viscosities at temperatures lower than those at the Brookfield lower limit. These
temperatures might not be the lowest temperatures achieved as the underbalanced drilling fluids
expand as they exit the nozzles downhole.

Techniques Employed
Using 213 viscosity samples, two equations have been derived. One is for polymer solutions in
fresh water. The other is for polymer solutions dissolved in brines.

The first step was to determine the components necessary to determine the viscosities. The
variables to choose from were polymer concentration, temperature, shear rate, salt concentration
and ionic strength. The units were weight percent, degrees °F, sec™’, ppm and ionic strength
which is unit less. A review of some of the concepts behind ionic strength follow.

What is Ionic Strength?

Whenever ones deal with ionic solutions, one should be aware of their ionic strength since it
affects the ion activity. For comparing experimental results, we work with solutions that have
comparable ionic strength, which is a quantity representing interactions of ions with water
molecules and other ions in solution. This quantity is usually represented by I.

1 n
I= EZZ‘Z m;
i=1

where m; is the concentration of the ith ion concentration. The summation, X, is taken over all the
possible ions in the solution. For example what is the ionic strength for a 1.0 M NacCl solution?

Using the simple formula for ionic strength I given above, the result is
1 molar*charge? + 1 molar*charge’
1 Molar Na*1? + 1 Molar CI*1? or
| = % (1%1% + 1*1%)

= 1.00 (a unit less quantity)

But one might notice that the concentrations given here are Molar. Therefore one has to
first calculate the total molar concentration for the solution.
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The molar concentrations were calculated for each species in the solutions studied. In order to
do this the molecular weight for each salt present in the solutions were calculated. These
molecular weights were then transformed into molarity. The molarities were then added to
determine the total solution molality.

Once the ionic strengths for each solution were determined then the statistical analysis was
begun.

Statistical Analysis

Correlation coefficients between the proposed components were determined. The purpose of this
section of the work was to define which variables are independent. Independent variables are
those where the correlations coefficients are less than 0.5.

The first task is to determine which variables to use to derive the viscosity equations. The
variables considered were polymer concentration, temperature, shear rate, ionic strength and the
combinations of each of these variables. The plot below shows the correlation coefficients of the
various combinations taken two at a time. For example temperature and polymer taken together
produce the highest correlation coefficient. The lowest combination is that of shear rate and
ionic strength. The analysis is reported with the first grouping using temperature and the
combinations. The second grouping is based on polymer with the other variable. The third
grouping uses shear as the base.
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Figure 21: Correlation Coefficient Results

The correlation work results were then used to develop two viscosity equations. They are shown
in the next paragraphs.
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For Fresh Water

This equation is based on polymer concentration (Wt %), temperature (°F) and shear rate (sec™).
The viscosity determined is thus reported in natural logarithms. The units for viscosity are
centipoise. R squared is 0.977.

InViscosity (centipoise) = 2.487 = In (Polymer Concentration (wt%)) + (—0.134
* ln(Temperature (°F)) + (—0.735 % ln(Shear Rate (sec‘l)) + 10.635

For Brines

The equation for brines is based on polymer concentration (Wt %), temperature (°F), shear rate
(sec™) and ionic strength.  The viscosity determined is thus reported in natural logarithms. The
units for viscosity are centipoise. R squared is 0.989.

InViscosity (centipoise) = 1.044 = In (Polymer Concentration (wt%)) + (—0.706
* ln(Temperature (°F)) + (—0.788 * ln(Shear Rate (sec‘l)) + 0.225
* In(Ionic Strength) + 11.708

There are 213 data points used for this derivation.

High Temperature Biopolymer

Geovis ®XT

Under specific operating conditions the use of Geovis XT may be preferred over standard
xanthan products. These unique biopolymers offer improved performance under high
temperature conditions, especially in fresh to brackish, low salinity systems (< 15% monovalent
salts).

Example viscosities are given in the Table below. The three solutions viscosities were measured
at 75°F.

Table 21: Geovis XT In Fresh, Seawater And 9.2 ppg NaCl At 75 Deg F

Viscosity, cp
Fresh Water 5.1sec’ |0.06sect
1.00 Ib/bbl (0.29 wt %) 750 40,000
1.25 Ib/bbl (0.36 wt %) 1,000 57,000
Seawater
1.00 Ib/bbl (0.29 wt %) 660 31,000
1.25 Ib/bbl (0.36 wt %) 800 44,000
9.2 Ib/gal NaCl
1.00 Ib/bbl (0.29 wt %) 575 28,500
1.25 Ib/bbl (0.36 wt %) 800 39,000
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More data are given for 0.29 wt % Geovis XT at 75 and after 1 hour off exposure to 300°F.

Table 22: Geovis XT In Seawater At 75 And 300 Deg F

Seawater + Na,SO3 Viscosity, cP
Shear Rate, sec™ | @ 75°F | @300°F

0.06 35,000

0.51 2,900

5.10 700

1.00 1,800
10 410 330
100 56 48

1000 11 7.8

The Figure below shows the viscosities of Geovis XT in ASTM Seawater + 0.25 Ib/bbl Na,SO3
at 75°F and after 1 hour of exposure at 300°F.

One can see that the viscosities don’t vary significantly until the lower shear rates. These low
rates do not prevail under underbalanced drilling field conditions. Also under most field
conditions, Geovis XT is preferred at higher temperatures. The thermal stability of Geovis XT is
illustrated in Figure 22. Note that the concentration of Geovis XT is 50% less than the xanthan
used. This alone would lower the solution costs.

Of significant importance is that Geovis XT retains a high degree of viscosity over a relatively
wide shear rate range when exposed to elevated temperatures. This allows for using this polymer
in bentonite free, low salinity formulations for high temperature applications. The temperature
limitation for Geovis XT is approximately 320°F.

29



100,000 * T | |
TR0 N T o I I  Seawatgr+Na,S0;
ERENEEREEI Lo

10,000 {
I . B P _gg:vr;it +Na28\03
f & 300 DegF
1,000 — — =
e N R N

N = e i

§ 100 = ,,‘},,,,,,,,,,,, —— ,,,,,,L,,,,,,, SR s [Weeee— (e £..

I - = = ] ----- l ---------------------

B B M W RS
i T T T T I [ [

-1 | —) “\
0.01 010 1 10 100 1000

Shear Rate, 1/sec

Figure 22: 0.29 Wt % Geovis XT in Seawater At 75 & 300 Deg F

The Table below of lists the viscosity comparison of Geovis and Xanthan.

Table 23: Viscosity Comparison Of 0.29 Wt % Geovis And 0.57 Wt % Xanthan In Seawater At Various

Temperatures
0.29 Wt % Geovis

XT in Seawater

Temperature, Viscosity, cP
77 46
133 44
240 40.5
258 42.5
283 42.5
285 425
297 39
302 39

0.57 Wt % Xanthan
in Seawater

Temperature, Viscosity, cP
77 78
133 70
240 55
258 37.5
283 12
285 9
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As with any polymer-based system, oxygen scavengers are recommended to assure maximum
polymer stability when fluids are exposed to elevated temperatures for extended periods of time.
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Figure 23: Comparison Xanvis L & Geovis XT Viscosities At Various Temperatures

The fact that the Geovis viscosities are essentially constant throughout the temperature range is
significant. This means that the polymer solution carrying capacity is relatively constant as well.

Conclusions and Recommendations

It is recommended that Geovis or another high temperature resistant polymer be tested at
temperatures approaching those expected to be encountered when drilling geothermal wells. It
will be necessary to design the reaction vessels since the temperatures will be greater than 212
The vessels must also be designed to withstand pressures necessary to keep water liquid.
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0 GEOVIS™ XT
K | .l P‘olymer
Field Group Product g
Bulletin Oil

A HUBER COMPANY

GE()VISTM XT A High Viscosity, Thermally Stable Biopolymer
for Rheology Control

Description GEOVIS XT polymer is a high molecular weight polysaccharide used to enhance
the low shear rate viscosity of water based circulating systems.

Function The primary function of GEOVIS XT is to optimize the rheological Profile of drilling
fluids by increasing viscosity at low shear rates (less than 5.1 sec™),
while maintaining plastic viscosity at a minimum value. In so doing, it improves
suspension and solids carrying capacity, especially under low flow rate
conditions. GEOVIS XT is functional in makeup waters ranging from fresh to
low salinity brines including seawater and <10% monovalent salt systems.

Features GEOVIS XT exhibits extended power law behavior in water base systems to
optimize hydraulic efficiency. Unlike other biopolymers, these properties are
evident even at low concentrations of 0.75 to 1.0 Ib/bbl. This allows fluids to be
formulated with a relatively low concentration of biopolymer and reduces daily
maintenance treatments needed to maintain a specific LSRV. Due to its unique
molecular structure, GEOVIS XT retains a higher degree of low shear rate
viscosity at elevated temperatures (300° - 310°F) when compared to other
commercial polysaccharides. GEOVIS XT is more cement compatible than
other biopolymers, making it an ideal candidate in the formulation of cement
spacer fluids.

Mixing For optimum hydration, GEOVIS XT should be added through a conventional rig
hopper at the rate of 10 minutes per 25 |Ib bag. Care should be exercised when
mixing under low shear conditions to avoid unhydrated polymer and eliminate
waste. Polymer can be slurried into a mineral oil, glycol or alcohol to improve
dispersion and mixing efficiency.

Concentration For most applications, 0.75 to 1.25 Ib/bbl should be adequate to maintain an
LSRV >25,000 cP. As with other polysaccharides, pH should be maintained
in the range of 8.0 to 9.0 for maximum stability. In applications where BHT is
above 200°F, use of an oxygen scavenger will prolong polymer life.

Limitations Optimum performance is achieved in fresh water to low salinity monovalent brines
where total salt content is <15%. Under higher salt concentrations, LSRV is
suppressed, and may not fully develop even under prolonged mixing. Upper
temperature application range is approximately 310° - 325°F. In excess of these
temperatures, viscosity recovery is limited, although the addition of commercial
clays can improve overall fluid stability.

Toxicology and Safety GEOVIS XT is non-hazardous and can be used in environmentally sensitive areas.

General Information Chemical Name: Polysaccharide
Bulk Density: 40 — 50 Ib/ft3

Appearance: Cream colored dry powder, <40 mesh
DOT Classification: Non-hazardous, Non-toxic
Packaging: 25 Ib or 25 Kg multi-ply, lined bags

GEOVIS" is a trademark of CP Kelco U.S., Inc. and may be registered or applied for in other countries. = © 2002 CP Kelco U.S., Inc.
The information contained herein is, to our best knowledge, true and accurate, but all recommendations or suggestions are made without guarantee, since we can neither
anticipate nor control the different conditions under which this information and our products are used. It is our policy, to assist our customers and to help in the
solution of particular problems which may arise in connection with application of our products.
Rev. 09/05
Kelco Oil Field Group = 10920 W. Sam Houston Pkwy North, Ste 800 = Houston, TX 77064 = (713) 895-7575

www.kofg.com



Appendix D
Operational Control Program
by Dr. Ozbayoglu



Computer Program on Heat Transfer — Temperature Distribution — Hydraulic
Calculations for Abrasive Jet Drilling

Report

Evren Ozbayoglu

This report describes the basic execution principles and the theoretical background about the computer
program developed for Impact Technologies in order to estimate the temperature and pressure
distribution inside the wellbore during abrasive drilling using CO, and N,. The report consists of an

I”

introduction part, theory part, the algorithm, and “manual” sections.

Introduction

One of the major challenges in drilling operations is to estimate the pressure and temperature
distribution inside the wellbore accurately. This is required for assuring correct equipment usage,
efficient hole cleaning, maximizing drilling efficiency and minimizing the cost per foot. In conventional
drilling operations, the fluid inside the drillstring and annular section can be considered as “same”,
except the fact that the fluid inside the annulus also contains solid particles due to cuttings and
formation contamination, and a negligible amount of formation fluid since usually the conditions are
overbalanced, i.e., bottomhole pressure is greater than the formation pressure. However, in abrasive
jet drilling, the phase inside the string is single phase (either liquid of supercritical), and after the jet, the
fluid shifts to gas phase inside the annulus. Therefore, inside the annulus, there will be gas flowing with
a very high velocity, drilled cuttings and some formation fluid since the conditions will be usually
underbalanced, i..e., bottomhole pressure is less than the formation pressure.

