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Summary 
A series of multi-physics experiments, referred to as Physics Experiment 1 (PE1) is underway at the U.S. 
Nevada National Security Site. The PE1 series includes detonations of three underground chemical 
explosions. As the name implies, there are a number of experiments investigating the signals generated by 
the explosion. The experiment series objectives are outlined in a report from Lawrence Livermore 
National Laboratory.1  

Part of the experiment series included gas migration studies. Gas tracers were embedded in the explosives 
and gas sampling boreholes were installed in the formation in the test bed. Connected to the boreholes is a 
circulation system that moves gas to a central measurement location.  

This report does not describe the gas analysis or collection systems, but rather the circulation system that 
provides the gas for measurement. Here, we have combined parts of four project documents into a single 
report that describes the design, build, installation, testing, and operation of the gas sampling system. 

This Low Yield Nuclear Monitoring (LYNM) research was funded by the National Nuclear Security 
Administration, Defense Nuclear Nonproliferation Research and Development (NNSA DNN R&D). The 
authors acknowledge important interdisciplinary collaboration with scientists and engineers from LANL, 
LLNL, NNSS, PNNL, and SNL. 

 
1 S. C. Myers, G. Abbott, T. Alexander, E. Alger, A. Alvarez, N. Annabelle, T. Antoun, G. Auld, A. Malach, H. 
Banuelos, M. Barela, T. Barnhart, P. Barrow, T. Bartlett, A. Bockman, M. Bodmer, K. Bogolub, J. Bonner, R. 
Borden, H. Boukhalfa, D. Bowman, C. Britt, B. Broman, S. Broome, B. Brown, J. Burghardt, D. Chester, C. 
Choens, K. Chojnicki, A. Churby, J. Cole, T. Coleman, J. Collard, A. Couture, G. Crosby, A. Cruz-Cabrera, D. 
D'Saint Angelo, M. Dea, W. Dekin, B. DeVisser, M. Dietel, C. Downs, N. Downs, E. Dzenitis, E. Eckert, S. Eras, G. 
Euler, S. Ezzedine, J. Fast, J. Feldman, K. Featherston, M. Foxe, C. Freimuth, B. Fritz, G. Galvin, S. Gamboa, L. 
Garner, T. Gascoigne, J. Gastelum, et al. 2024. A multi-Physics Experiment for Low-Yield Nuclear Explosion 
Monitoring. LLNL-TR-864107, Laurance Livermore National Laboratory. 
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Acronyms and Abbreviations 
AWG American wire gage 
DAQ data acquisition system 
DOE/NNSA  Department of Energy National Nuclear Security Agency 
EPDM ethylene propylene diene monomer rubber  
HE high energy 
ID internal diameter 
IDAQ Integrated Data Acquisition System 
LANL  Las Alamos National Laboratory 
LLNL Laurence Livermore National Laboratory 
LYNM Low Yield Nuclear Monitoring 
MSTS  Mission Support and Test Services 
NPT national pipe thread 
OD outside diameter 
PE-1 Physics Experiment 1 
PFA perfluoroalkoxy alkane 
PNNL Pacific Northwest National Laboratory 
PSI pounds per square inch 
PSIA pounds per square inch absolute 
PSIG pounds per square inch gage 
PDR preliminary design review 
PVC polyvinyl chloride 
RH relative humidity 
SME subject matter expert 
SNL Sandia National Laboratories 
SS stainless steel 
VAC voltage – alternating current 
VDC voltage – direct current 
VOC volatile organic compound 
 
Units 
Hz hertz 
°C degrees Celsius 
L liters 
mA milliamps 
A amps 
V volts 
ft feet 
gal gallons 
min minutes 
m meters 
µm micrometer 
W watts 
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Chapter 1 – As-Built Design Package: Borehole Gas Delivery 
System 

Executive Summary 
The gas delivery system circulates gas from the eight borehole sampling zones in the gas boreholes and 
the three tunnel environment sampling locations down the drift and through various measurement and 
collection instrumentation. The system then returns the gas to each sampling zone, resulting in a closed-
loop system. This document provides detailed information on the design, fabrication, installation, and 
operation of this system. The intent of this document is to provide sufficient information to reproduce or 
improve upon this system for future tests. Due to the relative complexity of the borehole gas delivery 
system (and the large number of components), only the key portions of the system are detailed in the main 
body of this report. More detailed design information can be found in the appendices.  

List of Appendices  

While the body of this report covers the fundamental design elements, most of the detail is contained in 
the appendices. These appendices cover a variety of details concerning parts, procedures, testing, and 
checklists.  

Appendix A – System Overview 
Appendix B – Parts list and Component Data Sheets 
Appendix C – Water Trap Design 
Appendix D– Electrical Power Description  
Appendix E – Data Acquisition pin –to –pin connection tables 
Appendix F – Calibration of Sensors 
Appendix G – Tubing Installation Procedure 
Appendix H – Dual Packer Assessment 
Appendix I – Permeability Test Example 

1.0 Gas System Description 
The gas boreholes and gas delivery system are the backbone of the gas migration phase of the PE-1 
experiment.  The gas delivery system moves gas from the sampling locations within each gas borehole 
and within the tunnel environment to the various measurement and collection systems. The system then 
returns the gas to the borehole, resulting in a closed-loop system that minimizes perturbations to the gas 
transport.  This section provides a moderately detailed description of the system, with additional details 
captured in the Appendices. 

1.1 Boreholes 

1.1.1 Packer Assembly 

The packer assembly isolates the borehole sample collection zone from the grout during completion and 
provides a rigid structure for mounting sample supply and return lines. Figure 1 shows photographs of the 
packer assembly used for each gas borehole. The sampling interval contains three ports: the sample inlet, 
the sample return, and the pressure measurement line (Figure 1). Additionally, a thermistor is installed in 
the sampling interval for temperature measurement, and an unused center passthrough provides a rigid 
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stop and support in the sampling interval. All five lines that pass through the packer are welded, swaged, 
and capped. For up-going boreholes, a single packer was used to isolate the sampling zone from the 
grouted interval, while for down-going holes a dual packer system was used. The dual packer system 
resulted in an air gap between the sampling interval and the grouted section; this gap helped ensure that 
grout did not impact the sampling interval for down-going boreholes. Additional details are captured in 
the borehole completion report (Chapter 2). 

 

 
Figure 1. Borehole packer pictures. 

1.1.2 Thermistor 

A temperature probe extension cable was spliced onto the thermistor cable on the grouted side of the 
packer. The splice was made in the lab prior to shipment and used water-proof heat-shrink solder-filled 
butt slices. The splices were covered with a larger heat shrink and the entire splice filled with epoxy. The 
temperature probe extension cable extends through the flange face, is spliced to the pressure transducer 
cable, and routed to the system DAQ at the 650 facility.  After installation, 4 of the thermistors failed.  
The time to failure was 6 to 10 months; the suspected failure mode was moisture intrusion into the 
thermistor.  In the future more robust borehole temperature monitoring probes will be considered. 
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Figure 2. Thermistor splice. 

1.1.3 Conveyance Line 

The conveyance pipe also served as the vent line during grouting (for up-going boreholes). Perforations in 
the end of the conveyance pipe allowed air to pass through the conveyance line and out of the borehole as 
grout was filling the borehole. Centralizers and spacers ensured that grout encased all components in the 
borehole. For down-going holes each section of the conveyance pipe was perforated (4 holes per stick) to 
allow grout to fill the inside of the conveyance line. The conveyance pipe, tremie pipe, and all tubing 
were hand-sanded with 80 grit sandpaper to enhance grout adhesion (Figure 6).  

 

 
Figure 3. Conveyance pipe, centralizer, and spacer. 

 
Figure 4. Conveyance pipe for down-going hole, perforated to allow grout to fill it. 



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  4 
 

 

 
Figure 5. Packer adaptor and borehole tubing spacer. 

1.1.4 Tremie Pipe 

A tremie pipe was used to deliver grout to the end of the boreholes. For up-going boreholes, the tremie 
pipe was fixed in place two feet from the packer. Grout was pumped through the borehole collar to the 
end of the hole and allowed to run back down the hole to the collar, filling from the bottom. For 
downward going boreholes the tremie pipe was only loosely secured near the packer during installation. 
This allowed it to be removed during grouting. For all boreholes, the tremie pipe was a 1-inch OD 
polyethylene pipe. Again, additional details are captured in the borehole completion report (Chapter 2).  

   
Figure 6. Surfaces roughened by sanding of the conveyance pipe, tremie pipe, and stainless-steel tubing. 

1.1.5 Borehole Collar Flange 

The borehole collar flange provided the adaptors for the grout fill tubes, the borehole sample lines, the 
pressure transducer line, and the packer inflation line to pass from inside the borehole and out into the 
tunnel (Figure 7). These were bore-through compression fittings for the tubing and cord-grips for the 
wiring.  For up-going boreholes, the original design was modified to include a tremie pipe pass-through. 
The fill and vent lines also received sacrificial valves used to shut in the grout. Once the grout was cured, 
these valves were removed and the pipes were capped. For down-going boreholes the grout was emplaced 
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without any hardware attached to the collar. Once grout emplacement was complete, but before grout had 
fully cured, the borehole collar faceplate was attached.  

  

     

 
Figure 7. Borehole collar and flange assembly for upward tilted boreholes. 
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1.2 Tunnel Section 

1.2.1 Water Trap 

Water traps were included with the design of each gas borehole to capture any water that flows out of the 
gas sampling lines. The water trap design includes the ability to retain the captured water for subsequent 
analysis (Figure 8). The full water trap design and specifications are described in Appendix C. The water 
trap was secured to the rib adjacent to the boreholes using 16-inch long threaded rod epoxied in-place. 
Shock isolators provide a stand-off from the rib and the necessary shock adsorption. The water trap has an 
internal volume of 9.4 L. Since the amount of water potentially coming out of the borehole is unknown, a 
self-contained, self-powered drain system allows multiple fill-dump cycles. A pair of float switches 
trigger a solenoid drain valve to open when the trap is 80% full and drain until 15% full. This 
functionality was implemented on two borehole (GS-1 and GS-2); for the other six boreholes the drain 
function was disabled and the cylinders were single fill only. 

       
Figure 8. Water trap. 

1.2.2 Pressure Transducers 

The pressure inside each gas sampling zone was measured with a transducer at each borehole collar. 
Pressure transducers were connected to the sampling interval via a 3/8” SS line. Two brands of pressure 
transducer were used, but both met all requirements. Both style transducers are 0–300 psia sensors with 
4–20 mA analog output and are capable of surviving the expected pressure and shock pulses. Transducers 
were attached to the collar with sections of bent tubing to create flex points to help shock survival. 
Pressure transducers, and the thermistor extension cable, were spliced to long data cables to connect back 
to the system DAQ.  
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1.2.3 Tubing Run and Rib Hangers 

The gas cabinet in the 650 Facility is connected to the boreholes by long runs of 3/8″ OD stainless steel 
tubing. These tube runs were installed along the rib, bundled and hung with standard hangers. Similarly, 
the borehole data cables were run alongside the tubing. 

 
Figure 9. Tubing bundle hung along left rib. 

1.2.4 Under-track Crossing 

While the boreholes and tubing were installed on the left rib, the gas delivery cabinet is in an alcove in the 
650 Facility along the right rib. This necessitated a crossing under the invert and tracks. The data cables 
were installed inside of 4-inch conduit that runs under the tracks. The tubing, however, was direct buried 
in a trench under the tracks. This was accomplished by cutting 16-foot lengths of tubing, bending them 
into a U shape, fitting them into the trench and then backfilling in the trench. This required the tubing 
runs along the rib to be labeled (which borehole it came from) and connected to the correct tube. After 
installation, pressure and flow instruments were used to verify that all boreholes were connected to the 
correct tubing runs and cabinet ports. As an example, it was verified that as the pump for each borehole 
was turned on there was a measurable pressure response in the corresponding borehole. This ensured that 
each of the runs of tubing and cabling were  connected correctly. 

1.2.5 Flex Lines 

The experiment is expected to generate significant ground motion. For instruments on shock isolators, the 
movement will be slower, but have a longer travel path. While the hard lines were expected to provide 
sufficient freedom of movement, all tubing to instrument connections included a section of flexible hose.  
This included connections to the borehole collars, water traps and gas delivery cabinet. These flexible 
lines have a metal bellows interior (not plastic) to ensure chemical compatibility and provide additional 
freedom of movement. 

1.2.6 Gas Delivery Cabinet 

The gas delivery cabinet houses the pumps and other flow control components of the borehole and tunnel 
environment gas delivery system (Figure 10). The cabinet frame and exterior panels were custom built 
using T-slot rail and strut with removable aluminum panels for easy access (Figure 11). Fans with filtered 
inlets provide system cooling and some amount of positive pressure to the cabinet to minimize dust 
ingress.  
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The gas cabinet hardware provides a gas delivery system for other instrumentation that analyze or collect 
gas samples. There are a total of eleven gas sampling locations handled by the gas delivery system: eight 
borehole sampling zones (GS-1 through GS-8) and three tunnel environment sampling zones (TE-1 
through TE-3).A circulation system was designed for each of these zones to provide suction, pulling gas 
from the sampling zone through several hundred meters of tubing to the pump, and then pressurizes the 
gas for a circulation loop and return trip to the borehole. The circulation loop provides gas flow through a 
gamma detection system and allows bypass flow loops through tunnel environment analysis system, HE-
byproducts analysis system and grab sampling system. The gamma detection, tunnel environment, and 
HE-byproducts systems analyze the gas and return it to the circulation loop.   The grab sampling system 
collections discrete samples of gas into bottles for later analysis. Figure 12 shows a diagram of how the 
gas delivery cabinet is connected to the analysis and sampling systems. 

A low pressure diaphragm pump is installed on all eleven zones. High pressure pumps are also included 
in the circulation loops for two of the boreholes (GS-1 and GS-2), since these boreholes are expected to 
see pressures in excess of 40 psi for sustained periods of time. For these two holes, a larger pump was 
deemed necessary for those periods of elevated pressure, and the system was designed with a bypass loop 
for periods where the borehole pressure was greater than 40 psi. This bypass loop uses electrically 
actuated 3-way ball valves to redirect the flow stream through a pressure regulator before the gas reaches 
the other instrumentation, then has a larger pump to re-inject the flow back into the borehole. Figure 10 
shows a schematic of how each of the eleven circulation loops were configured. 

 
Figure 10. Schematic of gas cabinet. 
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Figure 11. Gas cabinet. 
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Figure 12. Gas system interconnection and flow path diagram.  Note that no systems exhaust gas into the 

650. 

2.0 Electrical and Data Acquisition 
Details of the gas cabinet power design are provided in Appendix D. This includes a description of the 
power components as well as the PNNL safety review of the system.  

A number of instruments were installed as part of the borehole gas delivery system. The borehole 
pressure transducers, thermistors, and relative humidity (RH) sensors will be primary data sources; the 
system pressure gages are only for system diagnostics and performance indication. These instruments are 
connected to a DAQ module. The gas system DAQ is remotely accessible from outside of the tunnel 
through the project’s underground network, the iDAQ.  Control of the flows is automated for the 
experiment, but also allows manual adjustments in real-time if necessary. 

3.0 Testing and Calculations 
3.1 Tubing and Cable Lengths 

The lengths of tubing and cabling needed for the boreholes and the tunnel were calculated based on the 
planned drilling locations and lengths for the boreholes (Table 1). Sufficient overage was accounted for to 
ensure timely completion. 

Table 1. Tubing and Cable Length Calculations 
Location ¼” Tubing Length a (ft) 3/8” Tubing in Borehole (ft) 3/8” Tubing in Tunnel (ft) Data Cable Extension (ft) 

GS-1 180 60 1834 917 
GS-2 180 60 1834 917 
GS-3 189 63 1782 891 
GS-4 189 63 1782 891 
GS-5 189 63 1710 855 
GS-6 189 63 1710 855 
GS-7 36 12 1450 725 
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Location ¼” Tubing Length a (ft) 3/8” Tubing in Borehole (ft) 3/8” Tubing in Tunnel (ft) Data Cable Extension (ft) 
GS-8 165 55 1548 774 

Tunnel Env. 1 NA NA 1700 850 
Tunnel Env. 2 NA NA 850 425 
Tunnel Env. 3 NA NA 800 400 

Total 1325 450 17000 8500 
a- excess tubing trimmed as necessary after installation and grouting 

3.2 Pressure Drop 

The pumps in the flow loop must be powerful enough to drive flow through the entire flow loop. Pressure 
drop through the tubing run is the single largest source of pressure loss. An online calculator was used to 
determine the pressure drop through the system1. Pressure drop was calculated for two conditions: 
formation pressure at ambient pressure and formation pressure at 45 psia. For the elevated pressure 
scenario, the flow rate is increased to maintain the 15-minute circulation time. For the ambient pressure 
condition, the combined round trip pressure drop through the 3/8” tubing run in the tunnel and the ¼” 
tubing in the borehole is calculated to be 2.23 psi. For the elevated pressure scenario, the calculated 
combined round trip pressure drop through the 3/8” tubing run in the tunnel and the ¼” tubing in the 
borehole is 4.92 psi. The pressure drop of the installed system was measured by circulating gas and 
measuring pressures at various points in the system under ambient formation pressure. At 4 LPM, the 
pressure drop between the borehole and the gas distribution cabinet was measured to be 2.25 psi, while 
the return from the cabinet to the borehole had a measured pressure drop of 1.75 psi for a combined 
round-trip pressure drop of 4 psi. The pressure drop of the final system is higher than calculated, likely 
due to additional fittings and bends not accounted for in the original estimate. However, pumps were 
selected with rated capacity several times greater than the minimum calculated capacity to account for a 
larger than calculated system pressure drop.  

  

  
Figure 13. Pressure drop calculations using online calculator. 

 
1 https://www.kaeser.com/int-en/services/know-how/calculator/pressure-drop/ 

https://www.kaeser.com/int-en/services/know-how/calculator/pressure-drop/
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3.3 Residence Time 

The requirement for recirculation of gas within the borehole specifies the characteristic transit time for 
circulation of the gas from the sampling zones to the real-time measurement systems to be 15 minutes or 
less. To verify that the borehole gas delivery system meets this requirement the volume of the various 
components were added together, which is listed in Table 2. The flow rate necessary to achieve the 
required recirculation time was determined. Using this calculated volume it was estimated that a flow rate 
of 7.7 L/min  (0.27 cfm) was needed to achieve a 15 min transit time, so the 10 L/min mass flow 
controller was chosen to meet this requirement.. A tracer test conducted in several of the boreholes also 
confirmed the calculated system volume. Operational tests with the system following installation 
confirmed that the system has adequate power to meet the flow requirements.  Chapter 4 includes detailed 
calcualtions of the transit time for each borehole during the experiment. 

Table 2. Gas system component volumes and required flow to meet circulation timing requirements. 

Component Volume (L) Component Volume (L) 
Borehole  8 Sampler tubing 0.5 
Water trap 9.4 Secondary water trap 2 
Tunnel tubing 11 Gamma detector 7.5 

Total 38.4 L 
Minimum Flow to meet 15 min requirement 

At 1 ATM line pressure 2.6  L/min (equiv. @STP) 
At 3 ATM line pressure 7.7  L/min (equiv. @STP) 

 
Figure 14. Pump curve and flow calculation. 

3.4 Voltage Drop 

The maximum voltage drop of the pressure transducer signal is calculated below (Table 3). The 
calculation is for the maximum distance, and the maximum current. Voltage drop will not impact the 
accuracy of the signal for a 4-20 mA output sensor, as long as the voltage drop is low enough that the 
sensor can push current through it. The pressure transducers selected require a voltage of at least 8V to 
operate. The gas cabinet system supplies 24V so that with the 0.77V drop at 20 mA the transducer will 
have adequate voltage to operate. The sensors and DAQ have sufficient voltage to drive current over 
these wire lengths.  
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Table 3. Pressure transducer voltage drop calculation. 
Section Length (ft) Length (m) Ohm/100 m Wire resistance (Ohms) Voltage drop @ 20 mA 
Tunnel 667 203 9.5 19.3 0.77 

3.5 Thermistor Resistance 

Thermistors measure temperature as a function of resistance. Therefore, extra resistance added by longer 
wire lengths can influence the temperature reading. The thermistor chosen for this application is a 10,000 
ohm thermistor. The wire run between the DAQ and the thermistor adds an additional 23.3 ohms of 
resistance, or a 0.23% bias (Table 4. Thermistor voltage drop calculation). At 20 C, a 0.23% bias is 1/5 of 
the rated accuracy of the thermistor, so the wire length does not impact the accuracy of the temperature 
measurement in a meaningful way. 

Table 4. Thermistor voltage drop calculation. 
Section Length (ft) Length (m) Wire Size (AWG) ohm/100 meters Wire resistance (Ohms) 
Tunnel 667 203 24 9.5 19.3 

Borehole 140 43 24 9.5 4.0 

3.6 Particle Loss 

Any particulates larger than 15 µm in the sampling borehole will need to be filtered out to protect 
equipment. While the detonation, and associated shock, could result in a large amount of particulate 
matter within the sample collection zone, calculations estimated that most of the material will be 
deposited within the sample line before reaching the 650 facility (and system filters). To calculate particle 
loss in the tubing a common publicly available spreadsheet was used1. As a worst-case scenario the 
analysis was done for the shortest runs, with the planned geometry (i.e., multiple bends). These 
calculations estimated that more than 90% of the particulate material 10 µm or larger would not be 
transported through the entire tubing run from the borehole to the 650 facility. Similarly, a particulate line 
loss model was used to corroborate the calculation (DEPO Calc.); the model predicted that all of the 
material would deposit in the lines.  This was supported by visual inspection of system filters.  After 
running the system continuously for 6+ months a filter change was conducted.  The filters appeared clean 
and new, and blowing compressed air through them did not dislodge any visible particulate material.   

3.7 Pressure Response Lag 

The decision was made to mount the pressure transducers on the borehole collar rather than in the 
boreholes. This was primarily due to the expected lack of survivability of transducers in some of the 
boreholes. The primary concern with locating the transducers at the collar is lag in signal response 
between the borehole sample collection zone and the transducer. An equation developed to characterize 
the lag and attenuation in manometer response on aircraft was used to estimate the lag time2. Figure 15 
shows a plot of the calculated lag time for both 3/8” and ¼” diameter tubing. This calculation 
demonstrates that the lag time is significantly reduced by using 3/8” diameter tubing rather than ¼”. A 
meeting with relevant SME’s concluded that lag times on the order of fractions of a second was 
acceptable given the required data collection frequency. 

 
1 https://therealandrewmaynard.com/2020/05/27/the-aerosol-calculator/ 
2 Sinclair, A. R. and Robins, A. W., Method for the Determination of the Time Lag in Pressure Measuring Systems 
Incorporating Capillaries," NACA TN 2793, Sept. 1952 
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Figure 15. Time lag of pressure pulse response through 140’ of ¼” and 3/8” tubing. 

3.8 Power Demand 

Most of the system components were selected to operate on a 24 VDC power source. The low pressure 
diaphragm pumps selected for the borehole and tunnel environment gas circulation loops each draw 3.2 
amps at 24 VDC. Additional power draw from the power supplies include isolation solenoid valves, Mass 
Flow Controllers, RH probes, pressure transducers and cooling fans. The 1000-watt power supplies 
selected can source 40 amps continuous at (nominally) 24 VDC. The supplies are tied together in a 
parallel output configuration, effectively forming a single 2000W power supply. For the 8 borehole gas 
circulation loops, plus the 3 tunnel environment gas circulation loops, two power supplies are sufficient, 
and operate at about 60% of their rated capacity (Table 5). The two high pressure pumps operate on a 
separate dedicated 480VAC supply. 

Table 5. Power demand of gas system electrical components. 
Component Power (W) Voltage (V) Total installed Total Power (W) 

Pump 80 24 11 880 
Mass Flow Cont. 6 24 13 78 
480V pump 1500 480 2 3000* 
Solenoid valve 9.5 24 8 76 
Borehole Pressure Trans. 0.5 24 8 4 
Tunnel Env. Pressure Trans. 0.5 24 3 1.5 
System Pressure 0.5 24 19 9.5 
RH Probe 0.5 24 11 5.5 
Cooling fans 30 24 2 60 
Circulation Fans 10 24 2 20 

Combined Total 110 VAC power demand 1135 
*Power supplied separately from 480V panel. Not counted towards 110VAC power demand 

3.9 Heat Generation 

Each of the eleven low pressure diaphragm pumps generates heat during operation. Additionally, heat is 
generated during compression of the gas by the pumps. The two larger pumps for boreholes GS-1 and 
GS-2 also generate heat. A heat generation test was conducted by closing the cabinet and operating the 
sampling pumps. For the test, 9 of the 11 primary pumps and one of the large bypass pumps were run for 
24 hours. The primary pumps were run at 4 L/min while the large pump was run at a 50% speed and a 
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flow rate of 10 L/min. Circulation fans were run during the test, although they were shut off for 1 hour in 
the middle of the test to evaluate temperature build-up with them off, and temperature decrease once they 
turned back on. Temperatures of the air inside the enclosure, as well as the pump motor and pump head 
were made. Since the pumps include internal cooling fans for the motor, the pump head was the hottest 
component (due to the heat of compression). The results indicated that the system reached equilibrium 
after about 4 hours, with air temperatures stabilizing at around 30° C, or 6° C higher than ambient. These 
temperatures are all well below temperature ratings for components inside the gas sampling cabinet. 

 
Figure 16. Temperatures measured during heat generation testing of the gas cabinet. Grey band denotes 

time when circulation fans were turned off. 

3.10 Water Trap Sizing 

Inside the gas cabinet, between the pump and the mass flow controllers, there are secondary water traps.  
These are to collect water condensed from the gas stream under pressure.  These water traps are 2L each; 
this size was selected based on the maximum amount of water expected to condense out over a 4-week 
operational period.  This calculation (Figure 17) assumed that the borehole gas was 100% saturated and at 
an ambient pressure of 12 psia.  The excess water in the air stream in the water trap (calculated absolute 
humidity minus the maximum absolute humidity at that temperature) is used to determine the total water 
collected over the experiment period (4 weeks).  The estimated water trap minimum size of 1.84 was then 
used to select the 2L size used in the gas cabinet. 

 
Figure 17. Calculation of the excess water generated in the secondary water traps. 
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3.11 Gas Block Testing 

The thermistor cable splice, located on the grouted side of the packer (in the borehole) required a gas 
block to minimize the potential for gas transport to the tunnel through the cable. The gas block design 
used solder filled, heat-shrink covered butt-splice connectors. These connectors were covered with a 
larger section of heat-shrink tubing, which was filled with epoxy. The outer heat-shrink tubing was then 
heated and shrank slightly, forcing epoxy into the openings around the splice and into the cable jacket. 
This provided a gas tight seal, as demonstrated by leak-tests.  

4.0 Design Optimization 
The borehole gas delivery system is primarily a mechanical system. Prior to building and installation, 
system testing was done as part of the design optimization process. For example, the gas recirculation 
pump was tested and ultimately changed. It was necessary to determine if the pump could meet the flow 
rate requirements with the complete plumbing arrangement under elevated formation pressures. A 
simulated borehole was constructed (50 feet of 5” PVC), along with a simulated instrument cabinet for 
the pump and mass flow controller. More than 1000 feet of 3/8” tubing was then used to connect the 
instrument cabinet to the packer/tubing assembly inside of the simulated borehole. A jumper between the 
supply and return inlet/outlet on the packer turned the prototype into a closed loop system. An air 
compressor was also used to test the pump capability with line pressure elevated to 45 psia.  

 
Figure 18. Simulated 50-foot long borehole. 

Additionally, prototype components were built and evaluated as part of the design optimization process. 
The borehole packer, the borehole tubing/piping/cable arrangement, installation of the packer string, the 
collar flange seal, the tubing deployment method, and the pump capability were all tested. Modifications 
to all components were made based on the design optimization testing on the prototype systems. The 
arrangement and securement of the borehole sampling zone components were improved, steel centralizers 
were added to the packer to prevent damage to the bladder during installation, better conveyance pipe 
centralizers were identified and improved spacers were designed. At the borehole collar, a number of 
improvements to the flange connection were made; this included the addition of threaded rod for flange 
securement, the use of bore-through weld-on fittings on the face, improving the grout conveyance line 
attachment process, and optimizing the order of operations for installation.    
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5.0 Future Ideas 
After designing, building, and installing the gas sampling system, several ideas for improvements in 
future systems came to light. First, heat generation in the gas cabinet from the pumps was not ideal. While 
circulation fans kept the internal temperature well below the temperature rating of all components, the 
internal water traps were warmer than the surrounding air within the 650 facility. A better design would 
have housed the water traps and the pumps in separate air spaces within the cabinet, allowing forced 
ventilation to cool the pumps while cooling the water traps below ambient temperatures with a Peltier 
cooler. 

Several of the borehole thermistors died after installation.  While they lasted longer than the original 
design criteria, delays resulted in a longer lag between installation and experiment execution.  The 
borehole temperature measurement should be done differently in the future.  
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Appendix A – Overview 
This section provides an outline summary of the borehole gas sampling system. The various primary 
sections of the system are each made up of parts and pieces. This outline is intended to provide an 
overview of what those parts are, what their important specifications are, and how they all connect to the 
larger system.  

A.1 06 Bypass Map 

 

The gas sampling boreholes are located on the left rib between the 1340 facility and the 1480 drift. The 
gas cabinet is located at the 650 facility. Tubing runs along the left rib between the two. 

A.2 Borehole Sampling Zone 

The borehole sampling package was pre-assembled at PNNL. The assemblies consisted of the packer, 
sample lines and other associated hardware. 