The temperature and pressure distribution inside a wellbore is a challenging problem, but many work
have been conducted and there is a good understanding of the problem when conventional drilling is
concerned. For this case, since the fluid is incompressible, the calculation methods are relatively
straightforward. However, many approaches available in the literature considers the formation having a
constant temperature gradient and related temperature distribution (infinite potential assumption),
therefore they ignore the cooling effect of the circulating fluid on the formation around the vicinity of
the wellbore. This can be included only by a proper and realistic heat transfer model.

The determination of distribution of temperature and pressure inside the wellbore is much more
challenging for abrasive drilling due to the presence of a compressible fluid inside the annulus. Also,



when the fluid passes through the jet and changes phase, a significant temperature drop is observed,
which is known as Joule Thompson effect. This phenomenon is not observed for conventional drilling
operations.

During the scope of this project, a computer program is developed which is capable of estimating
temperature and pressure distribution inside the wellbore for both compressible and incompressible
fluids considering both Joule Thompson effect and formation cooling.

Theory

This section consists of three parts; i) heat transfer model, ii) hydraulic model, and iii) properties of CO,.

Heat Transfer Model

In order to determine the temperature distribution inside the wellbore, the following heat transfer
model is developed.



dp (z,t)

qa(z,t)

Qap

Qap

qq(z + Az, t)

qp(z + Az, 1)

According to this model;

The heat rate in drillpipe at z

qp(2) =mc, Ty(2)

The heat rate in annulus at z

Qa(z) =m Cp Ta(Z)

The heat rate from annulus to drillpipe



mec
Qap = Tp (T — Tp)Az

where

_ me

2mr, U,

The heat transfer from formation to annulus

mcy,
Qo =217, Ug(Ty — Tp)Az = — (Ty — T,)Az

where

_ m Cp kf + Tw Ua f(tD)
2 Ty Ua kf

In order to solve this model numerically, the values of overall heat transfer coefficients must be
determined. Overall heat transfer coefficients are

1 1 1y T 1, 1
_—_+ﬂ]n<ﬂ>+_w_

Up h.p kst Tpi Tpo ha

between pipe and annulus, and

ke 7"CO

between annulus and formation. Here, hp and h, can be determined by

hp _ ( kg )(3.65+(0.00668 Nge Npy ﬁsrspsl)> for Ng, = 10,000

27pi 1+0.04 (Nge Npy 2 7p;)



hy, = 0.023 Nge®® Np,** L for Ng, < 10,000
pi

2r

h — K 3-65+(0.00668 Nge N 2n ))
a f Re NPr w F
= | = >

(2 ]W) ( 1+0.04 (NRe Npy 2 rw)0.666 of NRe = 10,000

hq = 0.023 Npo®® Np,®* =L for Ny < 10,000

respectively. In these equations, the term Ng, is expressed for fluid inside the pipe as
_ 2 rpi m

N

and for fluid inside the annulus as

_ 2 (1 —rpo)m

N
Re Aa ‘Llp

considering that A, and A, are cross-sectional areas of flow for pipe and annulus, respectively. Np, for
both pipe and annulus is defined as

Cp
Np, = TP
ke

It should be noted that w,, and ks values should be defined for both fluid inside the pipe and annulus

separately.

The transient heat flow from the formation to the wellbore wall

27ka

5 = m(Tf —T,)Az

where



Tf=T5f+.gTZ

Here, f(tp) is defined as

tp) =1.1281 %, (1 —0.3¢t) for 1071°<¢t, < 1.5
D D D D

and

(tp) = (04063 + 0.5Inty) (1 +22) for t, > 1.5
t
D

where

Energy balance applied to the control volume yields;
In drillpipe

CIp(Z) t qap = Qp(z + dz)

In annulus

qa(z +dz) + Qar = qq(2) + Qap

Therefore, using the heat flux definitions and the proper calculus based on the model described, and
combining, the governing differential equation can be obtained as
0°%T

p an
ABW_BE_Tp+TSf+gTZ



General solution of this differential equation which will be used for estimating fluid temperature inside
the drillpipe

T,=ye* +8e*2? + grz—B gr + T

and fluid temperature inside the annulus

T,=0+¢& Bye” +(1+e B)se®2” + grz+ Ty

where

Applying boundary conditions

Tp (z = 0) = Tinger

o,

=C
0z z=D

and considering the fact that there will be a temperature reduction due to Joule Thompson effect
(sudden expansion) when the fluid changes the phase after the jet;

Ty =Ty = AT|,=p

the following equation constants are determined;



. (Tinlet +B gr — Tsf)sz eszD +gr+ f
g ef1D — g, g&2D

'}/:

5 = (Tinlet +B dr — Tsf)gl ele + ar + 5
B g ef1D — g, gD

where

&= f(4T,D)

Finally, the wellbore wall temperature can be obtained as

1,=822 7 =T, + (Tsp + T,) .
w= Py T T e T sy TIT 2 ) 5 Ty A

Hydraulic Modeling

The following schematic drawing is used to describe the pressure distribution inside the wellbore.
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Pump pressure is defined as

Pp = APf—string - Phyd—string + APbit + APf—annulus + Phyd—annulus + Pback

Here,

ff}OV2

T

AP, f—string = ]
pi



frov

APf—annulus =

Th
where
Th =Tw — Tpo
p Q?
APy =
2C; A,

(C4 is the discharge coefficient, and usually considered as 0.95 for jet nozzles)

Phya =p gD

fr is expressed as a function of N, using Colebrooks’ equation for turbulent flow,

\/% =4 log (NRe\[;f) —0.395

and

for laminar flow. Np, inside the string is defined as

2p vy
Npe = ——
i
where
Ty Tpi
U= HUp



Npg, inside the annulus is defined as

pv2my,
Nge = ———
u
where
_ Ty Th
H=HUp 40

The criteria for laminar to turbulent transition is assumed to be Ny, = 2100, which is not necessarily to
be correct if the fluid has a significant yield stress. However, for this study, the fluid is considered to
have no yield stress.

Temperature Drop at the Bit

Due to Joule-Thompson effect, there will be a temperature drop while a compressible fluid flows
through a nozzle due to the large pressure drop at the bit. The sudden pressure drop causes an
instantaneous volumetric expansion, causing a sudden drop in temperature. Since CO, or N, will be
injected in liquid or supercritical phase through the pipe, while they are passing through the nozzle, the
state of phase will change due to pressure drop, which will lead to a temperature decrease. This
phenomenon is explained by the general definition of

where k is the Joule-Thompson coefficient, defined by the change of pressure with respect to change in
temperature at constant enthalpy;

__ 0P
_6TH

k value shows variations according to the atomic structure of the gas phase, i.e., monoatomic, diatomic
and triatomic molecular structures have different k values ranging from 1.0 to 1.4.



Influx from Formation

The program can also take the influx from a formation into consideration. Influx causes an increase in
the liquid volume inside the annulus, causing an increase in the hydrostatic pressure as well as frictional
losses. Also, the temperature distribution inside the wellbore is affected by the influx.

e During this influx consideration, some assumptions are used;

e Productivity index of the formation causing influx is assumed to be constant

e Temperature of the influx is assumed to be equal to the temperature due to geothermal
gradient of the field

e Formation pressure is assumed to be equal to the pressure due to normal pressure gradient of
the field

o Influx is assumed to be water

The productivity index is defined as

pr =2
Pf_Pann

Since annulus may be containing gas, flow rate is converted into mass rate using the in-situ density,
which can be determined using real gas law. Total flow inside the annulus becomes the summation of
influx rate and volumetric flow rate of the circulation fluid.

Solids in the Wellbore

During the abrasive drilling process, solids are injected through the drillpipe. The contribution of the
solids inside the drillpipe is included into consideration as the hydrostatic pressure. The influence of
solids inside the pipe on frictional losses is considered only due to density change. The change in the
viscosity of the fluid due to presence of solids is ignored.

The mixture density inside the annulus is determined as

Pmix = pf(l - Csl) + ps1Cs1

Inside the annulus, there are two different solids; i) abrasive solids injected through the drillpipe, and ii)
cuttings generated due to drilling process. Therefore, the mixture density inside the annulus considers



both solids types as well as the fluid inside the annulus. As inside the pipe, frictional losses are modified
regarding with the change in density due to presence of solids and cuttings inside the annulus.

Pmix = pf(1 - (Csl+Csz)) + ps1Cs1 + Ps2Cs2

Additional Water Injection at the Surface

One more option that the program provides is; besides CO, or N,, water can also be injected with these
fluids, if needed. The program takes the influence of the additional injected water into consideration for
density, viscosity, and fluid specific heat as a mixture. The mixture concentration distribution is
determined by using mass rates, i.e., injected liquid has a concentration equal to

1= mlef

€O, Properties

In order to conduct the calculations for temperature and pressure distribution inside the wellbore, the
physical properties of CO, must be well defined. The properties include the phase, density, viscosity and
thermal conductivity.

The following figures are presenting the physical properties of CO, as a function of pressure and
temperature.

The phase behavior of CO, is described as
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Density of CO, is described as shown in the following figure;
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Viscosity of CO, is given as

0.2

40 °F
0.18

\

0.16

//
/

il
i Aitical Point /W S
0.04 (/ / /////// 40 °F

320 °F
0.02

\

Q
|9

Viscosity (cP)
(=)

\
|

|

Nitrogen

\

0 T T T T T L T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Pressure (psi)

Heat capacity of CO, is presented in the following figure;
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Using the figures presented above, multiple regression techniques are applied after digitizing process for
the data given. Then, the following empirical correlations are obtained to define the CO, properties;

Density:

p = 4.020134 + 0.000338 P + 0.000002 P? — 0.04184 T + 0.000088 T? for gas phase

p = 6.93583 + 0.00079 P — 0.036157 T + 0.000063 T? for liquid phase and supercritical phase

Viscosity

p = 0.013968 P0-51833 T—0.548697 {51 oa5 phase. Since the values are usually around 0.02 cp, this value
can also be used as a constant.

u = 0.00000171 p*1878176 for liquid phase

p = 1.1 (0.013968 p0-5183337-0.548697) fqr sypercritical phase

Thermal conductivity

ks = 0.009 for gas phase

k= 0.0073 -2+ 0.0036 for liquid phase
7.48

ks = 0.015523 + 0.000068 T ~0-399136 p1.0725 for sypercritical phase

Phase behavior boundaries are approximated using the following equations;

P., = 305.0675 + 5.5718 T + 0.0339 T2



If > P, thenitis liquid phase. Otherwise, the phase is considered as gas.

N, Properties

Nitrogen properties are determined using N, phase diagrams, and density, viscosity and heat capacity
information as a function of temperature and pressure.

Density:

p = 0.318951 + 0.000536 P — 0.003891 T + 0.000002 T2 for gas phase

p = 0.818951 + 0.000536 P — 0.003891 T + 0.000002 T? for liquid phase and supercritical phase

Viscosity

pu = 0.021821627 — 0.00000124 P + 4.07E — 10 P2 — 0.00001512 T + 1.0307E — 8 T? for all
phases

Thermal conductivity

ks =0.01117 for all phases

Phase behavior boundaries are approximated using the following equations;

P, =8071.4+ 53,142 T + 0.0882 T?

If > P.., thenitis liquid phase. Otherwise, the phase is considered as gas.



Basic Algorithm of the Computer Program
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Manual for the Program

The program has prepared in two different versions; 1) inputs manually entered through the screen by
the user, and 2) inputs read from an input file.

First version is prepared to be user friendly while entering the data. Each data required is entered by
following the instructions given on the screen, since which data and the required unit is mentioned. A

typical input screen is as shown in the figure.