1. Components 

a. Packer: The packer isolates the sample collection interval from the grouted section of the 
borehole during grouting. This keeps the sample collection interval open and allow the grout to 
create a good seal against the packer. Up-going holes- 1 packer. Down-going holes- 2 packers. 

i. Aardvark Environmental Packer 

(1) Physical Specifications 

(a) (4) ¼” tube pass throughs 

(b) Inflation range: 3.5” to 6” 

(c) Materials of construction 
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(i) stainless steel mandrel and tube ports,  

(ii) EPDM rubber gland 

(d) Max Pressure: 120 psi 

(e) Material compatibility 

(i) EPDM rubber and stainless-steel compatible with ammonia gas 

(ii) EPDM may off-gas trace levels of VOCs 

(iii) Helium could permeate through EPDM into packer air volume 

(2) Modification 

(a) Custom steel centralizers built to prevent packer gland from rubbing on bottom of 
borehole during insertion  

(b) Center pass-through capped to prevent gas migration through the center. 

b. Center rod: The center rod attaches to the packer center pass-through. It provides a hard stop for 
the packer assembly against the end of the borehole. It also assures consistent sampling interval 
volumes between boreholes and provides a mounting location for other components in the 
sampling interval. 

i. 28” long 

ii. Includes centralizer 

c. Sample/return/pressure inlet screens: The sample and return lines as well as the pressure 
measurement line are protected from dust and debris by a standard soil gas sampling screen. 

i. Specifications 

(1) 6 inches long 

(2) 0.0059 inch (0.15 mm) pore size (100 mesh) 

d. Temperature probe: located inside of sample collection zone, this thermistor measures the 
temperature inside the sample collection zone 

(1) Omega, TH-10-44006-1/8-2-40 

(2) -80 to 150 °C 

(3) 10,000 Ohm 

(4) 2” stainless steel sheath  

(a) Swaged to packer with bore-through fitting  

(b) Strain relief on grout side provided by heat shrink and looping wire 

A.3 Borehole 
1. Temperature probe extension cable: this cable was spliced onto the thermistor cable on the grout side 

of the packer. The thermocouple cable extends through the flange face, is spliced to the pressure 
transducer cable, and routed to the 650 facility. 

a. CableWholesale.com Part #: 10X6-722NM 

i. Direct bury 

ii. Shielded 
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iii. Diameter: 5.4 ± 0.3 mm (~0.21”) 

iv. Temperature range: -40 to 70 °C 

b. Spliced to thermistor cable behind packer 

i. Water-proof heat-shrink butt splice connectors for the individual conductor splice (McMaster 
Carr part number 9895K11) 

ii. Epoxy gas block 

2. Tubing: tubing connects the gas sampling zone to the borehole tubing runs through the packer, 
grouted interval and the borehole collar/faceplate. 

a. ¼” OD stainless steel 

i. Pulled from long spool, cut to length and fittings attached at PNNL. Shipped ready for 
installation 

ii. 0.035” wall 

iii. 5000 psi working pressure 

iv. 21,000 psi burst pressure 

b. 3/8” OD stainless steel (for pressure transducer) 

i. 3/8” OD, 0.049” wall 

ii. 19,000 psi burst pressure 

iii. 4500 psi working pressure 

iv. Roughness coefficient: assume 0.03 mm 

3. Packer air-line: packer was inflated during grout injection. Must be able to be inflated and deflated 
after installation.  

a. ¼” OD stainless steel 

i. Pulled from long spool, cut to length and fittings attached at PNNL. Shipped ready for 
installation 

ii. 0.035 inch wall 

iii. 5000 psi working pressure 

iv. 21,000 psi burst pressure  

4. Conveyance pipe: used to convey packer assembly to end of borehole (air vent for upward tilted 
holes). Custom adaptor built to couple push rod to packer and allow grout/air to flow through the 
center of the push rod. Rod will terminate short of the flange assembly at the end of the borehole. 
Connected to collar port with PVC adaptor.  

a. PVC pipe  

i. ¾” inch, schedule 40, PVC, flush thread, 5’ lengths for workability  

b. Packer Connection 

i. First stick of pipe modified to allow connection to packer center connector. 

c. Centralizers 

i. ESP Supply (W-075CEN) 



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  21 
 

(1) Placed every 5 feet (1 on every stick) 

d. Tubing spreaders 

i. Custom made 

(1) Acrylic sheet (McMaster Carr 8505K737) 

(2) Laser cut at PNNL 

(3) Placed every 5 feet (1 on every stick) 

ii. Secured to conveyance pipe with electrical tape 

5. Packer/borehole sampling string: Borehole tubing pre-cut and sanded prior to shipment. In tunnel, full 
tubing lengths attached to packer. Conveyance pipe shipped with centralizer attached and spread to 
target width. Conveyance pipe attached to string 1 stick at a time. Tubing spreader added, tubing 
secured and package advanced 5-feet (1 stick length).  

6. Tremie Pipe: used to convey grout to the packer end of the grouted interval 

a. 1” OD polyethylene tubing 

b. Compression fittings used 

c. Removed for down-going boreholes 

d. Grouted in-place for up-going boreholes 

A.4 Borehole Collar 
1. Grout adaptor: provides ports to allow grout injection and air venting from within the borehole, as 

well as a temperature measurement port.   

a. Used for up-going holes only 

b. Custom built - 6” flanges (8 bolt holes) 

c. 304 Stainless steel  

d. Include brass ball valves on grout ports 

i. McMaster Carr Part number 4629K14 

ii. Valve removed once grout is set 

iii. Pipe nipple capped with SS cap (McMaster Carr Part number 4443K685) 

(1) 3000 psi working pressure 

e. Face plate: allows penetrations of the gas sampling, pressure monitoring and packer inflation 
tubing as well as the pressure transducer cable and tremie fill line (on up-going holes). 

i. Design 

(1) Components 

(a) Blank Flange 

(i) Pressure rating- 275psi at 70°F 

(ii) Material compatibility- 304 SS 

(b) Tube passthroughs connect borehole tubing to tunnel air space for supply, return, 
packer inflation and exterior pressure transducer 
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(i) Swagelok weld adaptor 

1. (3) ¼” Weld Adapter Bore Thru 

a. SS-400-1-4WBT 

2. (1) 3/8” Weld Adapter Bore Thru 

a. SS-600-1-6WBT 

(ii) Pressure rating: 11,000 psig 

(iii) Material compatibility: 316 SS 

(2) Data cable pass through allows interior thermistor cable to pass through flange face 

(a) McMaster Carr 7458K32 

(b) Pressure rating N/A- grout will isolate from pressure 

(c) Stainless and rubber material for ammonia compatibility 

(3) Threaded rod will be used to secure the assembly together. 

(a)  (8) 8-inch long, ¾-10 1808 stainless steel threaded rods (McMaster Carr 
95412A863) 

(b) (32) ¾-10 18-8 stainless steel nuts rods (McMaster Carr 91845A330) 

(c) (32) ¾-inch 18-8 stainless steel washers and lock washers (McMaster Carr 
92141A056 & 92146A036) 

A.5 Tunnel wall Components 
1. Water Trap Rack: provides a secure mounting location for the water trap, pressure transducer and 

data cable during  

a. Water Trap: the primary water trap collects water that may be coming out of the borehole 
sampling zone. The trap will have an internal volume of 9.4 L. A self-contained, self-powered 
drain system will allow up to 18 L of water to be removed from the sample line. A pair of float 
switches will trigger the drain to open when the trap is 75% full and drain until 25% full  

2. Pressure Transducer A 

a. Druck Unik 

b. Specifications 

i. 0-300 PSIA 

ii. 0.12 PSI accuracy 

iii. 4-20 mA  

iv. Burst pressure: 2900 psi 

v. Shock rating: 1000g 

vi. Data output speed: sufficient for 1 Hz data requirement 

vii. Material compatibility: all stainless wetted parts 

c. Mounting 

i. Mounted in tunnel at borehole collar 



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  23 
 

ii. Connected to borehole with tubing 

iii. Shock isolation from coiled tubing  

d. Connection: pressure transducers spliced to the data cable extension with heat-shrink butt-splice 
connectors. 

3. Pressure Transducer B 

a. No Shock 615 

b. Specifications 

i. Measurement Range- variable as needed on a per-well basis 

ii. Units of PSIA 

iii. 4-20 mA, 2 wire output 

iv. Burst pressure- 4X full scale 

v. Shock rating- 1000g 

vi. Wetted parts and housing- 316 stainless steel  

c. Mounting 

i. Mounted in tunnel at borehole collar 

ii. Connected to borehole with tubing 

iii. Shock isolation from coiled tubing  

d. Connection: pressure transducers spliced to the data cable extension with heat-shrink butt-splice 
connectors.  

4. Data cable extension: The data cable extension runs from each borehole back to the DAQ module at 
650.  

a. Cable Wholesale (10X6-722NM), CMXT shielded direct bury 

b. Cat5e, 24 AWG 

c. Mounting- cable run on rib 

d. Grounding- cable shield drain to be grounded at 650 facility.  

e. Connectors used to minimize set-up time in the tunnel. 

A.6 Tunnel Run  

Tubing (supply and return) and the data cables run along the side of the tunnel wall. The tubing and cable 
cross under the tracks to 650 and the gas sampling system. Tubing and cables labeled with brass tags. 

1. Tubing 

a. Specifications 

b. 3/8” OD, 0.049” wall 

c. 19,000 psi burst pressure 

d. 4500 psi working pressure 

e. Roughness coefficient- assume 0.03 mm 



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  24 
 

2. Installation 

a. Hung on tunnel rib 

b. Ground isolation 

i. Non-metallic tubing sections 

(1) Swagelok SS-6-DE-6 

(2) Data cable shield drain grounded at 650 facility 

(3) Per facility grounding plan 

ii. Movement isolation 

(1) Flexible sections (Swagelok FX series hose) 

(2) Located at collars and gas cabinet 

iii. Labeling 

(1) Stamped brass tags  

(2) Attached with stainless wire  

A.7 Gas Delivery System 
3. Enclosure 

a. Shock mounted to reduce shock to 2 G 

b. Wire rope isolators anchored to concrete pad 

4. Components/Specifications 

a. Power supply: Two supplies wired in parallel for system to provide power to low-pressure 
pumps.  

i. Analytic Systems PWS-1000-110-24 

ii. UL listed 

iii. Switching supply with PWM 

iv. 2000 Watt continuous combined  

b. Fittings  

i. ¼ inch Swagelok  

ii. pressure rating of at least 6500 psi (limited by the NPT threads on adaptors) 

c. Tube  

i. ¼” stainless tubing with a wall thickness of 0.02”  

ii. pressure rating- 2500 psi (working pressure).  

d. Pressure Relief Valve 

i. Swagelok part number SS-4R3A-BU-SETA210 

ii. Relief pressure set to 210 psi 

e. Solenoids 
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(1) Peter Paul Series 20, model 21 (normally open) 

(2) Fully operational above 150 psi differential 

(a) May not open at higher pressures 

(3) 24 VDC coil, 9.5W (0.4A) 

(a) Closed by signal from IDAQ 

(b) Powered through relay 

(4) 5000 psi burst pressure 

(5) No Shock Rating 

(6) Nitrile seals for ammonia compatibility 

f. Filter 

i. Swagelok part number SS-4TF-15 

ii. 6000 psi working pressure 

iii. 95% removal of particles larger than 15 µm  

g. Pump 

i. Gast MOA-P126-JK 

ii. Controlled by IDAQ 

iii. 24V DC 

iv. Material compatibility- Neoprene diaphragm 

h. Water Trap 

i. Neo-Pure SFR2-4  

ii. 300 psi operating pressure 

iii. 2L internal volume 

iv. Material compatibility 

(1) 316 Stainless steel body 

(2) Buena-N O-ring  

i. System pressure transducers 

i. Omega PX119-150AI 

ii. Range 0-150 PSIA, Accuracy 0.5% 

iii. Output 4-20 mA 

iv. Supply voltage 8-30 VDC 

v. Burst pressure 435 PSIA 

vi. Wetted materials- 304 stainless steel and Ceramic Al2O3 

vii. Shock- 10g 

j. Mass flow controller 

i. Alicat Scientific MCS-10SLPM-D-DB9M 
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ii. Operating Range 

(1) 0 to 10 L/min, -10 to 60 C, 0-100% non-condensing, 145 psig 

iii. Burst Pressure- 175 psig 

iv. 304 & 316 stainless, FFKM (Kalrez) seals 

v. Outputs 

(1) 4-20 mA (flow and pressure) 

vi. Input 

(1) 4-20 mA for set-point 

k. Temperature/RH 

i. Vaisala HMP110 

ii. Operating Range 

(1) 0-100% RH 

(2) -40 to 80 Degree C 

iii. Material compatibility 

(1) Stainless steel body 

(2) Sensor is silicon chip  
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Appendix B – Complete Parts List and Component Data Sheets 
Design 
location # needed Description Part Number 

Manufacturer/ 
Supplier Size units 

Borehole  
 

11 Packer 3011396 Aardvark 3.5 in. OD 
22 Packer centralizer NA Custom 3.75 in OD 
32 center rod 4813K181 McMaster Carr 14 in 
16 cap G2526657 zoro 0.5 in 

 6 Dual packer extension 4813K184 McMaster Carr 22 in 
 3 Dual Packer union 4464K486 McMaster Carr 1/2 in 
 24 Sample Screen SVPT96-6SW14 ESP Supply 6 in 
 32 tubing 89895K724 McMaster Carr 3 feet 
 16 Thermistor TH-10-44006-1/8-2-40 Omega 1/4 in 
 16 Thermistor swage adaptor SS-400-6-2BT Swagelok 1/4 to 1/8 in 
 2 Thermistor Extension 10X6-722NM Cable Wholesale 1000 feet 

8 Thermistor cable splice 9895K11 McMaster Carr 10 per pkg 
8 Gas block epoxy ClearWeld JB Weld 5 min 
16 transducer cable splice 9895K11 McMaster Carr 10 per pkg 

 5000 1/4" stainless tubing Local supplier 
 100 Conveyance pipe WE-075R5 ESP Supply 3/4 in 

175 centralizers W-075CEN ESP Supply 3/4 in 
500’ Tremie pipe 50375K55 McMaster Carr 1 in 

6 Spacers 8505K737 McMaster Carr custom cut 
16 coupling 4596k845 McMaster Carr 
8 bushing 4596K414 McMaster Carr 
16 Grout valve 4629K14 McMaster Carr 
16 Grout cap 4443K685 McMaster Carr 

Flange Plate 
Adaptor 
 

48 weld-on bore through fitting SS-400-1-4WBT Swagelok 1/4 inch 
16 weld-on bore through fitting SS-600-1-6WBT Swagelok 3/8 inch 
16 Custom Grout adaptor NA custom TBD NA 
16 Custom Flange plate NA custom TBD NA 
16 Custom protective hood NA custom TBD NA 
 Tremie fill borethrough     

8 Tremie fill adaptor  McMaster Carr   
8 Fill valve adaptor 5182K832 McMaster Carr   

10’ Tremie pass-through tube 50375K52 McMaster Carr 3/4 in 
128 threaded rod 95412A863 McMaster Carr 3/4-10 
52 nuts 91845A330 McMaster Carr 9 per pkg 
52 washers 92141A056 McMaster Carr 10 per pkg 
52 lock washers 92146A036 McMaster Carr 10 per pkg 
16 Thermistor cord grip 7458K32 McMaster Carr 0.5 NPT  

 32 reducing unions SS-600-6-4 Swagelok 3/8 to 1/4 inch 
Tunnel Wall  32 flexible hose connections FX series Swagelok  
 10 Custom Water Trap NA custom TBD NA 
  Water trap isolators MP64-86 Vibrodynamics   
  Water trap isolator anchors 3313N775 McMaster Carr 16 in 
 6 Pressure transducer Unik Druck 300 psia 
 5 Pressure transducer 615 NoShock variable ranges 
 8 transducer adaptor fitting SS-600-7-4 Swagelok  
Tunnel Run 
 

3 Tunnel Data Cable 10X6-722NM Cable Wholesale 1000 feet 
16 Thermistor cable splice 9895K11 McMaster Carr 10 per pkg 
16 flexible hose connections FX series Swagelok  

 30,000 3/8" tube- roll  Local supplier 
 22 Electrical isolaters SS-6-DE-6 Swagelok 3/8 inch 
Data 
Acquisition 
(DAQ) 

1 CompactRIO Controller NI 9047 National Inst. NA NA 
2 serial interface module NI 9871 National Inst. NA NA 
1 Digital Module 5 V/TTL NI 9401 National Inst. NA NA 
2 Current Output Module NI 9266 National Inst. NA NA 
2 Digital Module NI 9476 National Inst. NA NA 

 1 High Speed Digital Module NI 9402 National Inst. NA NA 
 1 cRIO expansion chasis NI 9145 National Inst. NA NA 
 4 Analog Input Module NI 9219 National Inst. NA NA 
 4 Current Input Module NI 9208 National Inst. NA NA 
 1 Quint UPS power supply 2907066 Phoenix Contact 24 V 
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Design 
location # needed Description Part Number 

Manufacturer/ 
Supplier Size units 

 1 Quint UPS battery Pac 2320306 Phoenix Contact 24 V 
 11 Solid State Relay DR06D12 Crydom 12 A 
 1 DC-DC converter PQDE6W-Q24-S5-T CUI inc 24 to 5 V 
Air Handling 
System 
 

16 Pressure Relief Valve SS-4R3A-BU-SETA210 Swagelok 200 psig 
16 NO solenoid valve BP21J9DGM Peter-Paul 350 psig 
4 Shock Isolators HH64-4404TIM Vibrodynamics   
8 Isolator anchors     

 11 System filter SS-4TF-15 Swagelok 15 um 
 19 System PT PX119-150AI Omega 150 psia 
 11 Diaphragm pump MOA-P126-JK Gast 24 VDC 
 10 Mass Flow Controller MCS-10SLPM-D-DB9M Alicat 10 SLPM 
 8 High humidity probe HMP110 Vaisaila 100% RH 
 2 High Pressure Pump N630.15ST.9E KNF 480 V 
 2 High Pressure MFC MCHQ-50SLPM-D-M12-

485-PCV30 
Alicat 170 PSI 

 2 Variable Frequency Drive GS20X Durapulse 480 V 
 1 Disconnect Switch 7499K81 McMaster Carr   
 1 480V plug HBL430C7W Hubble 480  V 
 8 NPT T filling 4464K51 McMaster Carr 0.5 inch 

8 swagelok borethrough  SS-12MO-1-8 Swagelok 12 mm 
16 swagelok adaptors SS-400-1-8 Swagelok 0.25 in 

 10 Secondary water trap SFR2-4 Neo-pure 2.3 L 
 32 Tubing inside of enclosure 89785K822 McMaster Carr 6 ft 

200 fittings inside of enclosure various swagelok  
1 Enclosure CUSTOM    
2 Power supplies for pumps PWS-1000-110-24 Analytic Systems 1000 Watts 
2 Shipping Crates S-12658 Uline wood 
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Packer 
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Packer Center Rod 

 

 
  



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  31 
 

Supply and return sample line screens 

Geoprobe screens, supplied by ESP well supply 
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Custom Centralizers 
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Borehole Temperature Measurement (thermistor) 
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Cable Splice to Pressure Transducer 
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Tubing 
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Conveyance Pipe 
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Packer Connection 
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Borehole Centralizers  
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Borehole tubing spacers 
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Grout Adaptor 
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Thermistor Cable pass-through 
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Swagelok Check Valve - 1/3 psi SS-CHS4-BU-FG-1/3 
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Pressure Transducer (NoShok) 
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Pressure Transducer (Druck) 
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Flex Hose Connections 
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Data cable extension 
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Flex Hose Connections and Electrical Isolation 
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Power Supply 
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PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  50 
 

System Fittings 
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Proportional Relief Valve  
SS-4R3A-BU-SETA210 
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Normally Open Valve 
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System Filter  
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Diaphragm Pump 
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Secondary Water Trap 
In the cabinet, the bottom drain plug was removed and replaced with a ball-valve to facilitate liquid 
sample collection 
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System Pressure Transducers 
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Relative Humidity Probe 
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Mass Flow Controller  
MCS-10SLPM-D-DB9M 
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Large Mass Flow Controller 
MCHQ-50SLPM-D-M12-485-PCV30 
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Large 480V Pump 
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Gas Cabinet Shock Isolators 
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Water Trap Shock Isolators 
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Water Trap Anchor bolts 
Cut to 16” length 
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Appendix C – Water Trap Design and Installation 
The primary water trap collects water that may be coming out of the borehole sampling zone. The trap 
will have an internal volume of 9.4 L. Since the amount of water potentially coming out of the borehole is 
unknown, a self-contained, self-powered drain system will allow near infinite water collection. A pair of 
float switches will trigger the drain to open when the trap is 80% full and drain until 15% full. The 
draining functionality is only enabled for two boreholes (GS-1 and GS-2).  The other six boreholes are all 
single fill containers. 

The table below shows the parts that make up the water trap, including the inlet and outlet fittings for gas 
and liquid, and the frame. Some parts are labeled with a number, those parts are called out by their 
number in the corresponding Figure (C1).  

Table C1. Water trap parts list. 
Part Supplier: part number 
Frame Custom 
Cushion clamps (1) Grainger: 4MWA2 
Screw McMaster-Carr: 92865A724 
Nut McMaster-Carr: 95462A033 
Washer McMaster-Carr: 92141A033 
Lock washer McMaster-Carr: 91102A770 
Water trap body (2) McMaster-Carr: 4804T222 
Float insert fitting (3) McMaster-Carr: 1424N22 
Gas in/gas out (4) McMaster-Carr: 4565T322 
Top and bottom cap (5) Pipe Fittings Direct: KCXH6SS 
Liquid drain fittings (6) McMaster-Carr: 4565T312 
Manual drain McMaster-Carr: 45395K216 
Enclosure Polycase: SB-34-02 
Battery Universal Battery: UB12150 
Mechanical relay Automation Direct: AD-PR40-2A-12D 
Float switch Dwyer: L10-S-3-O 
Float switch extension Custom  
Auto drain Peter Paul: 72K9DGM 
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Figure C1. Water trap. 

C.1 Drain Valve Control 

When water trap fills to high level float, the solenoid valve opens to drain the resevoir (Figure C2). The 
solenoid remains open until water drains to height of low level float. At that point the solenoid drain valve 
will close, leaving ~1.3 L of water in the trap (Figure C3).  
Circuit function -  

1. Water begins to fill water trap. Water level triggers low float switch (Switch goes from normally open 
to closed position). 

2. Water level fills and triggers high float switch (switch goes from normally open to closed position). 
DPST mechanical relay is activated.  

3. Solenoid valve opens releasing water. Water drops below high level float switch. (float switch goes 
from closed back to normally open). Relay remains latched.  

4. Water drops below the low level float. Low float switch opens (goes from closed back to normally 
open). DPST relay latch is broken the solenoid closes.  
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Figure C2. Water trap float switch circuit diagram. 

  
Figure C3. Water trap volumes and calculated drain times. 

In order to drain the water trap, a battery is necessary to maintain the solenoid in the open position. 
Battery size is determined by the amount of time the solenoids need to remain in the open position. The 
power consumption for the solenoid valve is 9.5 Watts. Based on the drain times above (Figure C3), a 12 
amp-hour battery was chosen, allowing for at least 2 full trap volumes to be drained. 

Discharge times
1.7 gallons through 3/64” orifice

Differential 
(PSI)

Flow Rate 
(GPM)

Full drain 
time (Min) 

1 0.0414 52
2 0.0585 33
5 0.0729 17
10 0.1881 9
20 0.3501 4.8
30 0.5121 3.4
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Figure C4. Figure showing the back of the water trap frame. Shows the holes at each corner used for 

shock mounting. 

C.2 Water Trap Installation Instructions 
1. Align template with edges of existing water trap frame 

2. Clamp template to the frame using quick clamps or equivalent 

3. Drill (2) 9/16” holes at each of the corners through the square beam. Skip middle hole in pattern. 

4. Align template with edges of existing water trap frame 

5. Attach MP64-86 wire rope isolators to water trap frame (using 3.5” ½-13 bolts) 

6. Place template against the rib 

7. Mark rib for the anchor bolts locations using center holes on template 

8. Drill 3/4” anchor holes at least 13” deep at marked locations 

9. Inject Hilti HY 200-R into drilled holes 

10. Install ½-13 x 16” anchor bolts 

11. Rotate anchor one revolution to insure uniform epoxy coverage 

12. Drill 9/16” anchor holes for D-ring attachment points 



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  73 
 

13. Inject Hilti HY 200-R into drilled holes 

14. Install ½” x 16” anchor bolts 

15. Allow epoxy to cure per package instructions 

16. Use chain hoist to raise water trap into position. 

17. Align the water trap isolators with the anchor bolts 

18. Secure with ½” hex nuts and washers 

19. Loosely attach ratchet straps between eye bolt at top of frame and D-ring. 

20. Maintain slack as shown in illustration 

21. Secure excess webbing 

      
Figure C5. Water trap isolators and template. 
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Figure C6. Water trap installation diagram. 

 
Figure C7. Water trap installed in tunnel. 
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Appendix D – Electrical Power Description  
The borehole gas sampling system will be used to move gas from the boreholes, through tubing, to the 
650 facility. The sample gas will be distributed to other analytical systems and then returned to the 
boreholes. This is a closed loop system with flow being driven by pumps. The system has two primary 
electrical components; a 24VDC system and two 480V pumps. The majority of the system (small pumps, 
instrumentation, control, etc.) operates on 24VDC which is provided by two 1000W power supplies 
connected to 120 VAC power in 650. The 480V power is used to power two large diaphragm pumps 
which are controlled through independent VFDs. The sketch below (Figure D1) provides an overview of 
the electrical power distribution on the gas sampling system. 

 
Figure D1. Description of power needed for the Gas Sampling System. 

D.1 120 Volt Supply 

The DC power supplies are UL listed, 1000 Watt supplies ganged together in a parallel output 
configuration. The 24 volts is routed from the DC supplies (mounted outside the electronics enclosure) to 
a 24 V bus inside of the electronics enclosure (Figure D2). The power supplies will be connected to 120 
V, 10A outlets in the 650 facility with 25-foot 14AWG extension cords with locking plugs. Additional 
cord locks will be used to prevent accidental disconnection of the power supplies. 
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Figure D2. 24 VDC power supplies mounted to the electronics cabinet. 

D.2 480 Volt Supply 

Large diaphragm pumps are necessary to recirculate gas within the system if the formation pressures (post 
explosion) are higher than the small pumps can handle. Only two of these pumps are installed (for the 
boreholes closest to the working point). These pumps are driven by 1500W, 480 Volt, 3-phase motors. 
The motors and controlled (on/off and speed) by VFDs connected to the system control inside of the 
electronics cabinet. In this manner the large pump operation will be controlled remotely by an operator on 
the apron. The incoming 480V power is split inside of a local non-fused disconnect mounted to the gas 
sampling system. The disconnect is connected to power with a pin-and-sleeve plug. Inclusion of a local 
plug on the system provides a means to de-energize the system and conduct work using exclusive control 
(rather than lock-and-tag). Additionally, the local disconnect provides an local emergency stop 
mechanism for the motors. The 480V equipment ground is also connected, through the equipment chassis, 
to the 120 VAC ground. All internal and external panels are bonded with jumpers. 
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Figure D3. 480 V VFDs and local disconnect. 

  
Figure D4. 480V pumps installed in the gas cabinet, and motor plate. 

D.3 PNNL inspection of non-NRTL equipment 

Per PNNL policy, the custom fabrication of a system using electrical components greater than 50V 
requires inspection and approval by an AHJ. The AHJ inspection report is included and coved a number 
of important system aspects, including grounding and labeling (Figure D5). The gas sampling system 
passed the PNNL AHJ inspection, and was marked as such (Figure D5). 
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Figure D5. Additional pictures of the gas sampling system electrical system. 
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D.4 Cut sheets for major electrical components 

[A] 30 A Hubbell receptacle 
This receptacle will be mounted to the 650 floor and provide 480V power for the two 480V gas pumps 
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[B] 30 A Hubbell plug 
This plug will be attached to a short (~6 foot) length of SO cord (SOOW 10AWG) and a disconnect 
switch mounted to the gas sampling cabinet 
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[C] Disconnect Switch 
This disconnect switch will be mounted to the gas sampling cabinet. It will have 480V power coming in 
and 2 480V legs going out, feeding two VFD pump controllers. Power plug is attached with 10 AWG 
SOOW cord. The VFDs are connected with 12 AWG SOOW cord. 

 

 
  



PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  82 
 

[D] Variable Frequency Drive 
The variable frequency drives are DURApulse model GS23X-42P0. The drives are connected to the 
pumps with 14 AWG VFD cable (specs below).  
https://www.automationdirect.com/adc/shopping/catalog/drives_-a-
_soft_starters/ac_variable_frequency_drives_(vfd)/washdown_(nema_4x)/gs23x-42p0 

 

 

https://www.automationdirect.com/adc/shopping/catalog/drives_-a-_soft_starters/ac_variable_frequency_drives_(vfd)/washdown_(nema_4x)/gs23x-42p0
https://www.automationdirect.com/adc/shopping/catalog/drives_-a-_soft_starters/ac_variable_frequency_drives_(vfd)/washdown_(nema_4x)/gs23x-42p0


PNNL-36268 

Chapter 1 – As-Built Design Package: Borehole Gas Delivery System  83 
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[E] Large Diaphragm Pumps 
KNF diaphragm pump, model N630.15ST.9E. 
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[F] 24V DC power supplies 
This system uses two 1000 Watt DC power supplies to provide the 24V DC used by the small pumps and 
instrumentation. The power supplies are connected in a parallel output configuration. The power supplies 
will be connected with 14 AWG extension cords with locking plugs and additional cord locks to prevent 
disconnection. 
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Appendix E – Calibration of Sensors 
The gas sampling boreholes and the gas circulation cabinet have a number of sensors and devices. Not all 
instruments were, or will be, calibrated. Only measurements that may be directly used in post-explosion 
analysis were deemed necessary for calibration. For example, each borehole circulation loop includes a 
mass flow controller; these were not calibrated. While the data may be useful to provide interpretation of 
concentration measurements, the circulation flow rate will not be used directly by models and was 
therefore not deemed necessary for calibration. Similarly, the process flow pressure measurements are 
useful for verifying system operation, but will not be used in any quantitative analysis, and were not 
calibrated. While these instruments will not be calibrated, system checks will be used to verify function 
and response prior to the experiment. Only two instruments in the borehole and borehole gas circulation 
system need to have calibration checks performed. These are the borehole pressure transducers and the 
humidity probes. The humidity probes measure the relative humidity and temperature of the gas 
circulating from the borehole. Since the temperature is the temperature inside the cabinet at 650, not the 
temperature in the formation, the relative humidity is converted to absolute humidity using the RH 
probe’s integral temperature measurement. All instruments included manufacturer’s calibration equations 
to convert analog signals to engineering units. A calibration check was conducted to demonstrate that the 
sensors were providing data of appropriate quality.  

Humidity sensor calibration checks were done with a two-point approach; one check at near saturated 
conditions and one in a desiccated environment. Similarly, the temperature probe calibration was checked 
against a single reference measurement since the temperature in the cabinet will vary by less than 10 
degrees C.  

The calibration checks of the pressure transducers used a calibrated reference sensor (Druck DPI 611) to 
perform a multi-point (5 to 8) check across the full range of the transducer (Figure E1). All sensors were 
checked after installation and verified to be within both the manufacturer’s stated accuracy and the total 
uncertainty of the reference sensor (Table E1).  

 
Figure E1. Example of calibration check measurements across full-range of GS-1 pressure transducer. 
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Table E1. Average error of pressure measurements relative to reference sensor. 
Location Sensor Brand Average Error 

GS-1 Druck  -0.07% 
GS-2 Druck  0.03% 
GS-3 Druck  -0.02% 
GS-4 No-Shok 0.06% 
GS-5 No-Shok 0.26% 
GS-6 Druck  -0.22% 
GS-7 No-Shok 0.20% 
GS-8 Druck  -0.07% 
TE-1 Omega 0.09% 
TE-2 Omega -0.02% 
TE-3 Omega 0.03% 
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Appendix F – Tubing Installation Procedure 
The tubing installation procedure was completed, approved and used as a standalone document prior to 
the installation of tubing in the tunnel for PE1.  

F.1 Introduction 

A primary objective of the Low Yield Nuclear Monitoring (LYNM) Physics Experiment 1 (PE1), 
conducted in P-Tunnel at the Nevada National Security Site (NNSS), is measurement of radioisotope 
tracer transport through the formation. To this end, gas measurement boreholes were installed along with 
gas monitoring equipment. The sample gas will be transported from the boreholes, as well as the tunnel, 
to a central location for monitoring and collection, and then returned to the collection point. The gas will 
be transported through stainless steel tubing.  In total, 28 stainless steel tubing runs accounted for all the 
sampling lines; 8 sample lines for boreholes, 8 sample return lines for boreholes, 3 tunnel environment 
sample lines, 3 tunnel environment sample return lines, and 6 tubes for the AWE sample system. These 
tubing runs will be attached to the rib as specified in the cable plan.  The following field guide outlines 
the method used to install the tubing within the tunnel.  