& N
# ° C\Evren\c++\impact\04-27-11 - independent program\string.exe ll@_jéj

H]

>

llellbore Geometry
well depth ft)

m

casing setting depth {ft)>

casing inner diameter <(in)

casing outer diameter {(in>

hole size during landing this casing {in>

Second version is a direct file input. The input file is shown below:



"| input - Notepad — - lﬂ@lﬂ

File Edit Format View Help

ffinalpepth(ft) 5000. a
casingsettingbepth(ft) 1000.

casingIDp(in) 2.25

casingoD(in) 2.5

holesize(in) 2.5

drillpipeIDn(in) 1.08

dr111P1?eOD(in) 1.25 l

drillcollarip(in) 2.25
drillcollarop(in) 2.5
dri11co11arLength(ft) 0.
EipeTherma]Con (BTU/ft-F-hr) 25.
itDiameter (in) 2.5
numberofNozzles 1.
nozzlesize(x/32) 1.55
fluidType(1-mud,2-C02,3-N2) 2
fluidbensity(ppg) 8.33
plasticviscosity(cp) 1.
yieldroint (1b/100ftA2) 0.
2ou1eThompsoncoefficient 0.01
1ThermalCond(BTU/ft-F-hr) 1.0
fluidspecificHeat(BTU/1b-F) 0.4
waterDensity(ppg) 8.33
plasticviscositywater (cp) 1.
yieldrointwater (1b/100ftA2) 0.
jouleThompsonCoefwater O.
waterTherCond(BTU/ft-F-hr) 1.0
watersSpecificHeat (BTU/1b-F) 0.4
flowrateFluid(gpm) 5.
flowratewater (gpm) O.
massRateAbrasives(1b/min) 20.
densityAbrasives(sp.gr.) 2.7
fluidinletTemperature(F) 75.
backpPressure(psi) 30.
surfaceTemperature(F) 60.
‘| temperatureGradient (F/100ft)
formThermalcond(BTU/ft-F-hr)
formspecificHeat (BTU/1b-F) 0.
formationDensity(sp.gr.) 2.64
cuttingssize(ing 0.001
rRoP(ft/hr) 400.
influxpepth(ft) O.
formationPresscrad(psi/ft) 0.465
prIndex(bbl/day/psi) 0.5
influxbensity(sp.gr) 0.96

1.5
1.3
2

4 b

|
|

When inputs are completed, the program executes, and prints the results as a table to “out.dat” text
file. This file can be directly used in excel by “data import” and “text from file” options. Since the data in
the text file is separated by a space from each other, excel will directly recognize, and will put each and
every data point in a different cell. Then, any plot can be determined using this data.

A typical out file is shown in the following figure.



-
| out - Notepad E@lﬂ

File Edit Format View Help

tChr) p(ft) Tann(F) Tpip(F) Twb. (F) Tfor(F) Pa(psi) Pp(psi) PfrAa(psi) PfrP(psi) PhydAa(psi) Ph¥dP(psi) phaseA .
1 66.7988 74.9909 64.7203 60.015 30.0857 3706.24 0.000993501 6.48243 0.124485 0.554883 gas 'igu‘id 7.59364 3

2 66.8047 74.9694 64.7289 60.03 30.1713 3706.75 0.00198709 6.47919 0.248959 1.10961 gas liquid 7.59298 0.9

3 66.8103 74.957 64.7375 60.045 30.257 3707.25 0.00298075 6.47596 0.373424 1.66424 gas liquid 7.59237 0.96

4 66.8161 74.9445 64.7461 60.06 30.3426 3707.76 0.0039745 6.47273 0.497879 2.21877 gas liquid 7.59172 0.96

5 66.822 74.9321 64.7548 60.075 30.4282 3708.26 0.00496833 6.4695 0.622324 2.77321 gas liquid 7.59107 0.96

(75 66.8278 74.9197 64.7635 60.09 30.5138 3708.77 0.00596225 6.46626 0.746758 3.32756 gas liquid 7.59042 0.9

8

9

66.8337 74.9074 64.7721 60.105 30.5995 3709.27 0.00695624 6.46303 0.871183 3.88182 gas liquid 7.58978 0.

66.8396 74.895 64.7808 60.12 30.6851 3709.78 0.00795033 6.4598 0.995598 4.43599 gas liquid 7.58913 0.966

66.8454 74.8826 64.7895 60.135 30.7707 3710.28 0.00894449 6.45656 1.12 4.99006 gas liquid 7.58848 0.9666
10 66.8513 74.8703 64.7981 60.15 30.8563 3710.79 0.00993874 6.45333 1.2444 5.54405 gas liquid 7.58783 0.96
11 66.8572 74.8579 64.8068 60.165 30.9419 3711.29 0.0109331 6.4501 1.36878 6.09795 gas liquid 7.58718 0.96
12 66.8631 74.8456 64.8155 60.18 31.0274 3711.79 0.0119275 6.44687 1.49316 6.65176 gas liquid 7.58652 0.96
13 66.8689 74.8333 64.8242 60.195 31.113 3712.3 0.012922 6.44363 1.61752 7.20548 gas liquid 7.58587 0.9666
14 66.8748 74.8209 64.8329 60.21 31.1986 3712.8 0.0139166 6.4404 1.74187 7.75911 gas liquid 7.58522 0.9666
15 66.8807 74.8086 64.8416 60.225 31.2841 3713.31 0.0149112 6.43717 1.86622 8.31266 gas liquid 7.58457 0.9
16 66.8866 74.7964 64.8503 60.24 31.3697 3713.81 0.015906 6.43393 1.99055 8.86612 gas liquid 7.58391 0.966
17 66.8925 74.7841 64.859 60.255 31.4552 3714.32 0.0169008 6.4307 2.11487 9.4195 gas liquid 7.58326 0.9666
18 66.8984 74.7718 64.8677 60.27 31.5408 3714.82 0.0178958 6.42747 2.23919 9.97279 gas liquid 7.58261 0.96
.9044 74.7595 64.8764 60.285 31.6263 3715.33 0.0188908 6.42424 2.36349 10.526 gas liquid 7.58195 0.96
20 66.9103 74.7473 64.8851 60.3 31.7118 3715.83 0.0198859 6.421 2.48778 11.0791 gas liquid 7.5813 0.966689
21 66.9162 74.7351 64.8938 60.315 31.7974 3716.34 0.020881 6.41777 2.61207 11.6322 gas liquid 7.58064 0.96
22 66.9221 74.7228 64.9025 60.33 31.8829 3716.84 0.0218763 6.41454 2.73634 12.1851 gas liquid 7.57998 0.96
23 66.9281 74.7106 64.9112 60.345 31.9684 3717.35 0.0228716 6.4113 2.8606 12.738 gas liquid 7.57933 0.9666
24 66.934 74.6984 64.9199 60.36 32.0539 3717.85 0.0238671 6.40807 2.98486 13.2908 gas liquid 7.57867 0.966
25 66.94 74.6862 64.9287 60.375 32.1394 3718.36 0.0248626 6.40484 3.1091 13.8435 gas liquid 7.57801 0.9666
26 66.9459 74.6741 64.9374 60.39 32.2248 3718.87 0.0258582 6.4016 3.23333 14.3962 gas liquid 7.57735 0.966
27 66.9519 74.6619 64.9461 60.405 32.3103 3719.37 0.0268539 6.39837 3.35755 14.9487 gas_liquid 7.57669 0.9
28 66.9578 74.6497 64.9548 60.42 32.3958 3719.88 0.0278496 6.39514 3.48176 15.5012 gas liquid 7.57604 0.96
29 66.9638 74.6376 64.9636 60.435 32.4812 3720.38 0.0288455 6.39191 3.60596 16.0536 gas liquid 7.57538 0.9
30 66.9697 74.6254 64.9723 60.45 32.5667 3720.89 0.0298414 6.38867 3.73016 16.6059 gas liquid 7.57471 0.96
31 66.9757 74.6133 64.9811 60.465 32.6521 3721.39 0.0308375 6.38544 3.85434 17.1582 gas liquid 7.57405 0.9
32 66.9817 74.6012 64.9898 60.48 32.7376 3721.9 0.0318336 6.38221 3.97851 17.7104 gas liquid 7.57339 0.966
33 66.9877 74.5891 64.9986 60.495 32.823 3722.4 0.0328298 6.37897 4.10267 18.2625 gas liquid 7.57273 0.966
34 66.9937 74.577 65.0073 60.51 32.9084 3722.91 0.033826 6.37574 4.22682 18.8145 gas liquid 7.57207 0.9666
35 66.9996 74.565 65.0161 60.525 32.9939 3723.42 0.0348224 6.37251 4.35096 19.3664 gas liquid 7.5714 0.966
36 67.0056 74.5529 65.0248 60.54 33.0793 3723.92 0.0358189 6.36927 4.47509 19.9183 gas liquid 7.57074 0.96

v i oo i
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This file is transferred to excel using the “data import” utility.
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After selecting the file “out.dat” from the folder that it is generated, steps should be followed.
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From From From From Other Existing Refresh ) %l Sort Filter 7 Textto Remo
Access Web Text Sources Connections | All» =2 Edit Links 7 Advanced | Columns Duplicz
Get External Data | Connections \ Sort & Filter ‘
A1 - 5|

< = Text Import Wizard - Step 1 of 3 . . | P [

2 | | The Text Wizard has determined that your data is Delimited.

3 If this is correct, choose Next, or choose the data type that best describes your data.

4 Criginal data type

S Choose the file type that best describes your data:
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W] | Preview of file C:\Evren\c++\impact\04-27-11 - independent program\out.dat.

13

1}‘ (hr) D(£ft) Tann(F) Tpip(F) Twb.(F) Tfor(F) Pa(psi) Pp(psi) PfrA(psi) P£{+

— 1 €6.7988 74.9909 €4.7203 €0.015 30.0857 3706.24 0.0009593501 €.48243 0 |:]
_E 2 ©€6.8047 74.9654 ©4.7289 €0.03 30.1713 3706.75 0.00198709 €.475918 0.2

16 3 €6.8103 74.957 €4.7375 €0.045 30.257 3707.25 0.00298075 €.4759¢ 0.37

1—7 4 €6.8161 74.9445 ©4.7461 €0.06 30.3426 3707.76 0.00339745 €.47273 0.491 ~

R R J g

18 |

13 3 [ Cancel ] [ < Back [ Luext> ] [ Finish

20 .

4 4 » ¥ | SheeB)

_Ready | 3 |

In the “delimiters” box, “space” should be marked.
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After pressing “Finish” all the data will be transferred onto excel such that, each data point will be
recorded on a separate cell.

In case of a failure in calculation during the program is running, an error message will pop up,
mentioning that the inputs should be modified.

Nomenclature

a heat diffusivity of formation

A, cross-sectional area of inside of the drillpipe



qaf
Oa

cross-sectional area of inside of the annulus
jet discharge coefficent

specific heat of formation

frictional pressure losses

pressure loss at the bit

total depth

specific heat of drilling fluid

friction factor

gravitational constant

geothermal gradient

coefficient of heat transfer of fluid in annulus
coefficient of heat transfer of fluid in drillpipe
well depth

thermal conductivity of pipe or casing
thermal conductivity of formation and/or cement
thermal conductivity of drilling fluid

mass flow rate

plastic viscosity

effective viscosity

Prandtl number

Reynolds number for drillpipe

Reynolds number for annulus

hydrostatic pressure

volumetric flow rate

conductive heat flow across drillpipe
conductive heat flux from formation

convective heat flow in the annulus



Op convective heat flow in the drillpipe, BTU/hr

e density of formation, Ib/gal

yo, density of drilling fluid, Ib/gal

Fpi drillpipe inner radius

Ipo drillpipe outer radius

rei casing inner radius

leo casing outer radius

My wellbore radius

t circulation time

T yield stress

Tintet drillpipe inlet fluid temperature

Tet surface earth temperature

Tw temperature at wellbore-formation interface
Ta fluid temperature in the annulus

T, fluid temperature in the drillpipe

T temperature of the formation

to dimensionless time

Up overall heat transfer coefficient from annulus to drillpipe
U, overall heat transfer coefficient from formation to annulus
v velocity
Subscripts

g gas phase

I liquid phase

mix mixture

1,2 upstream, downstream conditions

S Solid



APPENDIX

C++ source code for the software developed

#include <vcl.h>
#include <conio.h>
#include <stdio.h>
#include <iostream.h>
#include <fstream.h>
#include <stdlib.h>
#include <math.h>
#pragma hdrstop