F.2 Tubing Installation Field Guide 
1. Have 2 or more tubing spools moved into the .06 bypass drift, depending on room available.  

a. There is nominally 13,000 feet of tubing needed for the boreholes.  

b. The spools each contain 5000 feet of tubing; at least 3 spools will be needed just for the 
boreholes. Run these first.  

c. The TE/AWE locations require an additional 8000 feet of tubing. Short lengths of tubing left on 
spools used for boreholes can be used for these locations. 

2. Spools should be unloaded and deployed at the 1190 drift and forklift alcove. 
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3. Remove one spool from pallet (see Spool Set-up guide) 

4. Position spool such that another tubing spool is between the active spool and the direction the tubing 
will be pulled. Be sure that the spool is oriented such that the tubing is coming off the top of the 
spindle. 

5. Lift the active spool up on the spool jacks (see Spool Set-up guide) 

6. Un-spool 10-15 feet of tubing 

7. Pass the tubing through the tube straightener and screw the tube straightener to the other spool. This 
will secure the straightener so that it does not move. 

 
8. Using a tube bender, put a 90-degree bend at the end of the tube to provide a handle. 

9. Adjust the tension on the tube straightener- manually pull some tubing through the straightener to 
check tension. Adjust as necessary. 

10. Affix nametag to tube. Either pre-engraved brass tag or tape/magic marker. 

a. Tube should be identified with BH or TE # and sample (S) or return (R) designator. 

11. Connect an electric drill to the tube straightener. Begin to deploy tubing. 

a. One person will walk the tubing down the tunnel. One person will operate the electric drill, 
driving the tubing through the tube straightener. One person will spin the spool on the jacks to 
keep the spool unwinding evenly. 

b. The electric drill may make tube deployment more difficult initially. It may be best to only pull 
manually until several hundred feet have been pulled off the spool. 

12. Pull tube past desired end-point (650 facility). Pull and additional 30 feet past the tube bundle that 
goes under the invert; extra length is needed to go up-and-over alcoves and branch tunnels. 

13. Cut tubing from spool. Affix temporary nametag to tube on spool end (tape/magic marker). 

14. Lay tubing on invert near the rib. 

15. Repeat steps 9 – 12 for all boreholes and TE locations.  

a. Each location has a sample and return line. 

b. There are 24 tubes run south of 1190. 

16. Once tubing is pulled, it can be hung on the rib. This should be done in bundles of 4 or 8 tubes (2 or 4 
pairs of sample/return lines).  

a. Zip ties may be used to hold bundles together if it makes the task easier.  

b. Use cable hangers to attach the tubes to the rib. If the cable hangers are not large enough for all 
24 tubes, hang the TE tubes separately on the rib. 
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17. Measure and spool out 4 tube lengths of tubing 450 feet long (each). This is nominally the distance 
from the 1190 drift to the Mac cross-cut 

18. Walk these tube bundles past 650 and attach to the rib (following TE3 data cable). Do not connect to 
anything yet. 

19. Reposition the tubing spools to run tubing north (farther into the tunnel) from 1190. 

20. Following steps 9-15, pull all tubing necessary for boreholes and TE locations north of the 1190 drift.  

a. Pull an additional 30 feet of tubing to allow excess for going up and over alcoves and branch 
drifts. 

F.3 Data Cable Deployment Guide 
1. Once the tubes have been installed, the data cables should be deployed 

a. Data cables are currently stored in the mechanics alcove 

b. Cables are not borehole specific 

c. Cables have a mil-spec connector on one end 

2. Unspool ~30 feet of data cable with the connector on the free end 

3. Use a fish tape to pull the connector through the conduct runs  

a. Pull the connector from the far rib over to the 650 alcove 

b. Leave slack to connect to the DAQ box on the gas sampler 

4. Affix a pre-engraved brass tag to the cable near the connector. 

5. Use a pipe (or rod) (or chunk of tubing) through the center of the spool to facilitate deployment 

6. Run the cable down the shaft to the corresponding borehole, laying the cable on the invert near the 
rib, similar to the tubing.  

7. DO NOT CUT THE CABLE. Leave spool on invert.  

8. Affix another pre-engraved brass tag to the cable near the borehole.  

9. Repeat for all borehole cables and 1 remaining TE cable.  

a. Note that the TE cable has sensors attached. 

10. Hang all data cables on the rib using cable hangers. 

F.4 Spool Set-Up Field Guide 
1. Use 2 or 3 people to get the tubing spool off the pallet 

a. Use pry bars to scoot the spool part-way off the pallet. 

b. Lift and flip the spool so that it is standing on the flanges 
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2. Slide the spool rod through the arbor 

3. Unfold jacks 

a. Remove front pin 

 
4. Place a jack underneath each side of the spool rod 

5. Open the roller cage 

6. Lift each jack up so that the front rod is close to vertical 

 
7.  Lift the jack lever and ensure that roller assembly collapses on the side with the jack 
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8. Remove front support pin and lift roller assembly until rollers engage spool rod. Try to get the spool 
rod to the top of the arbor.  

9. Replace front support pin 

a. May need to adjust the front support placement to get optimal height 

10. Repeat for other side 

11. Close roller cage assembly and latch with pin 

12. Depress jack levers simultaneously to lift spool. This should only create a small amount of clearance 
from ground (less than 1”). If necessary, use shovels to create additional separation between flanges 
and ground. 
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Appendix G – Gas Cabinet Functionality Check 
This checklist is used to verify operation of the gas cabinet. It verifies both operation and leaks by 
triggering actions and monitoring corresponding system response. For instance, the pumps are verified to 
be working by looking at the flow rate when they are turned on. 

 BH1 BH 2 BH 3 BH 4 BH 5 BH 6 BH 7 BH 8 TE1 TE2 TE3 
Small pumps turn on?             
Solenoid Valves Close?         NA NA NA 
T/RH probes working?            
PTs working correctly?            
Flow peaks at >5 L/min            
If inlet valve closed, 
pressure drops? 

        Do manually 

If outlet capped, pressure 
increases? 

           

Snoop check at pump 
outlet 

           

Rotameter check of MFC            
Sample loop pressure 
decay rate* 

           

Decay rate acceptable            
Three Way valves work?   NA NA NA NA NA NA NA NA NA 
TWVs oriented correctly?   NA NA NA NA NA NA NA NA NA 

*Leak Check Procedure 

For checking gas cabinet and sample loop tubing within the 650 alcove 

• Configure system so that pump is flowing air through sample loop.  

• Close outlet solenoid valve and ball valve  

• Allow system pressure (pressure at outlet of MFC) to increase to (nominally) 25 psi.  

• Close inlet solenoid valve and ball valve 

• Stop pump. Pressure should slowly equilibrate at all transducers 

• Once system pressure has equalized, watch pressure for decay 

• Record the pressure decay rate (psi/min) and the pressure at the time of measurement 

• Determine if the pressure decay rate is acceptable. For reference, the system volume at 650 is 
approximately 7L, meaning that a pressure decay rate of 0.15 psia per minute is about 0.07 L/min, or 
less than 2% of the total flow.  
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Appendix H – Dual Packer Assessment  
During grouting of the practice boreholes, a concern was raised about the potential for grouting to impact 
the connectivity of the sampling zone to the formation. Several mitigation ideas were considered. After 
discussions and review, installation of a second packer as part of the packer string was identified as the 
easiest solution to implement while still meeting confinement requirements.  

H.1 Summary of Change 

A second packer (identical to the primary packer) was installed 5 feet up-hole from the primary packer 
(Figure H1). The primary and secondary packers are connected by lengths of pipe, with stainless tubing 
connecting the pass-through and inflation ports of each packer. All other connections and hardware were 
as originally planned, just connected to the secondary packer rather than the primary. Grout was injected 
into the borehole as originally planned, but grout was held back by the secondary packer, creating a void 
space between the two packers.  

 
Figure H1. Diagram of proposed secondary packer approach 

H.2 Modifications Required 

This solution required very few modifications from the original plan. The secondary packers had to have 
a Swagelok adaptor added to the downhole side to accommodate extension of the inflation line from the 
secondary to the primary packer (Figure H2). In this configuration, both packers were inflated to the same 
pressure. The air inflation line connecting the two packers was poly tubing to provide flexibility in 
assembly. The sample, return and pressure measurement lines were extended between the primary and 
secondary packers using pre-cut lengths on tubing and Swagelok fittings. The center rod connecting the 
primary and secondary packers was ½” stainless steel pipe; a union was used to facilitate installation. The 
thermistor data cable was extended using two 20AWG wires, and spliced to the data cable extension with 
the gas block splice technique. The thermistor and the data cable extension also included a plug located 
between the two packers, facilitating faster installation. This dual packer package was tested in a 
horizontal practice borehole (PH-2) in April (2022).  
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Figure H2. Packer air fill port on downhole side of packer (plugged). 

H.3 Impacts 

One impact of the dual packer approach is related to the packer inflation requirement. With the original 
single packer there were not expected to be any air gaps in the borehole, meaning that packer deflation 
would not have a significant impact on sample representativeness. However, with the dual packer 
solution, the effective sampling area could include the large air gap between the two packers if the 
packers are deflated.  
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Appendix I – Remote Permeability Test Description 
Permeability tests can be conducted on the gas sampling boreholes remotely. This allows for an 
assessment of the in-situ permeability without requiring tunnel access of any plumbing changes. This 
approach employees a closed loop, but the water trap is used to provide air storage for the test (Figure I1). 
A brief description of the procedure and results is provided here. In general, the remote closed loop 
testing approach resulted in measured permeability similar to the permeabilities measured at the borehole 
collars.  

Remote Permeability Testing Procedure 

1. Set MFC flow rate to zero (yellow arrow) 

2. Turn pump on (orange arrow). This stores pressurized air in the water trap between the MFC and the 
pump (blue arrow). 

3. Allow pressure to build to approximately 40 psia 

4. Stop Pump and close isolation valve (purple arrow) 

5. Let interval recover (allow formation pressure to equalize to pressure before pumping began) 

6. Set MFC flow rate (1 LPM is a good starting point) 

7. Allow air flow to continue, and sample interval pressure to stabilize, until water trap is back to 
ambient pressure. 

8. Use steady-state solution, or other analytical techniques, to determine formation permeability. 

 
Figure I1. Gas cabinet GUI controls used to conduct remote permeability test 
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Figure I2. Example of borehole pressure response during permeability test. 

Table I1. Results from remote closed loop permeability testing compared to previous permeability 
measurements 

 Before Grouting After Final Grout  Closed Loop Test 
Borehole Date Perm. (Darcy) Date Perm. (Darcy) Date Perm. (Darcy) 

GS-1 8/24/2022 0.156 11/15/2022 0.146 6/13/2023 0.147 
GS-2 8/24/2022 0.485 11/15/2022 0.145a 6/26/2023 0.189 a 
GS-3 8/24/2022 0.0373b 11/15/2022 0.0461 6/26/2023 0.049 
GS-4 8/23/2022 0.364 11/15/2022 0.348 6/26/2023 0.384 
GS-5 8/23/2022 0.0024c 11/15/2022 0.0006d 6/26/2023 0.018 
GS-5 8/23/2022 0.0024c 11/15/2022 0.0189e 6/26/2023 0.018 
GS-6 8/23/2022 0.688 11/15/2022 0.794 6/29/2023 0.798 
GS-8 8/24/2022 1.55 11/15/2022 2.36 8/25/2023 1.64 
a Packer deflated due to packer failure 
b Average of 3 pre-grout measurements 
c Result suspected to be biased high due to leak 
d Gurgling noises observed. Bottom half of borehole assumed to be filled with water 
e Test repeated with packer deflated 
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Chapter 2 – Gas Production Boreholes: Installation and 
Completion Report  

1.0 Introduction 
One objective of the PE-1 experiment is to measure gas transport in rock.  To accomplish this, tracer gas 
will be introduced in the chambers, and gas sampling boreholes will be used to measure concentrations of 
gases within the formation.  Instrumentation and grouting are a critical aspect of ensuring that the samples 
collected are representative of the larger formation gas composition.  Sampling equipment was designed 
to allow sampling from a moderate sized interval with minimal perturbation of the formation.  Grouting 
was done to provide confinement of the borehole, as well as to isolate the sampling interval.  The intent of 
this report is to capture relevant details of the borehole grouting and demonstrate that the boreholes will 
provide scientifically meaningful gas samples for the experiment.  More comprehensive borehole 
equipment information can be found in the final as-built documentation, while additional grouting details 
are captured in the final grout report.    

2.0 Borehole Cleaning  
Prior to installation, boreholes were thoroughly cleaned. A wire-bristle brush and a shop-vac with a long 
hose were the most useful cleaning tools. The brush and vacuum hose were attached to conveyance pipe 
to clean the entire length of the borehole. The level of cleanliness was evaluated and approved using a 
sewer camera before and after cleaning.    

3.0 Equipment Design Overview 
The hardware installed into gas sampling boreholes was designed to allow the interval between the rib 
and the sampling zone (at the end of the borehole) to be filled with grout.  While the final as-built 
documentation captures all of the design details, an overview of the design is provided here. 

3.1 Sample Zone Isolation 

The sampling zone was isolated from the rest of the borehole with a packer or packers.  Up going 
boreholes used a single packer while down going boreholes used a dual packer arrangement (Figure 19).  
All packers were Aardvark environmental packers (fixed mandrel) with a 24-inch inflation section.  Each 
packer had 4 pass-through tubes which allowed air sample lines and a temperature probe to reach into the 
sampling interval.  Each packer also had a pair of custom-built centralizers to minimize rubbing the 
packer on the bottom of the borehole during installation (Figure 20).   
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Figure 19. Diagram and dimensions for single and dual packer borehole assemblies (triangles represent 

the custom packer centralizers). 

 
Figure 20. Custom packer centralizer attached to the back of a packer. 

3.2 Gas block and tubing encasement 

Several design elements were used to ensure that the grout adhered to the tubing and did not provide a 
fast path for gas transport through the grout plug.  First, a gas block was built into the data cable near the 
packer.  This gas block was put at a natural splice location, where the two-wire thermistor cable which 
passed through the packer was spliced to the Cat-5 cable used within the borehole.  While the thermistor 
was swaged to the packer pass-through tube, preventing gas from migrating around the packer through the 
thermistor pass-through tube, it was necessary to add a gas block at the splice location to prevent high-
pressure gas from the formation pushing through the grout (or fractures in the grout), and down the Cat-5 
cable jacket.  The gas-block was achieved by splicing the wires together using heat-shrink butt-splice 
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connectors.  A larger heat-shrink tube was then pulled over the entire splice and sealed against the Cat-5 
cable.  The majority of the heat-shrink tube was left open and was filled with a quick-set epoxy.  Once the 
tube was mostly full, the top of the heat-shrink was closed, and the middle was shrunk until epoxy pushed 
out of the top.  The result was some pressure was applied to the liquid epoxy, pushing it into the Cat-5 
cable jacket, into the butt-splice connectors and into the thermistor wire jacket.  This gas block design 
was tested and demonstrated to provide a gas tight seal. 

In addition to the gas block, other measures were taken to prevent fast paths through the grout plug.  
Custom spacer rings were designed and cut from acrylic sheet (Figure 21).  These spacer rings were put 
on the conveyance pipe every 5 feet.  The tubing (both SS and the poly tremie pipe for upgoing holes) 
was generally secured to the conveyance pipe using electrical tape.  At each spacer, the tubing was flared 
out and around the spacer, with tubes separated from each other by the notches in the spacer. 

   
Figure 21. Custom spacer used to create separation between conveyance pipe and tubing. 

In order to keep the conveyance pipe and tubing from laying on the bottom of the borehole, and creating a 
fast path, centralizers were used to keep the conveyance pipe elevated above the borehole (Figure 22).  
The centralizers were flared such that each of the three fins was touching the borehole.  For down going 
holes the conveyance pipe was perforated (4 holes every 5 feet) to allow grout to fill the interior of the 
conveyance pipe.  Finally, all tubing grouted in place in the borehole was roughed up to promote grout 
adhesion to the tubing wall.  All tubing was sanded by hand with 80-grit sandpaper (Figure 23).  

 
Figure 22. Conveyance pipe schematic showing spacer and centralizer. 



PNNL-36268 

Chapter 2 – Gas Production Boreholes: Installation and Completion  103 
 

   
Figure 23. Surface roughness of tubing and pipe installed in gas sampling boreholes.  A = conveyance 

pipe, B = stainless steel tubing, C = tremie pipe. 

3.3 Grout Delivery 

Detailed grouting procedures were developed and followed during gas borehole grouting activities.  For 
both up and down going holes, grout was delivered through a tremie pipe from the collar toward the 
packer.  Down going holes were instrumented with a removable tremie pipe, allowing the tremie pipe to 
be gradually removed during grout pumping.  After emplacement of each grout lift, compressed air was 
used to clean the tremie pipe out.  Up going holes on the other hand used a fixed tremie pipe and a sealed 
collar.  In this configuration the grout was pumped to the top of the hole through the tremie pipe and 
allowed to run back down to the collar end.  Additionally, up going holes used the conveyance pipe as a 
vent/return line.  Perforations near the packer allowed displaced gas to vent out of the conveyance pipe 
and out through the collar assembly.  Similarly, the vent line provided a return line for gout during 
grouting of the up going holes.  Once grout return was observed, the grout was allowed to drain from the 
vent and tremie lines and compressed air was used to clear both lines.  On the final grout lift of up going 
holes, both the vent and tremie line were filled with grout and shut in, eliminating any open conduits in 
the grout plug. 

3.4 Collar 

The borehole collars were completed differently for up going and down going boreholes.  Down going 
boreholes could be grouted with no collar hardware in place or vent line.  On the other hand, up going 
boreholes had to have a sealed collar for grouting to occur.  In addition to the tremie pipe and vent line, 2 
sampling tubes, a pressure monitoring tube, a packer inflation tube and a data cable had to pass through 
the collar and be liquid tight.  The tubing and tremie pipe passed through the faceplate and were sealed 
using bore through compression fittings.  The tubing fittings were reamed out an extra 1/64-in to make 
sliding the faceplate on easier.  The data cable was sealed using a standard liquid tight cord grip.  Because 
the tremie pipe delivery method was decided on after fabrication of the collar hardware, an unused 
threaded port on the faceplate was used to adapt the tremie pipe and pass through the collar assembly 
(Figure 24).  The vent line (conveyance pipe) was connected to a flange adaptor as originally designed 
(Figure 25). 

A B C 
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For the down going boreholes, once the final grout lift was done, the tremie pipe was removed and the 
collar faceplate slid over the sample tubes and data cable and secured to the flange with threaded rod 
(Figure 26).  While the face plate was not necessarily required, it provides an added layer of confinement 
and protection for the tubing.  For both up and down going boreholes, once the faceplates were secured a 
grounding cable was connected between the collar and the instrumentation ground.  This was to prevent 
ground loops between instrumentation along the instrumentation tubing runs. 

 
Figure 24. Collar faceplate modification to adapt tremie pipe grout delivery in up going holes. 

 
Figure 25. Front and back view of up going borehole collar assembly. 
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Figure 26. Pictures of final collar completion for GS-4 (up going) and GS-3 (down going). 

4.0 Equipment Installation 
The borehole equipment was fabricated in Richland, WA, and/or purchased and delivered to Richland, 
WA.  To facilitate ease of installation inside the tunnel, as much preparation as possible was done prior to 
shipping equipment to the NNSS.  This included pre-cutting tubing to length, sanding the tubing and pipe, 
attaching centralizers to the conveyance pipe, marking conveyance pipe for the appropriate centralizer 
spacing, threading nuts and washers onto the threaded rod, attaching all of the sampling zone hardware to 
the packer, splicing and gas-blocking the data cables, etc. (see Figure 27).  The borehole equipment was 
shipped to NNSS in three shipping crates; one contained the 1” OD poly tube used for tremie pipe while 
the other two crates contained everything else.  All parts were labeled and color coded as necessary to 
ensure that components were installed in the correct borehole.   

 
Figure 27. Pre-assembled borehole components prior to packing for shipment. 

5.0 Grouting Plan 
In general, the plan for grouting was to install grout in multiple lifts.  The down going boreholes (GS-1, 
GS-3, GS-5) were to receive 5 gallons of grout, followed by nominally 25 gallons of grout.  Both of these 
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first two lifts were planned to emplace the 0.5% plasticizer recipe.  Following the initial two lifts in down 
going holes, a final lift of the 1% recipe would be emplaced up to the collar, and a final top-off would be 
added if necessary.  The up going holes were only planned to receive the 1% plasticizer mix, in three 
stages.  The first stage was targeted for 15 gallons, with the second stage going until grout came out of the 
return line.  The final lift was then to fill the void between the packer and the return line.   

6.0 Grout Emplacement 
While the grouting plan was generally followed, there were some in-field changes to the grouting 
schedule and plan.  These changes were made by the confinement scientist and the instrumentation team 
representative working together and resulted in a more efficient order of operations (Table 6).  The NNSS 
grout team took and maintained official records on grout volumes, batch QA measurements, injection 
volumes and times, etc.  Below is an unofficial compilation of grout volumes, mixes and nominal 
injection times, as recorded by the instrumentation team during grout emplacement.  This information is 
intended to provide a general summary of the order of operations and performance, not a comprehensive 
description of the grout emplacement.  Note that GS-7 was not grouted; due to the shallow depth of GS-7, 
the confinement team determined that grout was not necessary for GS-7. 

Overall, the boreholes required more grout than the empty volume being grouted (Table 7).  The amount 
of extra grout appeared to be a function of the permeability of the formation (Figure 28).  The 
permeability is known to vary with depth, so the ratio of grout emplaced to the expected volume also 
varied as a function of the angle of the borehole (Figure 28).  This would indicate that there were no 
major losses to fractures, or that losses to fractures were generally consistent between boreholes.  It is also 
an indication that the grout properties were consistent between batches. 

Table 6. Summary of the individual grout lifts emplaced in each borehole and the total volume emplaced. 

Borehole First Lift Second Lift Third Lift Top-off Total volume 
GS-1 5 gal, 0.5%, 

Afternoon 9/20 
31.4 gal, 0.5% 
Afternoon 9/21 

19.1 gal, 1% 
Morning 9/26 

NA ~55 gallons 

GS-2 15 gal, 1% 
Morning 9/20 

22.6 gal, 1% 
Morning 9/21 

19.6 gal, 1% 
Morning 9/21 

16.6 gal, 1% 
Morning 9/26 

~74 gallons 

GS-3 5 gal, 0.5%, 
Morning 9/19 

25 gal, 0.5% 
Afternoon 9/20 

21.4 gal, 1% 
Morning 9/21 

8.8 gal, 1% 
Morning 9/21 

~60 gallons 

GS-4 15 gal, 1% 
Morning 9/19 

35.4 gal, 1% 
Morning 9/20 

22.5 gal, 1% 
Morning 9/20 

10.8 gal, 1% 
Morning 9/21 

~84 gallons 

GS-5 5 gal, 0.5%, 
Morning 9/19 

27.2 gal, 0.5% 
Afternoon 9/20 

17 gal, 1% 
Morning 9/21 

2 gal, 1% 
Morning 9/21 

~51 gallons 

GS-6 15 gal, 1% 
Morning 9/19 

26.4 gal, 1% 
Morning 9/20 

39 gal, 1% 
Afternoon 9/20 

15.4 gal, 1% 
Morning 9/21 

~96 gallons 

GS-8 18 gal, 1% 
Morning 9/20 

5 gal, 1% Afternoon 
9/20 

29.8 gal, 1% 
Morning 9/21 

11.6 gal, 1% 
Morning 9/26 

~64 gallons 

NA- because GS-1 was grouted behind a sulfa-set dam rather than an open collar, a top-off was not necessary 
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Table 7. Comparison of the expected grout volume and the emplaced grout volume for gas sampling 
boreholes. 

Borehole 
Calculated Grout 
Volume (gallons) 

Emplaced Grout Volume 
(gallons) Ratio 

Formation Permeability 
(Darcy) 

GS-1 43 55 1.29 0.156 
GS-2 51 74 1.45 0.485 
GS-3 47 60 1.29 0.0373 
GS-4 56 84 1.51 0.364 
GS-5 46 51 1.12 0.0012 
GS-6 57 96 1.69 0.688 
GS-8 47 64 1.35 1.55 

  
Figure 28. Comparison of the relative amount of extra grout needed for each borehole relative to the 

measured permeability and borehole angle for boreholes GS-1 through GS-6.  GS-8 not 
included. 

7.0 Borehole Collar Completion 
Boreholes were completed with the custom flange faceplate.  Up going boreholes were grouted with this 
plate in place.  Down going holes (except GS-1 and GS-7) had the plate installed after grouting was 
complete.  The faceplate provides a secondary confinement seal as the tubing and cables were all sealed 
with gas tight fittings (see Figure 26).  One borehole, GS-1, was drilled at a shallow angle (5.6 degrees 
below horizontal).  During grouting activities, the confinement and instrumentation representatives agreed 
that the shallow angle represented a risk if grouted according to the original plan as the grout would meet 
the top of the borehole too far into the formation and provide a potential gas pathway.  In the field, it was 
decided to plug the opening of the borehole with a sulfa-set dam.  The sample tubing, data cable and 
tremie pipe were routed out of the borehole through an opening at the top of the dam.  This allowed the 
grout level to reach a greater height within the borehole and improve confinement.  This also meant that 
no grout top-off was necessary, or possible, for GS-1.   

8.0 Pneumatic isolation 
During completion of the practice boreholes there were concerns about grout impacting the permeability 
or connectivity of the gas sampling zone with the formation.  While the extent of this possible impact was 
never fully quantified, mitigation steps were put in place to ensure that the gas sampling zones were well 
connected to the formation and provided representative samples.  There were more concerns about grout 
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impacting the down going holes as gravity contributed to potential grout movement into or around the 
sampling zone.  However, mitigation steps were put in place for the up going holes also. 

These mitigation steps were applied in three primary mechanisms: modification of the packer design for 
down going holes, the use of a thicker and faster setting grout closest to the packer for down going holes, 
completing the boreholes in a series of grout lifts rather than a single lift and pneumatic isolation of the 
sampling zone during grout emplacement close to the borehole.  

As described above, down going boreholes were instrumented with a dual packer assembly.  This kept the 
first grout pour ten feet from the gas sampling zone and created a cavity between the packers where any 
grout bypassing the first packer would collect before reaching the sampling zone.  

The grout emplacement sequence was planned to help mitigate impact to the sampling zone.  The first 
grout lift in the down going holes was limited to 5 feet with the faster setting grout.  This lowered the 
head pressure pushing grout into the formation and reduced the time available for the grout to move into 
or through the formation.  The second lift of grout in down going holes was larger, but still the thicker 0.5 
% recipe.  For up going holes, the initial lift was limited to 15 feet while the second lift brought grout 
within 2 feet of the packer.  This allowed the final grout lift, next to the packer, to be relatively small and 
controlled, reducing the chance of pushing grout past the packer and into the sampling zone.  

The final measure put in place to help mitigate sample zone impact from grouting was pneumatic 
isolation of the sampling zone during grout lifts close to the packer.  For down going holes, this meant 
that during the first two lifts, air was pumped into the sampling interval during grouting and for several 
hours after.  Similarly, for up going holes, air was pumped into the sampling interval during emplacement 
of the final grout lift.  For up going holes air flow was not necessarily maintained beyond the 
emplacement phase as there was no driving force to move grout towards the sampling zone once pumping 
was complete.  There were some changes in pressure and flow observed during or shortly after grouting 
for a few of the boreholes (Figure 29), however, those were largely attributed to transient conditions 
rather than actual permeability changes.  

 
Figure 29. Sample interval flow and pressure and packer pressure measured before, during and after 

emplacement of the first lift of grout in GS-3.  
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9.0 Permeability Testing 
Formation permeability was calculated as the change in pressure caused by gas flow into the sampling 
interval (Zeigler, 1976).  Permeability was measured after instrumentation installation (before grouting), 
in-between some of the grout lifts, and immediately after the final grout lift for some boreholes (Table 8).  
A final series of permeability measurements were made several weeks after completion of grouting.  For 
most of the boreholes there was less than a 25% difference between the maximum and minimum 
permeability measured before, during and immediately after grouting (Table 8).  This level of variability 
can be attributed to measurement variability rather than actual changes in permeability.  There appeared 
to be a large decrease in permeability in GS-5; however, the permeability measurements made prior to 
9/20/22 were biased high due to equipment failure.  On 9/20/22, a leak was identified on a cap covering a 
tube connected to the GS-5 sampling zone.  The result of this is that some of the gas being pumped into 
the sampling zone was leaking out of the cap and not going into the formation, resulting in the calculated 
permeability being biased high. 

Following grout emplacement, the grout was allowed to cure for 3 weeks before final permeability testing 
was completed.  The results of the final permeability testing, when compared with the initial permeability 
results (Table 9) indicated that there was no significant impact to the borehole permeability as a result of 
grouting.  Four of the boreholes had no significant difference in the permeability measured before and 
after grouting.  One borehole showed an increase in permeability while the other two boreholes had other 
issues that made a valid comparison impossible.  The packer in GS-2 failed after grouting, preventing a 
1:1 comparison with pre-grout measurements.  The borehole GS-5 appeared to have significant standing 
water in the borehole, as evidenced by gurgling noises coming from the sample lines during gas sample 
collection efforts.  The relative saturation of the formation around the GS-5 sampling zone likely change 
significantly between the initial and final permeability measurements.     

Table 8. Permeability measured in the gas sampling boreholes before, during, and immediately after 
grouting. 

 Before Grouting During Grouting After Final Grout lift  

Borehole Date 
Perm. 

(Darcy) Date Stage 
Perm. 

(Darcy) Date 
Perm. 

(Darcy) 
% diff. 

(max-min) 
GS-1 8/24/22 0.156 9/19/22 after 1st lift 0.14 9/26/22 0.14 14% 
GS-2 8/24/22 0.485    9/26/22 0.37 26% 
GS-3 8/24/22 0.0369 9/19/22 after 1st lift 0.039 9/21/22 0.041 15% 
GS-3 8/24/22 0.0376 9/21/22 after 2nd lift 0.042    
GS-3 9/19/22 0.0373       
GS-4 8/23/22 0.364    9/21/22 0.33 11% 
GS-5 8/23/22 0.0024* 9/19/22 after 1st lift 0.0025* 9/21/22 0.0012 73% 
GS-6 8/23/22 0.688       
GS-8 8/24/22 1.55 9/21/22 after 2nd lift 1.43 9/26/22 1.86 26% 
* Result biased high due to leak 

Table 9. Borehole permeability measured before grouting and after grout cured for 3 weeks. 
 Before Grouting After Final Grout  Relative change in 

permeability pre to post 
grouting Borehole Date 

Permeability 
(Darcy) Date 

Permeability 
(Darcy) 

GS-1 8/24/22 0.156 11/15/22 0.146 No change 
GS-2 8/24/22 0.485 11/15/22 0.145a Not a valid comparison 
GS-3 8/24/22 0.0373b 11/15/22 0.0461 No change 
GS-4 8/23/22 0.364 11/15/22 0.348 No change 
GS-5 8/23/22 0.0024c 11/15/22 0.0006d Not a valid comparison 
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 Before Grouting After Final Grout  Relative change in 
permeability pre to post 

grouting Borehole Date 
Permeability 

(Darcy) Date 
Permeability 

(Darcy) 
GS-6 8/23/22 0.688 11/15/22 0.794 No change 
GS-8 8/24/22 1.55 11/15/22 2.36 Increase 
a- Packer deflated due to packer failure 
b- Average of 3 pre-grout measurements 
c- Result suspected to be biased high due to leak 
d- Gurgling noises observed.  Bottom half of borehole assumed to be filled with water.  