// variable declarations

int choice, fluidType, fail;
const double e=2.718281828, pi=3.141592654;

// depth - wellbore configuration
double finalDepth;
double casingSettingDepth, casingID, casingOD, holeSize;

// drillstring properties

double drillPipeOD, drillPipelD;

double drillCollarOD, drillCollarID, drillCollarlLength;
double pipeThermalConductivity;

// double pipeSpecificHeat;

// bit information
double bitDiameter, numberOfNozzles, nozzleSize;

// fluid properties

double fluidDensity, plasticViscosity, yieldPoint;

double waterDensity, plasticViscosityWater, yieldPointWater;

double fluidThermalConductivity, fluidSpecificHeat, fluidSpecificHeatPipe;
double waterThermalConductivity, waterSpecificHeat;

double overallHeatTransferCoefficientPipeAnnulus;

double overallHeatTransferCoefficientAnnulusFormation;

double flowRate, massFlowRate;

double massFlowRateFluid, massFlowRateWater;

double flowRateFluid, flowRateWater;

double fluidInletTemperature;

double jouleThompsonCoefficient, jouleThompsonCoefficientWater, cPovercV;
double ha, hp;

// abrasive solids
double massRateAbrasives, densityAbrasives;

// pressure - temperature info
double backPressure;



double surfaceTemperature, temperatureGradient;

// formation properties
double formationThermalConductivity, formationSpecificHeat, formationDensity,
cuttingsSize;

// influx properties
double influxRate, influxDepth, formationPressureGradient, prIndex, influxMassRate,
influxDensity;

// other variables

double circulationTime, circulationTime2, dcirculationTime, finalCirculationTime, depth,
dDepth;

double temperatureInsidePipe[2][20000], temperatureInsideAnnulus[2][20000],
temperatureiWellbore[2][20000], temperatureFormation[20000], tBottomhole;
double tfModified, tD;

double pressureInsidePipe[2][20000], pressureInsideAnnulus[2][20000];
double frictionAnnulus[20000], frictionPipe[20000], hydrostaticPipe[20000],
hydrostaticAnnulus[20000];

double hydrostaticPressure, frictionalPressureloss, bitPressurelLoss;

double stringID[20000], stringOD[20000], casID[20000], casOD[20000], boreSize[20000],
boreSize01ld[20000];

double cementThermalConductivity;

double bitUpstreamPressure, bitDownstreamPressure, bitPressureDrop,
bitUpstreamTemperature, bitDownstreamTemperature;

double maxErr, err, printMaxErr;

double deltaT, delT[20000];

double cuttingsConcentration[20000], ROP, transportRatio;

int fluidPhase, phaseInsidePipe[20000], phaseInsideAnnulus[20000];

int errDepth;

bool printErr, screenInput;

// temporary parameters, can be removed later
double parUa[20000], parUp[20000], parKl[20000], parK2[20000];

void clearScreen()

{

// cleans the screen
getch();
clrscr();

}

void inputPage()
{

bool check;

int morePipe,i,pipeNo;

char defDuml[15],defDum2[23],defDum3[13],defDum4[13],defDum5[13];

char defDum6[16],defDum7[16],defDum8[18],defDum9[18],defDumlo[22];
char defDuml1[29],defDum12[16],defDum13[16],defDuml4[17],defDuml5[28];
char defDum16[18],defDum17[21],defDum18[23],defDuml9[25],defDum20[27];
char defDum21[28],defDum22[18],defDum23[26],defDum24[28],defDum25[23];
char defDum26[27],defDum27[28],defDum28[19],defDum29[19],defDum30[26];
char defDum31[25],defDum32[25],defDum33[18],defDum34[22],defDum35[29];



char defDum36[29],defDum37[27],defDum38[25],defDum39[17],defDum40[11];
char defDum41[16],defDum42[27],defDum43[21],defDumd4[21];
//  clrscr();

//  printf("Please enter the input type\n");

/7 printf("\n");

//  printf("For manual input, press '@', then press ENTER\n");
//  printf("For file input, press '1l', then press ENTER\n");
// printf("\n");

// cin >> screenInput;

screenInput=1;
switch (screenInput)
{
case @: // Manual Input

{

printf("Input Data:\n");

printf("\n");

printf(" (Press any key to continue ...)\n");
getch();

clrscr();

printf("Wellbore Geometry\n");
printf("-----------------o--- \n");
printf("Enter well depth (ft)\n");
cin >> finalDepth;

printf("\n");

printf("Enter casing setting depth (ft)\n");
cin >> casingSettingDepth;
printf("\n");

if (casingSettingDepth>0)

{
printf("Enter casing inner diameter (in)\n");
cin >> casingID;
printf("\n");

printf("Enter casing outer diameter (in)\n");
cin >> casingOD;
printf("\n");

printf("Enter hole size during landing this casing (in)\n");
cin >> holeSize;
printf("\n");

clrscr();

printf("Drillstring Properties\n");
printf("--------------------- \n");

printf("Enter drillpipe inner diameter (in)\n");
cin >> drillPipelD;

printf("\n");

printf("Enter drillpipe outer diameter (in)\n");
cin >> drillPipeOD;



//
//

printf("\n");

printf("Enter drill collar length (ft)\n");
cin >> drillCollarlLength;
printf("\n");

if (drillCollarLength>0)

{
printf("Enter drill collar inner diameter (in)\n");
cin >> drillCollarlID;
printf("\n");

printf("Enter drill collar outer diameter (in)\n");
cin >> drillCollarOD;
printf("\n");

}

printf("Enter thermal conductivity of the pipe (BTU/ft-F-hr)\n");
cin >> pipeThermalConductivity;
printf("\n");

printf("Enter specific heat of the pipe (BTU/ft-F-hr)\n");
cin >> pipeSpecificHeat;
printf("\n");

clrscr();

printf("Bit Properties\n");
printf("-----------------o--- \n");
printf("Enter bit diameter (in)\n");
cin >> bitDiameter;

printf("\n");

printf("Enter number of nozzles \n");
cin >> numberOfNozzles;
printf("\n");

printf("Enter nozzle size \n");
cin >> nozzleSize;
printf("\n");

clrscr();

printf("Fluid Properties\n");
printf("--------------------- \n");
printf("Select fluid type\n");
printf(" \n");

printf("1 - Mud\n");

printf("2 - C02\n");

printf("3 - N2\n");

printf(" \n");

printf("(please select the fluid type, then press ENTER\n");
cin >> fluidType;

clrscr();

switch (fluidType)
{

case 1:



}

printf("Enter mud density (ppg)\n");
cin >> fluidDensity;
printf("\n");

printf("Enter plastic viscosity (cp)\n");
cin >> plasticViscosity;
printf("\n");

printf("Enter yield point (1lb/1e@eft”~2)\n");
cin >> yieldPoint;
printf("\n");

printf("Enter thermal conductivity of the fluid (BTU/ft-F-hr)\n");
cin >> fluidThermalConductivity;
printf("\n");

printf("Enter specific heat of the fluid (BTU/lb-F)\n");
cin >> fluidSpecificHeat;
printf("\n");

clrscr();
break;

case 2:

{
// €02

}

properties are calculated in the program (these are dummy values)
fluidDensity=1.;

plasticViscosity=1.;

yieldPoint=1.;

fluidThermalConductivity=1.;

fluidSpecificHeat=1.;

break;

case 3:

{

// N2 properties are calculated in the program (these are dummy values)

}
¥

fluidDensity=1.;
plasticViscosity=1.;
yieldPoint=1.;
fluidThermalConductivity=1.;
fluidSpecificHeat=1.;

break;

printf("Enter flow rate (gpm)\n");

cin

>> flowRateFluid;

printf("\n");

printf("Enter flow rate of water injected (gpm) (if no, enter 0)\n");

cin

>> flowRateWater;

printf("\n");



printf("Enter fluid inlet temperature (F)\n");
cin >> fluidInletTemperature;
printf("\n");

printf("Enter backpressure (psi)\n");
cin >> backPressure;
printf("\n");

clrscr();

printf("Abrasive Solids Information\n");
printf("------------mmmeeo - \n");

printf("Enter mass rate of abrasive solids (lb/min)\n");
cin >> massRateAbrasives;

printf("\n");

printf("Enter density of abrasive solids (sp.gr)\n");
cin >> densityAbrasives;
printf("\n");

clrscr();

printf("Temperature Information\n");
printf("--------------------- \n");
printf("Enter surface temperature (F)\n");
cin >> surfaceTemperature;

printf("\n");

printf("Enter temperature gradient (F/100ft)\n");
cin >> temperatureGradient;
printf("\n");

clrscr();

printf("Formation Properties\n");

printf("--------------------- \n");

printf("Enter thermal conductivity of the formation (BTU/ft-F-hr)\n");
cin >> formationThermalConductivity;

printf("\n");

printf("Enter specific heat of the formation (BTU/1lb-F)\n");
cin >> formationSpecificHeat;
printf("\n");

printf("Enter formation density (sp.gr.)\n");
cin >> formationDensity;
printf("\n");

printf("Enter influx depth (ft) (if no flux, set depth to ©)\n");
cin >> influxDepth;
printf("\n");

if (influxDepth>0)
{
printf("Enter productivity index for influx (bbl/day/psi) (suggested value =
0.5)\n");
cin >> priIndex;
printf("\n");



}

C

{

printf("Enter formation pressure gradient (psi/ft) (if not known, enter
0.465)\n");
cin >> formationPressureGradient;
printf("\n");

printf("Enter influx density (sp.gr) (if no flux, set depth to ©)\n");
cin >> influxDensity;
printf("\n");

printf("Enter average cuttings size (in)\n");
cin >> cuttingsSize;
printf("\n");

printf("Enter rate of penetration (ft/hr)\n");
cin >> ROP;
printf("\n");

clrscr();

break;

ase 1:

// File input

ifstream inFile;
open ("input.dat");

inFile.
inFile
inFile
inFile
inFile
inFile
inFile
inFile
inFile
inFile
inFile
inFile

inFile
inFile
inFile

inFile
inFile
inFile
inFile
inFile
inFile
inFile

inFile
inFile
inFile
inFile

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

>>
>>
>>

>>
>>
>>
>>
>>
>>
>>

>>
>>
>>
>>

defDuml
defDum2
defDum3
defDum4
defDum5
defDumé6
defDum?7
defDum8
defDum9
defDumlo
defDumll

defDuml2
defDuml3
defDuml4

defDuml5
defDumlé6
defDuml7
defDuml8
defDuml19
defDum20
defDum21

defDum22
defDum23
defDum24
defDum25

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

>>
>>
>>

>>
>>
>>
>>
>>
>>
>>

>>
>>
>>
>>

finalDepth;

casingSettingDepth;

casingID;

casingOD;

holeSize;

drillPipelD;

drillPipeOD;

drillCollarID;

drillCollaroOD;
drillCollarLength;
pipeThermalConductivity;

bitDiameter;
numberOfNozzles;
nozzleSize;

fluidType;

fluidDensity;
plasticViscosity;
yieldPoint;
jouleThompsonCoefficient;
fluidThermalConductivity;
fluidSpecificHeat;

waterDensity;
plasticViscosityWater;
yieldPointWater;
jouleThompsonCoefficientWater;



inFile >> defDum26 >> waterThermalConductivity;
inFile >> defDum27 >> waterSpecificHeat;

inFile >> defDum28 >> flowRateFluid;

inFile >> defDum29 >> flowRateWater;

inFile >> defDum3@ >> massRateAbrasives;
inFile >> defDum31 >> densityAbrasives;

inFile >> defDum32 >> fluidInletTemperature;
inFile >> defDum33 >> backPressure;

inFile >> defDum34 >> surfaceTemperature;
inFile >> defDum35 >> temperatureGradient;

inFile >> defDum36 >> formationThermalConductivity;

inFile >> defDum37 >> formationSpecificHeat;
inFile >> defDum38 >> formationDensity;
inFile >> defDum39 >> cuttingsSize;

inFile >> defDum4@ >> ROP;

inFile >> defDum4l >> influxDepth;

inFile >> defDum42 >> formationPressureGradient;
inFile >> defDum43 >> prlIndex;

inFile >> defDum44 >> influxDensity;

inFile.close();