10.0 Impact of Packer Inflation 
For some of the boreholes, post-grout permeability tests were conducted with the packer deflated.  This 
provided data to evaluate how well the grout plug sealed the borehole; if the permeability measured with 
the packer deflated is larger than measured with the packer inflated (after accounting for the difference in 
geometry), it could be an indication that the grout plug did not seal well against the borehole wall.  
However, there are other possible explanations, such as an indication that the zone isolated by the packer 
contained a fracture or some other discontinuity.  This is particularly problematic for the down-going 
holes where the exposed interval (with the packers deflated) is 11.75 feet long. 

Based on the comparison of the permeability test results for packers inflated and deflated (Table 10), it 
appears that for the upgoing boreholes there isn’t a significant difference between inflating and deflating 
the packers.  For the two down going boreholes with viable tests conducted, there is a notable difference 
between the permeability measured with the packer inflated and the packer deflated.  For GS-5, it is 
assumed that the higher measured permeability is associated with less saturated rock being exposed when 
the packers are deflated.  Based on this assessment, a recommended packer inflation scheme would be to 
inflate the packers in boreholes GS-1, -3, -4, -6, -7, -8 while leaving the packers in GS-5 and GS-2 
uninflated.  

Table 10. Comparison of permeabilities measured in gas sampling boreholes with packers inflated and 
deflated. 

Borehole Packer Inflated Packer Deflated Difference 
GS-1 0.146 no data NA 
GS-2 no data 0.145 NA 
GS-3 0.0461 0.14 Different 
GS-4 0.348 0.301 No difference 
GS-5 0.0006 0.0189 Different 
GS-6 0.794 0.893 No difference 
GS-8 2.36 5.46 No difference 

11.0 Conclusion 
The borehole grouting effort was successful.  All eight gas sampling boreholes should provide gas 
samples that are representative of the formation.  Additionally, it appears that the gas sampling boreholes 
are isolated from the drift.  While there were concerns about grout impacting the connectivity of down 
going boreholes, the before and after permeability testing indicated that there was not a significant impact 
from grouting.     
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Appendix A – Borehole Installation Field Guides 
These field guides were used to guide the field team on installation of gas sampling instrumentation into 
the boreholes and to ensure that no critical steps were missed. 

A.1 Up-going Borehole: Installation Field Guide 

Primary components used in Borehole Completion 

 

A.1.1 Initial Preparation 
1. Open shipping crate.  Each crate contains all components for 4 boreholes, except 3/8” tubing.  3/8” 

tubing length needs to be cut from spools already onsite. 

2. Lay out tarp/drop clothes to keep parts clean(ish). 

3. Unpack components for current borehole (see packing/unpacking list) 

4. Spread out centralizers on all conveyance pipes.   

a. Spacing between the clamps is pre-marked on the pipe; one clamp is already tightened.  

b. Slide second clamp down, flaring centralizer, until outside edge of clamp is even with the straight 
side of the mark. 

c. Secure clamp tightly with nut-driver.  Double check tightness of both clamps. 

d. Check fit of one within borehole 

5. Verify Borehole 

a. Double check borehole number/location. 

b. Identify TD of borehole from drilling records and borehole spec table. 

c. Tag end of borehole with PVC conveyance rod.  Will need 1 or 2 extra sticks of conveyance pipe 
to reach.   

i. Measured borehole depth should match drilling log (±12”).  This is from end of hole to the 
face of the flange on the collar. 

6. Packer  
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a. Set packer aside.  Review connections, ensure everything came pre-assembled correctly and are 
tight  

 
b. Slide packer into borehole to ensure that fit looks appropriate 

c. Perform quality checks on packer and cables 

i. Using resistance setting (Ω) of voltmeter, measure the resistance of the thermistor.  Measure 
blue and blue/white wires of extension cable.  Resistance should be between 11 and 15 kΩ.  
Record.   

 
ii. Use scrap poly tubing and compressor to inflate packer to 40 psi.  Turn off compressor, close 

valve and watch gage to confirm packer does not leak. 

iii. Deflate packer. 

d. Verify which ports are the Sample, Return, Inflation (air) and Pressure ports.   

i. Sample = Black 

ii. Return = Red 

iii. Air = Blue 

iv. Pressure = Green 

 
e. Connect first stick of conveyance pipe (perforated with reducer assembly attached) to packer.  

This adapts the internal flush thread pipe to the ½” MNPT center port on the packer. 

Insert into 
borehole 
this 
direction 
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f. Unspool some of the data cable.    

g. Measure and record lengths of packer assembly. 

i. Tip to packer  

ii. Tip to back of packer 

iii. Tip to flush thread adaptor 

7. Connect Tubing   

a. Unspool some of the bundle of ¼” tubing; nominally 15 feet.  No tubing straightener required.  
Make every effort to keep tubing straight and unkinked near the ends to facilitate sliding through 
faceplate bore-through fittings.   

b. Unspool some of the bundle of 3/8” tubing; nominally 15 feet. Use of tubing straightener may be 
necessary.  Determine in field. 

c. Place protective rubber caps over tube ends (collar side). 

d. Label tag end of tubing (collar side) with corresponding packer port (S, R, A, P) 

e. Arrange tubing in tunnel on tarp/drop cloth. The sequence will be to insert 5 feet of the package, 
unspool material for the next 5 feet, attach everything and then insert that 5-foot section. 

f. Attach all four tubes to back of packer.  Mark both ends with color coded label according to color 
scheme above. Double check that the labels match on both ends.  

8. Slide a spacer onto the back of the first stick of conveyance pipe. 

9. Attach tremie pipe to conveyance pipe with electrical tape.  It should be located 2 feet behind back of 
packer. 

10. Arrange tubing, thermistor cable and tremie pipe around spacer.  Use zip-ties or electrical tape in 
front and behind the spacer (~6”) to secure the tubes, cable, conveyance pipe and tremie pipe. The 
spacer should be firmly held in place by the tension of the tubes. 

11. Push package into borehole until end of conveyance pipe is just outside of the collar.  Be careful not 
to break the spacer on the collar during insertion. 

12. Connect the next stick of conveyance pipe to the first stick.   

13. Repeat steps 9-13. 

14. Repeat this pattern until the packer tip bumps the bottom of the borehole.  Confirm insertion depth is 
consistent with the reported and measured TD. 

15. Do not attach any zip-ties within the last 4 to 6 feet of the borehole; this leaves flexibility in getting 
tubing and cables through the collar faceplate. 
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A.1.2 Grout Collar Adaptor connection 
1. Retrieve the collar assembly; this includes the grout flange adaptor, 2 gaskets, the face plate, the 

tremie pass-through adaptor and the hood. 

 
2. Remove the exterior nuts and washers from the flange adaptor.  Leave the internal nuts so that 

threaded rod remains in place. 

3. The conveyance pipe must be cut and glued to the slip-to-thread adaptor on the flange assembly; there 
are two ways to measure where the cut should occur.  With either method, the vent port should be 
oriented down to allow grout to drain. 

a. Method A: Direct mark 

i. Slide a gasket around the tubing, cable, tremie and conveyance pipe.  Place against the collar 
with holes aligned.  A piece of tape can be used to hold it in place temporarily.  

ii. Thread the conveyance pipe, SS tubing and cables through the grout flange adaptor. 

iii. Hold the collar adaptor up to the collar flange, or use bolts to hold it in place. 

iv. Reach in and mark the conveyance pipe at the end of the slip-to-thread adaptor. 

v. Remove the grout adaptor and pull the conveyance pipe, tubing and entire packer assembly 
back just enough to allow work near the mark on the conveyance pipe.  

vi. From the mark on the conveyance pipe, measure back (away from the collar) 1.5”.  Cut the 
pipe here using a PVC pipe cutter. 

vii. Apply PVC primer and glue to both the outside of the conveyance pipe and the inside of the 
adapter. 

viii. Slide the grout flange adaptor over the pipe and tubing and attach the slip-to-thread adaptor to 
the conveyance pipe.   

ix. Re-insert the package and collar adaptor; this should leave the tip of the packer assembly ½” 
short of the end of the borehole. 

x. Use 2 nuts to temporarily hold the adaptor in place.  

b. Method B: Measure and mark 

i. Using a straight-edge, measure the distance from the collar flange to the tip of the slip-to-
thread adaptor. 

Grout flange adaptor 
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ii. Similarly, using a straight-edge, mark the conveyance pipe at the point where at straight-edge 
laid across the collar flange intersects the conveyance pipe.   

iii. Pull the conveyance pipe, tubing and entire packer assembly out of the hole ~6-12”.  

iv. From the mark on the conveyance pipe, measure forward (toward the collar) the distance 
measured in (i).  Mark, then measure 1.5” back (away from the collar) and mark.  Cut the 
pipe here using a PVC pipe cutter. 

v. Slide a gasket around the tubing, cable, tremie and conveyance pipe.  Place against the collar 
with holes aligned.  A piece of tape can be used to hold it in place temporarily.  

vi. Thread the conveyance pipe, SS tubing and cables through the center of the grout flange 
adaptor. 

vii. Apply PVC primer and glue to both the outside of the conveyance pipe and the inside of the 
adapter and attach the slip-to-thread adaptor to the conveyance pipe.   

viii. Re-insert the package and collar adaptor; this should leave the tip of the packer assembly ½” 
short of the end of the borehole. 

ix. Use 2 nuts to temporarily hold the adaptor in place.  

A.1.3 Face Plate Attachment 
1. The tubing, tremie pipe and data cable should now protrude out of the grout collar adaptor several 

feet.  Cut excess tubing back if necessary, leaving at least 24” beyond the collar.  Do not trim data 
cable unless absolutely necessary. 

2. Get the adaptor faceplate.  Remove the nuts and ferrules from the Swagelok fittings. 

3. Slide a gasket around the tubing, cable, tremie and conveyance pipe.  Place against the grout adaptor 
flange with holes aligned.  A piece of tape can be used to hold it in place temporarily. 

4. Insert the tremie pass-though adaptor though the ½” Swagelok fitting. 

5. Cut the Tremie pipe to allow connection of the ½” to 1” Swagelok pass-through adaptor.  The 12” of 
½” tubing allows for imprecise measurements of this cut- field fit as necessary. 

6. Align all tubing with the pass-through holes on the faceplate.  The tubing holes should be along the 
bottom with the cable holes on top.  The sample and return lines should be to the left of the 3/8” tube, 
with the packer inflation line to the right of the 3/8” tube.  This is preferred, but not required if tubing 
alignment makes this difficult. 
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7. Slide the faceplate on, passing tubes and data cable through the bore-through fittings (from the inside 
of the faceplate). 

8. Continue to slide the faceplate on until it reaches the gasket and grout adaptor flange. 

9. Attach nuts along the bottom half of the faceplate.  The top half will need the hood attached later. 

a. Attach with a nut, lock washer and flat washer on the outer-most edges, and with nuts and flat 
washers on the face plate and borehole collar flange.  

10. Using Teflon or nylon ferrules, slide nuts and ferrules onto tubing and secure to faceplate.  Also slide 
cable glands and nuts onto data cable and thermocouple wire and tighten.   

A.1.4 Quality Control Testing 
1. Plug in and turn on pressure response testing kit.  Two power outlets are needed.    

2. Use a voltmeter to check voltage/resistance of the thermistor 

a. Using resistance setting (Ω) of voltmeter, measure the resistance of the thermistor.  Resistance 
should be between 11 and 15 kΩ.  Compare to value recorded at beginning of installation.   

 
3. Using plastic ferrules, connect pressure response testing kit to borehole tubes 

a. Pump outlet connected to ‘Sample’ tube  

b. Pressure transducer connected to 3/8” line 

c. Air compressor to packer inflation line 

4. Initiate air flow into sample zone.  Ensure that 10 L/min of air can be pushed through the line.  Turn 
flow off. 

5. Cap return line (using plastic ferrules) and inflate packer to 60 psi.  Turn off compressor, close valve 
on packer inflation assembly and watch gage to confirm packer does not leak.   

6. Initiate flow test.  Pressure response should be observable using the CR1000 keypad.  However, 
viewing with CSI Loggernet software makes visualization easier. 

7. Test should go at least 5 minutes, or until pressure and flow have stabilized.  Test duration is a 
function of permeability.  Once complete, turn off pump and watch pressure decay. 

8. Once pressure has returned to the initial conditions, switch connections so that flow is into the return 
line and the sample line is capped. 

9. Repeat flow test.  Results should be nearly identical. 

10. Disconnect packer inflation assembly; allow packer to deflate. 

11. Repeat flow test.  There should be no measurable pressure response. 



PNNL-36268 

Chapter 2 – Gas Production Boreholes: Installation and Completion  118 
 

A.1.5 Completion 
1. Once the packer assembly has passed the quality control checks it is time to complete the borehole 

installation. 

2. Using a tube bender, bend each tube such that the excess tube is vertical (pointed towards the invert) 
or slightly pointing towards the rib. 

3. Remove any nuts on the top half of the faceplate.   

4. Place protective hood over the top half of the faceplate.  

5. Attach nuts and washers in same arrangement as before 

6. Tighten all nuts on all 8 threaded rod (32 nuts). They should be as tight as possible using 12-inch 
wrenches. 

7. Place rubber caps on ends of tubes to protect ends until connection to water trap and tunnel tube runs 
occurs. 

A.1.6 Connection to Water Trap and Tunnel Tube Runs 
1. Use 3/8” tubing to connect sample line to water trap inlet.  This will be a field fit process as water 

trap locations are not specified yet. Use sections of flex lines to accommodate movement of 
components. 

2. Connect tunnel tube runs to water trap outlet (sample line) and to borehole tubing (return line). This 
will be a field fit process as water trap locations are not specified yet.  Use sections of flex lines to 
accommodate movement of components.  This step will use adaptors to reduce from 3/8” (tunnel 
tubing runs) to ¼” (borehole and water trap). 

A.2 Down-going Borehole: Installation Field Guide 

A.2.1 Initial Preparation 
1. Open shipping crate.  Each crate contains all components for 4 boreholes, except 3/8” tubing.  3/8” 

tubing length needs to be cut from spools already onsite. 

2. Lay out tarp/drop clothes to keep parts clean(ish). 

3. Unpack components for current borehole (see packing/unpacking list) 

4. Spread out centralizers on all conveyance pipes.   

a. Spacing between the clamps is pre-marked on the pipe (11-1/8”); one clamp is already tightened.  

b. Slide second clamp down, flaring centralizer, until outside edge of clamp is even with the straight 
side of the mark. 

c. Secure clamp tightly with nut-driver.  Double check tightness of both clamps. 