// clrscr();
break;
}
}
/*
finalDepth=5.; // 15000

casingSettingDepth=0.; // 10000
casingID=2.25;

casing0D=2.5;

holeSize=2.5;

drillPipeID=1.08;
drillPipe0OD=1.25;
drillCollarID=2.25;
drillCollarOD=2.5;
drillCollarLength=0.;
pipeThermalConductivity=25;

// pipeSpecificHeat=600;
bitDiameter=2.5;
numberOfNozzles=1;
nozzleSize=1.55;
fluidType=2.;
fluidDensity=8.33;
plasticViscosity=1.;
yieldPoint=0;
jouleThompsonCoefficient=0.01;
fluidThermalConductivity=1.0; // .33
fluidSpecificHeat=0.4; // 1.1

waterDensity=8.33;
plasticViscosityWater=1.;
yieldPointWater=0;
jouleThompsonCoefficientWater=0.;



waterThermalConductivity=1.0; // .33
waterSpecificHeat=0.4; // 1.1

flowRateFluid=5.;
flowRateWater=0.;

massRateAbrasives=20.;
densityAbrasives=2.7;

fluidInletTemperature=75.;
backPressure=30.;
surfaceTemperature=60. ;
temperatureGradient=1.5;
formationThermalConductivity=1.3;
formationSpecificHeat=0.2;
formationDensity=2.64;
cuttingsSize=0.001;

ROP=400. ;

influxDepth=0.;
formationPressureGradient=0.465;
prIndex=0.5;
influxDensity=0.96;

*/

if (influxDepth == @)

{
influxDensity=8.;
prIndex=0.1;
formationPressureGradient=0.465;
waterDensity=8.33;
plasticViscosityWater=1.;
yieldPointWater=0;
jouleThompsonCoefficientWater=0.;

}

if (casingSettingDepth == 0)
{
casingID=bitDiameter-1.;
casingOD=bitDiameter;
holeSize=bitDiameter;

}

if (drillCollarLength == 0)

{
drillCollarID=drillPipelD;

drillCollarOD=drillPipeOD;
}

void unitConversion()

{

// converting units to proper field units for calculations (if needed)

// finalDepth // ft
// casingSettingDepth // ft



casingID=casingID/12.; // in to ft
casingOD=casing0OD/12.; // in to ft
holeSize=holeSize/12.; // in to ft
drillPipeID=drillPipeID/12.; // in to ft
drillPipeOD=drillPipeOD/12.; // in to ft
drillCollariD=drillCollarID/12.; // in to ft
drillCollarOD=drillCollarob/12.; // in to ft

// drillCollarlLength // ft

// pipeThermalConductivity // BTU-ft/(ft"2-hr-F)

// pipeSpecificHeat // BTU/(1lb-F)
bitDiameter=bitDiameter/12.; // in to ft
nozzleSize=nozzleSize/32.; // in*32 to in
fluidDensity=fluidDensity*7.48; // 1lb/gal to lb/ft”"3
plasticViscosity=plasticViscosity*2.4191; // cp to lb/(ft-hr)
yieldPoint=yieldPoint*100.; // 1b/100-ft”2 to 1b/ft"2
waterDensity=waterDensity*7.48; // 1lb/gal to 1lb/ft”"3
influxDensity=influxDensity*62.4; // sp.gr to lb/ft"3
plasticViscosityWater=plasticViscosityWater*2.4191; // cp to 1lb/(ft-hr)
yieldPointWater=yieldPointWater*100.; // lb/1ee-ft"2 to lb/ft"2

// fluidThermalConductivity // BTU-ft/(ft*2-hr-F)

// fluidSpecificHeat // BTU/(1lb-F)
flowRateFluid=flowRateFluid*8.020833; // gpm to ft”3/hr
flowRateWater=flowRateWater*8.020833; // gpm to ft"3/hr
backPressure=backPressure*144.; // psi to lb/ft”2
massRateAbrasives=massRateAbrasives*60.; // lb/min to 1b/hr
densityAbrasives=densityAbrasives*62.4; // sp.gr to 1lb/ft”"3
formationPressureGradient=formationPressureGradient*144.;

// surfaceTemperature // F

// surfaceTemperature // F
temperatureGradient=temperatureGradient/100.; // F/100-ft to F/ft

// formationThermalConductivity // BTU-ft/(ft”2-hr-F)

// formationSpecificHeat //  BTU/(lb-F)
formationDensity=formationDensity*62.4; // sp.gr. to 1b/ft"3

cuttingsSize=cuttingsSize/12.; // in to ft
prIndex=prIndex*0.0016247; // bbl/day/psi to ft~3/hr/1lb/ft"2
// ROP // ft/hr

}

void outputPage()

{
//  printf("Results written on 'out.dat' file \n");

/7 printf(" \n");

if (printErr==1)

{
// printf("\n");
// printf("Forced convergence : ");
// cout << printMaxErr;
// printf(" at ");
// cout << errDepth;
// printf (" ft");
// printf("\n");
// printf("\n");
}

// printf("Press any key to continue ...");



void intro()

//  printf("Welcome to Impact Design Program\n");
/7 printf("\n");

//  printf("Press any key to continue ..\n");

//  clearScreen();

void introl()

{

// printf("Please press 'l' to continue, '@"' for EXIT, then press ENTER\n");
/7 printf("\n");

void fluidPropertyDetermination(double t, double p, double s)

{
double phaseP;

// this section requires modification according to the fluid in use

if (p<=0.)
p=0.001;

switch (fluidType)
{

case 1:

{
fluidPhase=0;

fluidDensity=fluidDensity;

plasticViscosity=plasticViscosity;
yieldPoint=yieldPoint;

fluidThermalConductivity=fluidThermalConductivity;
fluidSpecificHeat=fluidSpecificHeat;

jouleThompsonCoefficient=jouleThompsonCoefficient;
cPovercv=1.;

break;

}

case 2: // CO02
{

// phase calculation
phaseP=305.0675+5.5718*t+0.0339*pow(t,2.);
if (p<phaseP) // gas phase
{



fluidPhase=1;
// if (t<=0)
fluidDensity=4.020134+p*0.000338+0.000002*pow(p,2.) -
0.041840*t+0.000088*pow(t,2.);
// else
// fluidDensity=0.00238*pow(p,1.82064)*pow(t,-1.18085);
if (fluidDensity<®@.05)
fluidDensity=0.05;
else if (fluidDensity>1@.)
fluidDensity=10.;
fluidDensity=fluidDensity*7.48;

// plasticViscosity=0.013968*pow(p,0.518333)*pow(t, -0.548697);
// if (plasticViscosity<0.0001)
// plasticViscosity=0.0001;

plasticViscosity=0.02;
plasticViscosity=plasticViscosity*2.4191;
yieldPoint=0.0012;

//  fluidThermalConductivity=0.015523+0.000068*pow(t, -0.599136)*pow(p,1.0725);
fluidThermalConductivity=0.009;
fluidSpecificHeat=0.201961+0.0000803237057561171*t-1.4522474376118E-

@8*pow(t,2.)+8.06809443440048E - 13*pow(t,3.);

// jouleThompsonCoefficient=0.0012; // F/psi
jouleThompsonCoefficient=0.012;
cPovercvV=1.37;

}

if (p>=phaseP) // liquid phase

{
fluidPhase=0;

// fluidDensity=1.389954*pow(p,0.356736)*pow(t, -0.311397); //
fluidDensity=-0.0007*pow(t,2.)+0.0323*t+7.3848;
fluidDensity=6.935830+p*0.000790+0.000000*pow(p,2.)-
0.036157*t+0.000063*pow(t,2.);
if (fluidDensity>12.)
fluidDensity=12.;

plasticViscosity=0.0000171*pow(fluidDensity,4.18781759); //
plasticViscosity=-0.00007*pow(t,2.)-0.0012*t+1.1116; //
plasticViscosity=0.013968*pow(p,0.518333)*pow(t, -0.548697);

if (plasticViscosity<0.0001)

plasticViscosity=0.0001;

plasticViscosity=plasticViscosity*2.4191;

fluidDensity=fluidDensity*7.48;

yieldPoint=0.;

// fluidThermalConductivity=-0.000004*pow(t,2.)+0.0001*t+0.0613; //
fluidThermalConductivity=0.015523+0.000068*pow(t, -0.599136)*pow(p,1.0725);
fluidThermalConductivity=0.0073*fluidDensity/7.48+0.0036;
// fluidSpecificHeat=0.497;
fluidSpecificHeat=195645. *pow((fluidDensity/7.48),-6.306);

// jouleThompsonCoefficient=0.0012; // F/psi
jouleThompsonCoefficient=0.0012;
cPovercV=1.05;



}

if ((p>1054.)8&(t>87.65)) // supercritical phase
fluidPhase=2;

// fluidDensity=1.389954*pow(p,0.356736)*pow(t,-0.311397);

fluidDensity=6.935830+p*0.000790+0.000000*pow(p,2.) -
0.036157*t+0.000063*pow(t,2.);

if (fluidDensity>1@.)

fluidDensity=10.;

fluidDensity=fluidDensity*7.48;
plasticViscosity=1.1*(0.013968*pow(p,0.518333)*pow(t, -0.548697));
if (plasticViscosity<0.0001)

plasticViscosity=0.0001;
plasticViscosity=plasticViscosity*2.4191;
yieldPoint=0.;

fluidThermalConductivity=0.015523+0.000068*pow(t, -0.599136)*pow(p,1.0725);
// fluidSpecificHeat=0.201961+0.0000803237057561171*t-1.4522474376118E-
08*pow(t,2.)+8.06809443440048E-13*pow(t,3.);
fluidSpecificHeat=0.497;

//  jouleThompsonCoefficient=0.0012; // F/psi
jouleThompsonCoefficient=0.0015;
cPovercV=1.05;

}

break;

}

case 3: // N2

// phase calculation
phaseP=0.0882*pow(t,2.)+53.142*t+8071.4;
if (p<phaseP) // gas phase
{

fluidPhase=1;
if (t«e)
fluidDensity=0.318951+p*0.000536-0.000000*pow(p,2.)-
0.003891*t+0.000002*pow(t,2.);

else
fluidDensity=0.023887*pow(p,0.662326)*pow(t,-0.212517);
if (fluidDensity<@.01)

fluidDensity=0.01;

else if (fluidDensity>10.)

fluidDensity=10.;

fluidDensity=fluidDensity*7.48;

plasticViscosity=0.021821627261426+p*-1.24207108829138E-06+4.07329587745606E -
10*pow(p,2.)+t*-0.0000151200634793847+1.30689389694566E -08*pow(t,2.);
if (plasticViscosity<0.0001)
plasticViscosity=0.0001;
plasticViscosity=plasticViscosity*2.4191;
yieldPoint=0. ;



//  fluidThermalConductivity=0.015523+0.000068*pow(t,-0.599136)*pow(p,1.0725);
fluidThermalConductivity=0.01117;
fluidSpecificHeat=0.231961+0.0000803237057561171*t-1.4522474376118E-

08*pow(t,2.)+8.06809443440048E-13*pow(t,3.);

// jouleThompsonCoefficient=0.0012; // F/psi
jouleThompsonCoefficient=0.012;
cPovercVv=1.39;

¥
if (p>=phaseP) // liquid phase
{

//  fluidDensity=0.023887*pow(p,0.662326)*pow(t,-0.212517);
fluidDensity=0.818951+p*0.000536-0.000000*pow(p,2.)-
0.003891*t+0.000002*pow (t,2.);
if (fluidDensity<®@.05)
fluidDensity=0.05;
else if (fluidDensity>12.)
fluidDensity=12.;
fluidDensity=fluidDensity*7.48;

plasticViscosity=0.021821627261426+p*-1.24207108829138E-06+4.07329587745606E -
10*pow(p,2.)+t*-0.0000151200634793847+1.30689389694566E-08*pow(t,2.);
if (plasticViscosity<0.0001)
plasticViscosity=0.0001;
plasticViscosity=plasticViscosity*2.4191;
yieldPoint=0.;

//  fluidThermalConductivity=0.015523+0.000068*pow(t,-0.599136)*pow(p,1.0725);
fluidThermalConductivity=0.01117;
fluidSpecificHeat=0.231961+0.0000803237057561171*t-1.4522474376118E-

08*pow(t,2.)+8.06809443440048E-13*pow(t,3.);

//  jouleThompsonCoefficient=0.0012; // F/psi
jouleThompsonCoefficient=0.0012;
cPovercVv=1.39;

}

if ((p>1054.)8&&(t>87.65)) // supercritical phase
{
fluidPhase=2;
fluidDensity=0.818951+p*0.000536-0.000000*pow(p,2.)-
0.003891*t+0.000002*pow(t,2.);
// fluidDensity=0.023887*pow(p,0.662326)*pow(t, -0.212517);
if (fluidDensity<@.05)
fluidDensity=0.05;
else if (fluidDensity>1@.)
fluidDensity=10.;
fluidDensity=fluidDensity*7.48;

plasticViscosity=0.021821627261426+p*-1.24207108829138E-06+4.07329587745606E -
10*pow(p,2.)+t*-0.0000151200634793847+1.30689389694566E -08*pow(t,2.);
if (plasticViscosity<0.0001)
plasticViscosity=0.0001;
plasticViscosity=plasticViscosity*2.4191;
yieldPoint=0.;

//  fluidThermalConductivity=0.015523+0.000068*pow(t,-0.599136)*pow(p,1.0725);



fluidThermalConductivity=0.01117;
fluidSpecificHeat=0.231961+0.0000803237057561171*t-1.4522474376118E-
@8*pow(t,2.)+8.06809443440048E-13*pow(t,3.);

// jouleThompsonCoefficient=0.0012; // F/psi
jouleThompsonCoefficient=0.0015;
cPovercV=1.39;

}

break;

}
}

void fluidPropertyMixture()

{
double flowRateF, flowRateW, flowRateT;

flowRateF=massFlowRateFluid/fluidDensity;
flowRateW=massFlowRateWater/waterDensity;
flowRateT=flowRateF+flowRateW;

fluidDensity=fluidDensity*(flowRateF/flowRateT)+waterDensity*(flowRateW/flowRateT);

plasticViscosity=plasticViscosity*(flowRateF/flowRateT)+plasticViscosityWater*(flowRateW/
flowRateT);
yieldPoint=yieldPoint*(flowRateF/flowRateT)+yieldPointWater*(flowRateW/flowRateT);

fluidThermalConductivity=fluidThermalConductivity*(flowRateF/flowRateT)+waterThermalCondu
ctivity*(flowRateW/flowRateT);

fluidSpecificHeat=fluidSpecificHeat*(flowRateF/flowRateT)+waterSpecificHeat*(flowRateW/fl
owRateT);

jouleThompsonCoefficient=jouleThompsonCoefficient*(flowRateF/flowRateT)+jouleThompsonCoef
ficientWater*(flowRateW/flowRateT);

flowRate=flowRateT;

void overallHeatTransferEstimation(int k)

{
double rpi, rpo, kp, rci, rco, rb, rbo, ka, ke, kt;
double nRep, nRea, nPrp, nPra, aP, aA, mP, mA, cpP, cpA;
double temp, pres;
double mixF, mixI, mFR;
int infD;

// definitions
infD=influxDepth;
mFR=massFlowRate;
kt=pipeThermalConductivity;
ke=formationThermalConductivity;

rpi=stringID[k]/2.;



rpo=string0D[k]/2.;

rci=casID[k]/2.;
rco=casoD[k]/2.;
rb=boreSize[k]/2.;
rbo=boreSizeOld[k]/2.;

aP=pi*pow(rpi,2.);
aA=pi*(pow(rb,2.)-pow(rpo,2.));

// modified pipe temperature

if (k==1)
temp=temperatureInsidePipe[0][k];
else

temp=(temperaturelnsidePipe[@][k]+temperatureInsidePipe[0][k-1])/2.;

pres=pressureInsidePipe[@][k];
fluidPropertyDetermination(temp, pres/144., k);
fluidPropertyMixture();

// pipe

mP=plasticViscosity;
kp=fluidThermalConductivity;
cpP=fluidSpecificHeat;
fluidSpecificHeatPipe=cpP;

// modified annulus temperature

if (k==1)
temp=temperatureInsideAnnulus[0][k];
else

temp=(temperatureInsideAnnulus[@][k]+temperatureInsideAnnulus[@][k-1])/2.;

pres=pressureInsideAnnulus[0][k];
fluidPropertyDetermination(temp, pres/144., k);
fluidPropertyMixture();

// annulus
ka=fluidThermalConductivity;
cpA=fluidSpecificHeat;
mA=plasticViscosity;

// influx contribution
influxMassRate=prIndex*(formationPressureGradient*influxDepth-

pressureInsideAnnulus[@][infD])*influxDensity;

mixF=(massFlowRate/fluidDensity)/((massFlowRate/fluidDensity)+(influxMassRate/influxDensi
ty));

mixI=(influxMassRate/influxDensity)/((massFlowRate/fluidDensity)+(influxMassRate/influxDe
nsity));

if (k<=infD)

if ((formationPressureGradient*influxDepth)>pressurelnsideAnnulus[@][infD])

{

temp=temp*mixF+temperatureFormation[infD]*mixI;



pres=pressureInsideAnnulus[0][k];
fluidPropertyDetermination(temp, pres/144., k);
fluidPropertyMixture();
mA=mixF*plasticViscosity+mixI*plasticViscosityWater;
mFR=mFR+influxMassRate;

// NReP, NReA, NPrP and NPrA calculations
nRep=(2.*rpi*massFlowRate)/(aP*mP);
nRea=(0.816*2.*(rb-rpo)*mFR)/(aA*mA);

nPrp=cpP*mP/kp;
nPra=cpA*mA/ka;

// Heat Transfer Coefficients, ha and hp
if (nRep<=10000.)

hp=(kp/(2.*rpi))*(3.65+(0.00668*nRep*nPrp*(2.*rpi))/(1+0.04* (pow( (nRep*nPrp*2.*rpi),0.666
))));

else
hp=0.023*pow(nRep,0.8)*pow(nPrp,0.4)*kp/(2.*rpi); // N/s-m-K

if (nRea<=10000.)

ha=(ka/(2.*rb))*(3.65+(0.00668*nRea*nPra*(2.*rb))/(1+0.04* (pow((nRea*nPra*2.*rb),0.666)))

bl
else

ha=0.023*pow(nRea,0.8)*pow(nPra,0.4)*ka/(2.*rb); // N/s-m-K
// Overall heat transfer coefficients, Ua and Up

overallHeatTransferCoefficientPipeAnnulus=1/((1/hp)+(rpi/kt)*log(rpo/rpi)+(rb/rpo)*(1/ha)
);  // N/s-m-K
// overallHeatTransferCoefficientPipeAnnulus=30.;

overallHeatTransferCoefficientAnnulusFormation=1/((1/ha)+(rci/kt)*log(rco/rci)+(rci/ke)*1
og(rbo/rco)); // N/s-m-K
// overallHeatTransferCoefficientAnnulusFormation=1.0;

}

void tfCalculation(double d)
{

int i;
// no modification is conducted at this moment

i=d;

tfModified=(2.*(surfaceTemperature+temperatureGradient*d)+0.*temperatureWellbore[@][1])/2

*)

}

void formationTemperatureDetermination(int d, double ta, double tf)

{



double kf, cf, rb, ua, alfa, ttd, df;
overallHeatTransferEstimation(d);
ua=overallHeatTransferCoefficientAnnulusFormation;
kf=formationThermalConductivity;
cf=formationSpecificHeat;
df=formationDensity;
rb=boreSize[d]/2.;
tfCalculation(d);
tf=(tf+tfModified)/2.; // tfModified=tf

alfa=kf/(cf*df);
ttd=alfa*circulationTime/pow(rb,2.); // dimensionless

if (ttd<=1.5)
tD=1.1281*pow(ttd,0.5)*(1.-0.3*pow(ttd,0.3));
else

tD=(0.4063+0.5*log(ttd))*(1.+0.6/ttd);

if (d==1)
temperatureWellbore[1][d]=(kf*tf+rb*ua*tD*ta)/(kf+rb*ua*tD);
else

temperatureWellbore[1][d]=(kf*tf+rb*ua*tD*ta)/(kf+rb*ua*tD);

// temperatureWellbore[1][d]=ta+(surfaceTemperature+(temperatureGradient-
deltaT/finalDepth)*d-ta)*(kf/(kf+rb*ua*tD));

temperatureWellbore[1][d]=ta+(surfaceTemperature+(temperatureGradient)*d-
ta)*(kf/(kf+rb*ua*tD));

}

void temperatureUpdate()
{

double ta, tp, tf;

int i;

i=finalDepth;
ta=temperatureInsideAnnulus[1][i];
tf=surfaceTemperature+temperatureGradient*i;
formationTemperatureDetermination(i, ta, tf);

for (i=finalDepth-1; i>=1; i--)

{
ta=(temperaturelnsideAnnulus[1][i]+temperatureInsideAnnulus[1][i+1])/2.;
tf=surfaceTemperature+temperatureGradient*i;
formationTemperatureDetermination(i, ta, tf);

}



void temperatureCalculation(int j, double tf)
{
double a, b;
double ta, tal, ta2, tp, tpl, tp2;
double c1, c2, c3, c4, ki1, k2;
double tpCl, tpC2, taCl, taC2;
double rpi, uP;
double rb, uA;
double tpInlet, ts, tg, h;
double ke, epsl, eps2, gama, delta;
double dt, epsilon;
double mFRT, mixI, mixF;
double gamaDum,gamal,deltal;
double failDuml, failDum2;
int fd, inD;

tpInlet=fluidInletTemperature;
ts=surfaceTemperature;
tg=temperatureGradient;
h=finalDepth;

fd=h;
ke=formationThermalConductivity;
inD=influxDepth;

overallHeatTransferEstimation(j);
uP=overallHeatTransferCoefficientPipeAnnulus;
uA=overallHeatTransferCoefficientAnnulusFormation;

rb=boreSize[j]/2.;
rpi=stringID[j]/2.;

// influx influence
influxMassRate=prIndex*(formationPressureGradient*influxDepth-
pressureInsideAnnulus[@][inD])*influxDensity;

//
mixF=(massFlowRate/fluidDensity)/((massFlowRate/fluidDensity)+(influxMassRate/influxDensi
ty));

//
mixI=(influxMassRate/influxDensity)/((massFlowRate/fluidDensity)+(influxMassRate/influxDe
nsity));

// influx contribution
mFRT=0. ;

if (j<=inD)

if ((formationPressureGradient*influxDepth)>pressureInsideAnnulus[@][inD])

{

mFRT=influxMassRate;

}
}

// temperature calculation methodology - I

a=((massFlowRate+mFRT)*fluidSpecificHeatPipe/(2.*pi))*((ke+tD)/(rb*uA*ke)); //
1b/hr



b=(massFlowRate*fluidSpecificHeatPipe/(2.*pi*rpi*uP)); //
ft

epsl=1./(2.*a)+1./(2.*a)*pow((1.+4.*a/b),0.5);
eps2=1./(2.*a)-1./(2.*a)*pow((1.+4.*a/b),0.5);

failDuml=eps1;

if (failDumi<9)
failDuml=-failDuml;
failDum2=eps2;

if (failbDum2<9)
failDum2=-failDum2;

if ((failbum1>0.1)||(failbum2>0.1))
{
clrscr();
printf("Unstable conditions !! .. \n");
printf("\n");
printf("Please change inputs (increase nozzle size, reduce flow rate, etc)\n");
printf("\n");
fail=1;
epsl=0.00000001;
eps2=-0.00000001;
gamal=1.;
deltal=1.;
}

if (fail==0)

gamal=(epsl*pow(e, (epsl*fd))-eps2*pow(e, (eps2*fd)));

gama=- ((tpInlet+b*(tg)-ts)*eps2*pow(e, (eps2*fd))+tg+deltaT/fd*3.)/gamal;
// delta=((tpInlet+b*(tg)-
ts)*epsl*pow(e, (epsi*fd))+tg+deltaT/fd)/(epsl*pow(e, (epsi*fd))-eps2*pow(e, (eps2*fd)));
// gamaDum=deltaT/fd;
// gama=gamaDum- ((tpInlet+b*(tg)-ts)*eps2*pow(e, (eps2*fd))+tg)/(epsl*pow(e, (epsl*fd))-
eps2*pow(e, (eps2*fd)));
// gamaDum=deltaT/fd*(epsl*pow(e, (epsl*fd))-
eps2*pow(e, (eps2*fd))+epsl*pow(e, (epsl*fd))*eps2*pow(e, (eps2*fd)))/(epsl*pow(e, (epsli*fd))
*(epsl*pow(e, (eps1*fd))-eps2*pow(e, (eps2*fd))));
// gama=gamaDum- ( (tpInlet+b*(tg)-ts)*eps2*pow(e, (eps2*fd))+tg)/(epsl*pow(e, (epsli*fd))-
eps2*pow(e, (eps2*fd)));
// gama=deltaT/fd- ((tpInlet+b*(tg)-
ts)*eps2*pow(e, (eps2*fd))+tg)/(epsli*pow(e, (epsl*fd))-eps2*pow(e, (eps2*fd)));
// gama=gamaDum+( (-tpInlet-b*(tg)+ts)*epsl*pow(e, (epsli*fd))-
tg)/(epsl*pow(e, (epsl*fd))-
eps2*pow(e, (eps2*fd)))*eps2*pow(e, (eps2*fd))/epsi*pow(e, (epsl*fd))-
tg/epsil*pow(e, (epsl*fd));

if (fail==0)

deltal=(epsl*pow(e, (epsi*fd))-eps2*pow(e, (eps2*fd)));
delta=((tpInlet+b*(tg)-ts)*epsi*pow(e, (epsl*fd))+tg-deltaT/fd/3.)/deltal;

// original
//  tp=kl*pow(e, (c1*j))+k2*pow(e, (c2*j))+tf-tg*a; // K
//  ta=kl*c3*pow(e, (c1*j))+k2*c4*pow(e, (c2*j))+tf; // K

// modified
tfCalculation(j);
tf=tfModified;



// modified annulus temperature
if (j==1)

{
// tal=(1.+epsl*b)*gama*pow(e, (epsl*j))+(1.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts-
deltaT/fd*j;
// ta2=(1.+epsl*b)*gama*pow(e, (epsli*j))+(1l.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts-
deltaT;
tal=(1.+epsl*b)*gama*pow(e, (epsli*j))+(1.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts;
ta2=(1.+epsl*b)*gama*pow(e, (eps1i*j))+(1.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts;
ta=(tal+ta2)/2.;
}
else
{
// tal=(1.+epsl*b)*gama*pow(e, (epsli*j))+(1l.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts-
deltaT/fd*j;
// ta2=(1.+epsl*b)*gama*pow(e, (epsl*j))+(1.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts-
deltaT;
tal=(1.+epsl*b)*gama*pow(e, (epsl*j))+(1.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts;
ta2=(1.+epsl*b)*gama*pow(e, (epsl*j))+(1.+eps2*b)*delta*pow(e, (eps2*j))+tg*j+ts;
ta=(tal+ta2)/2.;
}

if (ta<1.)
{
ta=10.;
fail=1;
}

// modified pipe temperature

if (j==1)
{
tpl=tpInlet;
// tp2=gama*pow(e, (epsl*j))+delta*pow(e, (eps2*j))+tg*j-b*(deltaT/fd+tg)+ts; //
modified due to Joule Thompson
tp2=gama*pow(e, (epsl*j))+delta*pow(e, (eps2*j))+tg*j-b*tg+ts;

}

else

{
// tpl=gama*pow(e, (epsl*j))+delta*pow(e, (eps2*j))+tg*j-b*(deltaT/fd+tg)+ts; //
modified due to Joule Thompson
// tp2=gama*pow(e, (epsl*j))+delta*pow(e, (eps2*j))+tg*j-b*(deltaT/fd+tg)+ts; //

modified due to Joule Thompson
tpl=gama*pow(e, (epsl*j))+delta*pow(e, (eps2*j))+tg*j-b*tg+ts;
tp2=gama*pow(e, (epsl*j))+delta*pow(e, (eps2*j))+tg*j-b*tg+ts;

}
tp=(tpl+tp2)/2.;

if (tp<1.)
tp=10.;
fail=1;
}

tpCl=tp;
taCl=ta;



// temperature calculation methodology - II

/*
a=(massFlowRate*fluidSpecificHeatPipe)/(2.*pi*rpi*uP); // has a unit of meter
b=(rb*uA)/(rpi*uP); // dimensionless

cl=(b/(2.*a))*(1.+pow((1.+4./b),0.5)); // has a unit of 1/meter
c2=(b/(2.*a))*(1.-pow((1.44./b),0.5)); // has a unit of 1/meter
c3=1.+(b/2.)*(1.+pow((1.+4./b),0.5)); // dimensionless
c4=1.+(b/2.)*(1.-pow((1.44./b),0.5)); // dimensionless

// unit has changed to F due to modifications conducted
k2=(tg*a-(tpInlet-ts+tg*a)*pow(e, (c1*h))*(1.-c3))/(pow(e, (c2*h))*(1.-c4)-
pow(e, (c1*h))*(1.-c3)); // K
kl=tpInlet-k2-ts+tg*a; // K

// original
// tp=k1*pow(e, (c1*j))+k2*pow(e, (c2*j))+tf-tg*a; // K
//  ta=k1*c3*pow(e, (c1*j))+k2*c4*pow(e, (c2*j))+tf; // K
// modified

tfCalculation(j);
tf=tfModified;

// modified pipe temperature

if (j==1)
tpl=kl*pow(e, (c1*j))+k2*pow(e, (c2*j))+tf-tg*a; // K
tp2=k1l*pow(e, (c1*j))+k2*pow(e, (c2*j))+(temperatureWellbore[0][j]+tf)/2.-tg*a;
}
else
{

tpl=k1*pow(e, (c1*j))+k2*pow(e, (c2*j))+tf-tg*a;

tp2=k1*pow(e, (c1*j))+k2*pow(e, (c2*j))+(temperatureWellbore[@][j]+tf)/2.-tg*a;
}
tp=(tpl+tp2)/2.;

// modified annulus temperature
if (j==1)

tal=k1l*c3*pow(e, (c1*j))+k2*cd4*pow(e, (c2*j))+tf-delT[j];
ta2=(k1*c3*pow(e, (c1*j))+k2*c4*pow(e, (c2*j))+(tf+temperatureWellbore[0][]j])/2.)-
delT[j];
ta=(tal+ta2)/2.;
}
else
{
tal=k1*c3*pow(e, (c1*j))+k2*ca*pow(e, (c2*j))+tf-delT[j];
ta2=(k1*c3*pow(e, (c1*j))+k2*ca*pow(e, (c2*j))+(tf+temperatureWellbore[@][]j])/2.)-
delT[j];
ta=(tal+ta2)/2.;
}

tpC2=tp;
taC2=ta;



// combining method - I and method - II
temperatureInsidePipe[1][j]=(tpCl+tpC2)/2.;

temperatureInsideAnnulus[1][j]=(taCl+taC2)/2.;
*/
// should be removed if method-II is also used
temperatureInsidePipe[1][]j]=tpC1;
temperatureInsideAnnulus[1][j]=taC1;

parUa[j]=uA;
parUp[j]=uP;

void bitPressure(double pipeT, double annT)

{
double a,pA,k,tA;

// double q;
double flowRateF, flowRateW, flowRateT;
int fd;

flowRateF=massFlowRateFluid/fluidDensity;
flowRateW=massFlowRateWater/waterDensity;
flowRateT=flowRateF+flowRateW;

k=cPovercV;
fd=finalDepth;
fluidPropertyDetermination(pipeT, pressurelnsidePipe[@][fd]/144., fd);

flowRateF=massFlowRateFluid/fluidDensity;
flowRateW=massFlowRateWater/waterDensity;
flowRateT=flowRateF+flowRatel;

fluidPropertyMixture();

// pipeT is the temperature at the bottom inside the pipe

// annT is the termperature at the bottom inside the wellbore
// g=massFlowRate/fluidDensity;
a=pi/4.*numberOfNozzles*pow(nozzleSize,2.);

bitPressureDrop=0.00008311*144 . *fluidDensity/7.48*pow((flowRate/8.020833),2.)/(pow(0.95,2

-)*pow(a,2.));
pA=pressureInsidePipe[@][fd]-bitPressureDrop;

if (pA<@)
pA=pressureInsideAnnulus[@][fd];

fluidPropertyDetermination(annT, pA/144., fd);
fluidPropertyMixture();

tA=pipeT/pow((pressureInsidePipe[@][fd]/pressurelnsideAnnulus[@][fd]), (k-1.)/k);

// deltaT=bitPressureDrop/144.*jouleThompsonCoefficient;
deltaT=(pipeT-tA)*(1-flowRateW/flowRateT);



void pressureCalculation()
{
int w, infD, fd;
double t, p, tp;
double pa, pp, dpf, dpfT, phyd, phydT;
double nre, v, q, dhyd, a, ff;
double mixF, mixI, mFR, mA;
double solidCc;

pa=backPressure;
infD=influxDepth;
fd=finalDepth;

dpfT=0.;
phydT=0. ;

// start from exit towards the bottom through the annulus
for (w=1; w<=finalDepth; w++)
{
t=temperatureInsideAnnulus[1][w];
p=pressureInsideAnnulus[0][w];
fluidPropertyDetermination(t, p/144., w);
fluidPropertyMixture();
mA=plasticViscosity;

mFR=massFlowRate;

// influx contribution

influxMassRate=prIndex*(formationPressureGradient*influxDepth-
pressureInsideAnnulus[@][infD])*influxDensity;

mixF=(massFlowRate/fluidDensity)/((massFlowRate/fluidDensity)+(influxMassRate/influxDensi
ty));

mixI=(influxMassRate/influxDensity)/((massFlowRate/fluidDensity)+(influxMassRate/influxDe
nsity));

// solids contribution

solidCc=cuttingsConcentration[w]/100.+(massRateAbrasives/densityAbrasives)/((massFlowRate
/fluidDensity)+(influxMassRate/influxDensity)+(massRateAbrasives/densityAbrasives));

if (solidCc >= 1.0)

s0lidCc=0.99;

if (w<=infD)
{
if ((formationPressureGradient*influxDepth)>pressureInsideAnnulus[@][infD])
{
t=t*mixF+temperatureFormation[infD]*mixI;
fluidPropertyDetermination(t, p/144., w);
fluidPropertyMixture();
mA=mixF*plasticViscosity+mixI*plasticViscosityWater;
mFR=mFR+influxMassRate;



// hydrostatic pressure
phyd=(fluidDensity*mixF+influxDensity*mixI)*(1-
solidCc)+(densityAbrasives+formationDensity)/2.*solidCc;
hydrostaticAnnulus[w]=phyd+phydT;
phydT=hydrostaticAnnulus[w];

// frictional pressure
phyd=fluidDensity*mixF+influxDensity*mixI;
g=mFR/(phyd*60.);
a=pi/4.*(pow(boreSize[w],2.)-pow(stringOD[w],2.));
dhyd=boreSize[w]-stringOD[w];
v=q/a;
nre=phyd*v*0.816*dhyd*60./mA;

if (nre<=2100)
ff=16./nre;

else
f£=0.0791/pow(nre,0.25);

// if (fluidPhase==1)
// f£=0.56/ (pow(dhyd,®.333));

dpf=2*ff*phyd*pow(v,2.)/(dhyd*0.816)/(32.2*3600.);
frictionAnnulus[w]=dpf+dpfT;
dpfT=frictionAnnulus[w];

// total pressure
pa=pa+dpf+phyd;
pressureInsideAnnulus[1][w]=pa;

phaseInsideAnnulus[w]=fluidPhase;

// call bit pressure loss
tp=temperatureInsidePipe[1][w-1];
bitPressure(tp, t);

// bit upstream pressure = pressure inside the pipe at the bottom
bitUpstreamPressure=pressureInsideAnnulus[1][w-1]+bitPressureDrop;

pp=bitUpstreamPressure;
pressureInsidePipe[@][w-1]=pp;

dpfT=0.;
phydT=0.;

// from bottom to surface through the pipe

for (w=finalDepth; w>=1; w--)

{
t=temperatureInsidePipe[1][w];
p=pressurelnsidePipe[0][w];
fluidPropertyDetermination(t, p/144., w);
fluidPropertyMixture();

// hydrostatic pressure



solidCc=(massRateAbrasives/densityAbrasives)/((massFlowRate/fluidDensity)+(massRateAbrasi
ves/densityAbrasives));

if (solidCc >= 1.0)

s0l1idCc=0.99;

phyd=fluidDensity*(1-solidCc)+densityAbrasives*solidCc;
hydrostaticPipe[fd+1-w]=phyd+phydT;
phydT=hydrostaticPipe[fd+1-w];

// frictional pressure
g=massFlowRate/(fluidDensity*60.);
a=pi/4.*pow(stringID[w],2.);
dhyd=stringID[w];
v=q/a;
nre=fluidDensity*v*dhyd*60./plasticViscosity;

if (nre<=2100)
ff=16./nre;

else
f£=0.0791/pow(nre,0.25);

// if (fluidPhase==1)
// f£=0.56/ (pow(dhyd,0.333));

dpf=2*ff*fluidDensity*pow(v,2.)/dhyd/(32.2*3600.);

frictionPipe[w]=dpf+dpfT;
dpfT=frictionPipe[w];
// total pressure

pp=pp+dpf-phyd;
pressureInsidePipe[1][w]=pp;

phaseInsidePipe[w]=fluidPhase;
}

for (w=1; w<=finalDepth; w++)

{

pressurelnsidePipe[@][w]=pressureInsidePipe[1][w];
pressureInsideAnnulus[@][w]=pressureInsideAnnulus[1][w];

}

void initialize()

{
int i, fd;
fd=finalDepth;
for (i=1; i<=fd; i++)
// initial temperature set (formation temperature)

temperatureiWellbore[@][i]=surfaceTemperature;
temperatureInsidePipe[@][i]=surfaceTemperature+(temperatureGradient)*i;



temperatureInsideAnnulus[@][i]=surfaceTemperature;
temperatureFormation[i]=surfaceTemperature+(temperatureGradient)*i;

fluidPropertyDetermination(temperatureInsideAnnulus[@][i],
pressureInsideAnnulus[@][i]/144., i);

pressureInsideAnnulus[@][i]=backPressure+fluidDensity*i;

phaseInsideAnnulus[i]=0;
phaseInsidePipe[i]=0;

cuttingsConcentration[i]=90;

}

temperatureInsidePipe[@][1]=fluidInletTemperature;
tBottomhole=temperatureInsideAnnulus[@][fd];

for (i=1; i<=fd; i++)

// initial guess (if you find a better dPf estimation (empirical), use it and modify
the equation
pressurelnsidePipe[@][i]=pressureInsideAnnulus[@][fd];

}

fluidPropertyDetermination(temperatureInsidePipe[0][1],
pressurelnsidePipe[0][1]/144., 1);

bitPressureDrop=0.;

massFlowRateFluid=fluidDensity*flowRateFluid;

massFlowRateWater=waterDensity*flowRateWater;

massFlowRate=massFlowRateFluid+massFlowRateWater;

void geometryDescription()

{

int i;

for (i=1; i<=finalDepth; i++)
{
if (i<=casingSettingDepth)
{
boreSize[i]=casingID;
boreSizeOld[i]=holeSize;
casOD[i]=casingOD;
casID[i]=casingID;
}
else
{
boreSize[i]=bitDiameter;
boreSizeOld[i]=bitDiameter;
casOD[i]=bitDiameter;
casID[i]=bitDiameter;

}

if (i>(finalDepth-drillCollarLength))

{
stringOD[i]=drillCollaroD;



}

e

{

}

stringID[i]=drillCollariD;
lse

stringOD[1]=drillPipeOD;
stringID[i]=drillPipelD;

void convergenceCheck()

{

int errC;

maxErr=0;
err=0;
errDepth=0;

for (errC=1; errC<=finalDepth; errC++)

{

err=temperatureInsidePipe[1][errC]-temperaturelnsidePipe[@][errC];
if (err<9)
err=-err;
if (err>maxErr)
{
maxErr=err;
errDepth=errC;

}

temperatureInsidePipe[@][errC]=temperatureInsidePipe[1][errC];

err=temperatureInsideAnnulus[1][errC]-temperatureInsideAnnulus[@][errC];
if (err<9)
err=-err;
if (err>maxErr)
{
maxErr=err;
errDepth=errC;

}

temperatureInsideAnnulus[@][errC]=temperatureInsideAnnulus[1][errC];

err=temperaturelWellbore[1][errC]-temperatureWellbore[@][errC];
if (err<9)
err=-err;
if (err>maxErr)
{
maxErr=err;
errDepth=errC;

}
temperaturelWellbore[@][errC]=temperatureWellbore[1][errC];



// cuttings transport verification
void cuttingsTransportCheck()
{
double dc, a, b, denC, denF, vsOld, vs, me, cc;
double nRep, vf, errSlip;
double aw, ab;
int i;
const g=32.198;

dc=cuttingsSize;
denC=formationDensity;

for (i=1; i<=finalDepth; i++)
{

vs=1000. ;
errSlip=1000. ;

fluidPropertyDetermination(temperatureInsideAnnulus[1][i],
pressureInsideAnnulus[1][i]/144., i);
fluidPropertyMixture();

denF=fluidDensity;

aw=(pi/4)*(pow(casID[i],2.)-pow(string0OD[i],2.));
ab=(pi/4)*pow(casID[i],2.);
vf=massFlowRate/(denF*aw);

do

{
vsOld=vs;
me=plasticViscosity+yieldPoint*dc/vf;
nRep=dc*denF*vs0ld/me;

if (nRep<=1.)

vs=pow(((dc*g*pow(3600.,2.)/a)*(denC-denF)/denF*pow(nRep,-b)),0
errSlip=vs-vs0ld;

if (errSlip<o)

errSlip=-errSlip;

}
while (errSlip>0.0001);

-5);



cc=(ROP*ab)/(aw*(vf-vs));

cuttingsConcentration[i]=cc*100.;
transportRatio=1.-vs/vf;

}

// main program
#pragma argsused
int main(int argc, char* argv[])

{

double massOld, massErr;
int tt, dd, counter, errCounter, cntr;
char phasePipe[10], phaseAnnulus[10];

fail=0;
intro();

do
{

choice=0;
introl();
// cin >> choice;

choice=1;
switch (choice)

{
case 9: // Exit

{
exit('e");
break;

}

case 1: // Continue

{
// clrscr();

inputPage();

unitConversion();
// main

finalCirculationTime=5.; // define this properly later
circulationTime=0;
dcirculationTime=5.;

geometryDescription();
// printf("Calculation in progress ");

ofstream outfileDum ("out.lvm");
outfileDum.close();



ofstream outfile ("out.lvm", ios::app);

// initiate the file

outfile << "t(hr) " << "D(ft) " << "Tann(F) " << "Tpip(F) " << "Twb.(F) " <<
"Tfor(F) " << "Pa(psi) " << "Pp(psi) " << "PfrA(psi) " << "PfrP(psi) " << "PhydA(psi) "
<< "PhydP(psi) " << "phaseA " << "phaseP" << "Cc " << "Rt " << endl;
// oUtfile << Mmmmm "<< endl;

// loop for time
while (circulationTime<finalCirculationTime)
{
// printf(".");
initialize();

printErr=0;
errCounter=0;
circulationTime=circulationTime+dcirculationTime;

cntr=0;
// loop for convergence
do
if (fail==1)

goto unstableCase;
cntr=cntr+l;
massOld=massFlowRate;
errCounter=errCounter+l;

// depth loop
for (dd=1; dd<=finalDepth; dd++)
{
temperatureCalculation(dd, temperatureWellbore[0][dd]);

}

pressureCalculation();
temperatureUpdate();
convergenceCheck();

if (errCounter>50)

{
printErr=1;
printMaxErr=maxErr;
maxErr=0.01;

}

fluidPropertyDetermination(temperatureInsidePipe[@0][1],
pressurelnsidePipe[0][1]/144., 1);
massFlowRateFluid=fluidDensity*flowRateFluid;
massFlowRateWater=waterDensity*flowRateWater;
massFlowRate=massFlowRateFluid+massFlowRateWater;

// to make sure mass rate is stable between two iterations
massErr=massFlowRate-mass0ld;
if (massErr<e)
massErr=-masskErr;



if (cntr>200)

}

masskErr=0.9;

while ((maxErr>=0.05) || (massErr>=1.));

cuttingsTransportCheck();

// writing information into a file

// circulationTime2=0;

// while (circulationTime2<finalCirculationTime)

// {

// circulationTime2=circulationTime2+dcirculationTime;

for (counter=1; counter<=finalDepth; counter++)

/*
char
char
char
char
char
char
char
char
char
char

if (phaseInsideAnnulus[counter]==0)
strcpy(phaseAnnulus, "liquid");

if (phaseInsideAnnulus[counter]==1)
strcpy(phaseAnnulus, "gas");

if (phaseInsideAnnulus[counter]==2)
strcpy(phaseAnnulus, "supercrt");
if (phaseInsidePipe[counter]==0)
strcpy(phasePipe, "liquid");

if (phaseInsidePipe[counter]==1)
strcpy(phasePipe, "gas");

if (phaseInsidePipe[counter]==2)
strcpy(phasePipe, "supercrt");

opl[1@];
op2[10];
op3[10];
op4[10];
op5[10];
op6[10];
op7[10];
op8[190];
op9[12];
ople[12];

sprintf(opl, "%4d ", circulationTime);

sprintf(op2, "%5d ", counter);

sprintf(op3, "%5d ", temperatureInsideAnnulus[1][counter]);
sprintf(op4, "%5d ", temperatureInsidePipe[1l][counter]);
sprintf(op5, "%5d ", temperatureWellbore[1l][counter]);
sprintf(op6, "%5d " ,temperatureFormation[counter]);
sprintf(op7, "%7d ", pressurelnsideAnnulus[1][counter]/144.);
sprintf(op8, "%7d ", pressurelnsidePipe[l][counter]/144.);
sprintf(op9, "%9c ", phaseAnnulus);

sprintf(op1@, "%9c ", phasePipe);

oplo << endl;
*/

temperatureInsideAnnulus[1][counter] <<

outfile << opl << op2 << 0p3 << op4d << op5 << opb6 << op7 << op8 << op9

outfile << circulationTime << << counter <<

<<

<< temperatureWellbore[1][counter]

<< temperaturelInsidePipe[1][counter] <<

<<



<< << temperatureFormation[counter] << <<
pressureInsideAnnulus[@][counter]/144. << " " << pressurelnsidePipe[@][counter]/144. <<
" << frictionAnnulus[counter]/144. << << frictionPipe[counter]/144. << " " <<
hydrostaticAnnulus[counter]/144. << " " << hydrostaticPipe[counter]/144.
<< phaseAnnulus << " " << phasePipe << << cuttingsConcentration[counter] <<
<< transportRatio << " " << endl;

"

nwon nwon "

<<

}
// }

// clrscr();

outfile.close();
outputPage();

// clearScreen();
break;

}

default: // continue

{

choice=1;
// clrscr();

inputPage();
// main

outputPage();

// clearScreen();
break;
}

}

unstableCase:
if (fail == 1)

clrscr();
// printf("Stable solution is not possible with the current input data.\n");
// printf("\n");
//  printf("Either 'freezing' or 'physically impossible' situation.\n");
// printf("\n");
// printf("Suggestions:.\n");

// printf(" - Change nozzle size\n");

// printf(" - Change backpressure\n");

// printf(" - Change flow rate\n");

// printf(" - Add water into the system\n");

// printf("\n");
// printf("Please modify the input information.\n");
// printf("\n");
// printf(" (Press any key to continue ...)\n");
// getch();
// clrscr();
ofstream outfileDum ("out.lvm");



outfileDum.close();

}

choice=0;

}

while (choice != 0);
return 0,
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