5. Verify Borehole 

a. Double check borehole number/location. 

b. Identify TD of borehole from drilling records and borehole spec table. 

c. Tag end of borehole with PVC conveyance rod.   

i. Measured borehole depth should match (±6”).  This is from end of hole to the face of the 
flange on the collar. 
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6. Packer  

a. Set packers aside.  Review connections, ensure everything on the front of the first packer came 
pre-assembled correctly and tight  

 
b. Slide first packer into borehole to ensure that fit looks appropriate 

c. Connect stainless tube extensions to back of front packer.  Tubes and fittings are color coded.  Be 
sure to go through the fins of the centralizers 

d. Connect the second packer to the first packer 

i. Hold the second packer up outside the hole. 

ii. Align the stainless tubes so that they go through the fins of the centralizer and align with the 
matching color-coded port. 

iii. Slide stainless extension tubes into Swagelok fittings and align union connection in the 
middle 

iv. Tighten Swagelok fittings and central union, 

v. Connect the thermistor cable near the back of the first packer. 

vi. Secure thermistor cable connection securely with electrical tape 

e. Insert dual packer assembly into borehole, leaving back of second packer nominally even with the 
collar flange 

f. Perform quality checks on packer and cables 

i. Using resistance setting (Ω) of voltmeter, measure the resistance of the thermistor.  
Resistance should be between 11 and 15 kΩ.  Record.   

 
ii. Use scrap poly tubing and compressor to inflate packers to 40 psi.  Turn off compressor, 

close valve and watch gage to confirm packers do not leak. 

iii. Deflate packers. 

g. Verify which ports are the Sample, Return, Inflation (air) and Pressure ports.   

i. Sample- Black 

ii. Return- Red 

iii. Air- Blue 
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iv. Pressure- Green 

 
h. Connect perforated PVC section to packer.  This adapts the internal flush thread pipe to the ½” 

MNPT center port on the packer. 

 
i. Unspool some of the data cable.    

j. Measure and record lengths of packer assembly. 

i. Tip to packer  

ii. Tip to back of packer 

iii. Tip to flush thread adaptor 

7. Tubing   

a. Unspool some of the bundle of ¼” tubing; nominally 15 feet.  No tubing straightener required.  
Make every effort to keep tubing straight and unkinked near the ends to facilitate sliding through 
faceplate bore-through fittings.   

b. Unspool some of the bundle of 3/8” tubing; nominally 15 feet. Use of tubing straightener may be 
necessary.  Determine in field. 

c. Place protective rubber caps over tube ends (collar side). 

d. Arrange tubing in tunnel on tarp/drop cloth. The sequence will be to insert 5 feet of the package, 
unspool material for the next 5 feet, attach everything and then insert that 5-foot section. 

e. Attach all four tubes to back of packer.  Mark both ends with color coded label according to color 
scheme above. Double check that the labels match on both ends.  

8. Identify the first stick of conveyance pipe; it has the reducer assembly and perforations on one end of 
the pipe.  Attach this stick to the packer.   

9. Slide a spacer onto the back of the first stick of conveyance pipe. 
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10. Attach tremie pipe to conveyance pipe with a single wrap of electrical tape.  It should be located 2 
foot behind back of the second packer. 

11. Arrange tubing, thermistor cable and tremie pipe around spacer.  Use zip-ties or electrical tape in 
front and behind the spacer (~6”) to secure the tubes and  cable.  DO NOT SECURE tremie pipe on 
down-going holes. The spacer should be firmly held in place by the tension of the tubes. 

12. Push package into borehole until end of conveyance pipe is just outside of the collar.  Be careful not 
to break the spacer on the collar during insertion. 

13. Connect the next stick of conveyance pipe to the first stick.   

14. Repeat steps 9-13. 

15. Repeat this pattern until the packer tip bumps the bottom of the borehole.  Confirm insertion depth is 
consistent with the reported and measured TD. 

16. Do not attach any zip-ties within the last 4 to 6 feet of the borehole; this leave flexibility in getting 
tubing and cables through the collar cap. 

A.2.2 Quality Control Testing 
1. This testing will be completed before attaching the borehole faceplate, and before grouting.  It will be 

repeated after grouting. 

2. Plug in and turn on pressure response testing kit.  Two power outlets are needed.    

3. Use a voltmeter to check voltage/resistance of the thermistor 

a. Using resistance setting (Ω) of voltmeter, measure the resistance of the thermistor.  Resistance 
should be between 11 and 15 kΩ.  Compare to value recorded at beginning of installation.   

 
4. Using plastic ferrules, connect pressure response testing kit to borehole tubes 

a. Pump outlet connected to ‘Sample’ tube  

b. Pressure transducer connected to 3/8” line 

c. Air compressor to packer inflation line 

5. Initiate air flow into sample zone.  Ensure that 10 L/min of air can be pushed through the line.  Turn 
flow off. 

6. Cap return line (using plastic ferrules) and inflate packer to 60 psi.  Turn off compressor, close valve 
on packer inflation assembly and watch gage to confirm packer does not leak.   

7. Initiate flow test.  Pressure response should be observable using the CR1000 keypad.  However, 
viewing with CSI Loggernet software makes visualization easier. 

8. Test should go at least 5 minutes, or until pressure and flow have stabilized.  Test duration is a 
function of permeability.  Once complete, turn off pump and watch pressure decay. 

9. Once pressure has returned to the initial conditions, switch connections so that flow is into the return 
line and the sample line is capped. 



PNNL-36268 

Chapter 2 – Gas Production Boreholes: Installation and Completion  122 
 

10. Repeat flow test.  Results should be nearly identical. 

11.  Disconnect packer inflation assembly; allow packer to deflate. 

12. Repeat flow test.  There should be little to no pressure response. 

A.2.3 Face Plate Attachment 
1. For down-going holes there is no grout adaptor.  Grouting will be done with the tremie pipe.  The face 

plate will be attached after grouting is complete. 

2. The tubing, data cable, and conveyance pipe should now protrude out of the borehole collar adaptor 
several feet.  Cut excess tubing back to 24” if necessary.  Do not trim data cable unless absolutely 
necessary.  Cut the conveyance pipe as close to the cured grout as possible. 

3. Get the adaptor faceplate.  Remove the nuts and ferrules from the Swagelok fittings and remove the 
glands from the cable cord grips. 

4. Slide a gasket around the tubing, cable and conveyance pipe.  Place against the grout adaptor flange 
with holes aligned.  A piece of tape can be used to hold it in place temporarily.  

5. Align the tubing with the pass-though holes on the faceplate.  The tubing holes should be along the 
bottom with the cable holes on top.  The sample and return lines should be to the left of the 3/8” tube, 
with the packer inflation line to the right of the 3/8” tube.  This is preferred, but not required if tubing 
alignment makes this difficult. 

 
6. Slide the faceplate on, passing tubes through the bore-through fittings (from the inside of the 

faceplate). 

7. Before sliding the faceplate all the way on, remove the nuts from the threaded rod holding the grout 
adaptor in place. Be careful that the completion string does not shift out of the hole when the nuts are 
removed. 

8. Continue to slide the faceplate on until it reaches the gasket and collar flange. 

9. Attach several of the threaded rod assemblies along the bottom half of the faceplate.  The top half will 
need the hood attached later. 

a. Attach with nuts, lock washers and flat washers. 

10. Using Teflon or nylon ferrules, slide Swagelok nuts and ferrules onto tubing and secure to faceplate.  
Also slide cable glands and nuts onto data cable and tighten.   

A.2.4 Completion 
1. After grouting, repeat the quality control checks.  Once the packer assembly has passed the quality 

control checks it is time to complete the borehole installation. 
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2. Using a tube bender, bend each tube such that the excess tube is vertical (pointe down) or slightly 
pointing towards the rib. 

3. Remove any nuts on the top half of the faceplate.   

4. Place protective hood over the top half of the faceplate.  

5. Insert threaded rod, nuts and washers in same arrangement as before 

6. Tighten all nuts on all 8 threaded rod (16 nuts). They should be as tight as possible using 12-inch 
wrenches. 

7. Place rubber caps on ends of tubes to protect ends until connection to water trap and tunnel tube runs 
occurs. 

A.2.5 Connection to Water Trap and Tunnel Tube Runs 
1. Use 3/8” tubing to connect sample line to water trap inlet.  This will be a field fit process as water 

trap locations are not specified yet. 

2. Connect tunnel tube runs to water trap outlet (sample line) and to borehole tubing (return line). This 
will be a field fit process as water trap locations are not specified yet.  This step will use adaptors to 
reduce from 3/8” (tunnel tubing runs) to ¼” (borehole and water trap). 
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Appendix B – Borehole Installation Checklists 
These checklists were developed by the project and used in the field to document and verify that the 
equipment was installed correctly, that the equipment passed all QA checks and to document the as-
installed lengths of equipment. 
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Appendix C – Gas Block Test 
The gas block on the thermistor data cable (at the splice location) was tested per instructions provided by 
the confinement team.  This appendix documents the design and fabrication of the gas block as well as the 
testing. 

C.1 Introduction 

The gas sampling boreholes that will be installed for PE-1 include a data cable connecting the sample 
zone to the data acquisition system.  It is required that this cable include a gas block to minimize the 
potential for gas transport to the tunnel through the cable.  This report describes the connection included 
in the design of the gas borehole package, the approach used to build the gas block, and a demonstration 
test that the gas block functions as intended. 

C.2 Method 

As designed, the borehole package consists of a packer (to isolate the sampling interval) with pass-
through ports.  The borehole will be filled with grout between the packer and the collar (Figure C1).  The 
gas block is added to the thermistor cable splice.  The gas block is made by injecting epoxy into a heat-
shrink sleeve placed around the splice, and then shrinking the sleeve (Figure C2).  This approach has 
several benefits; the heat used to shrink the sleeve drives air bubbles out of the epoxy, and the shrinking 
of the tubing forces the epoxy into the small intestinal spaces around the cable and splice. 

 
Figure C1. Borehole packer assembly design. 
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Figure C2. Gas block. 

The gas block was tested by splicing a piece of the thermistor cable to a 10-foot long section of the same 
Cat-5 cable that runs from the packer, down the borehole, through the collar and into the tunnel (Figure 
C3).  The end of the Cat-5 cable was pressurized (various pressures, up to 24 psig) for 15 minutes.  The 
end of the thermistor cable was submerged in a soap-water solution; the presence of bubbles would then 
indicate air moving through the cables and gas block.  The pressure was maintained on the end of the 
cable using an air pump and a needle valve.  By adjusting the needle valve, various backpressures could 
be maintained.  The pressure applied to the end of the cable was measured with a 0-30 psig pressure 
transducer.  This test was repeated at three different pressures.      

 
Figure C3. Test setup. 

C.3 Results 

The results of the gas block test indicated that the gas block design would perform as intended.  Pressure 
was maintained at 9, 17.6 and 24 psig for at least 15 minutes for each test (Figure C4).   No bubbles were 
observed at the end of the cable (Figure C5).   
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Figure C4. Pressure applied to the end of the cable for all three tests. 

  
Figure C5. Pictures of cable end in soap-water solution.  No bubbles present. 
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Chapter 3 – Permeability Testing of Gas Sampling Boreholes 
Installed for PE1-A 

1.0 Introduction 
In support of Experiment A of the PE-1 experiment series, 8 gas sampling boreholes were 
installed.  These boreholes were sealed with grout, leaving only a short section of open borehole 
at the end for the sampling zone.  The boreholes were instrumented with multiple tubes to 
support gas sampling and pressure monitoring of the sampling zone. A recirculation system was 
designed and installed, providing a means for circulating and sampling gas from the boreholes (Chapter 
1).  As part of the initial quality control checks performed to evaluate borehole performance and 
installation quality, permeability measurements were conducted for each of the 8 gas sampling boreholes.  
After the initial testing, additional permeability tests were conducted over the course of the experiment.  
This report summarizes the results of permeability testing conducted on each borehole before and after 
Experiment A.    

2.0 Methods 
There were several methods used to conduct permeability tests in the gas sampling boreholes.  All tests 
used a constant rate injection of air into the formation until a steady-state pressure was reached. All 
methods were analyzed using the same analytical solution. Some of the permeability measurements were 
made with the packer deflated (typically because the packer failed).  An intercomparison of the various 
test methods indicated that the various approaches generally yielded comparable results. 

2.1 Short Duration Tests 

For the initial permeability testing, a pump was used to inject air into the formation for a moderately short 
period of time (generally 3 to 5 minutes).  The test apparatus consisted of a diaphragm pump (22D1180, 
Gast mfg.) a needle valve and flow meter (M-series, Alicat Sci.,  Tucson AZ).  The air flow was 
connected to the sample port of the boreholem (Figure 30), while the return line was capped and the 
pressure in the formation was monitored with a 0-15 psia pressure transducer (PX409, Omega, Norwalk 
CT).  The flow and pressure were recorded by an onboard data logger measuring at a 2 Hz rate (CR6, 
Campbell Sci, Logan UT).  A test was started by collecting baseline formation pressure data briefly and 
then initiating flow.  Pressure in the formation was monitored and once the pressure stabilized the test was 
terminated (Figure 31). 
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Figure 30. Hardware set-up for the short duration permeability tests. 

 
Figure 31. Example of pressure response measured in GS-5 during short duration permeability test. 

2.2 Closed Loop 

The design of the gas sampling system allowed for low volume closed loop permeability tests to be 
conducted.  This was accomplished by stopping circulation (setting the flow rate to zero) while the 
recirculation pump was left on.  In this manner air was pulled from the formation and stored under 
pressure in the secondary water trap (Figure 32).  After allowing the formation pressure to equilibrate, the 
isolation valves were used to allow flow from the enclosure to the borehole, but not allow air flow out of 
the borehole.  The stored air was then used to drive flow back into the formation, resulting in a 
measurable pressure response in the formation (Figure 33).  For most of the boreholes this approach 
yielded reasonable results that agreed with the short and long duration test methods. 
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Figure 32. Diagram of system plumbing as used for closed loop tests. 

 
Figure 33. Example of pressure response measured in GS-4 during closed loop permeability test. 

2.3 Long Duration 

Following Experiment A, the borehole sampling lines were required to be purged to remove potentially 
toxic gases from the sampling lines.  To accomplish this, the borehole sample lines were disconnected and 
capped on the borehole side (Figure 34).  The sampling system was then run for at least 60 minutes.  This 
configuration allowed air from the tunnel to be circulated through the sampling system and injected into 
the borehole, resulting in a long duration pump test (Figure 35).  

 
Figure 34. System plumbing during the long duration permeability tests. 
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Figure 35. Example of pressure response measured in GS-2 during long duration permeability test. 

2.4 High Flow 

To complement the single borehole permeability test methods described above, two high flow injection 
tests were conducted in an attempt to observe a response at adjacent boreholes.  This test used a pair of 
pancake style air compressors to deliver air at rates in excess of 150 L/min (Figure 36).  Flow rate was 
measured using a variable area style inline flow meter; while the stated accuracy was 5%, the effective 
resolution was on the order of 20 L/min, or 10 to 15 % of the flow rates used for this test.  The pressure 
response in adjacent boreholes is not discussed here.  However, the tests were analyzed as single borehole 
permeability tests in the same manner as the other methods.   

 
Figure 36. Equipment used to conduct high flow permeability tests. 
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Permeability was calculated according to the analytical method described in Zeigler (1976) 
“Determination of Rock Mass Permeability”.  This method requires knowledge of the injection interval 
(sampling zone), the initial formation pressure, the flow rate and the resulting pressure in the injection 
interval.  For all permeability tests pressure and flow were recorded.  The sampling interval dimensions 
were known from construction details (28 in long and 4.8 in diameter).  The packer was 24 inches long 
and, when inflated, served to isolate the sampling interval from the remainder of the borehole. When 
uninflated, the packer length was added to the injection interval length.  As described in the borehole 
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constructed with a dual-packer design.  For these tests, if conducted with the packer deflated, the injection 
interval was assumed to be 11.75 ft long. 

3.0 Results 
Some limited summary and analysis of the results are provided here in the body of the report.  However, 
the measurements and the associated results from all permeability tests are included in Appendix A.  The 
intent of this report is not to conduct detailed analysis of transport properties of phenomena, but simply to 
provide the measurements for future use. 

3.1 Summary 

Over the 15 months that post-grouting permeability tests were conducted in the gas sampling boreholes, 
91 permeability tests were conducted.  Tests conducted prior to grouting are not reported here, but are 
discussed in the borehole completion report (Chapter 2).  While summary statistics (Table 11) might 
indicate that the results were not particularly repeatable for any single borehole, there were a number of 
factors that led to variability between different sets of tests.  For example, it appeared that the measured 
permeability around GS-1 and GS-2 changed after the explosion (Figure 37), resulting in a high relative 
standard deviation when the entire set permeability measurements is considered.        

Table 11. Summary of all post-grouting permeability tests conducted on Gas Sampling boreholes for 
experiment PE1A.  Note that this table should not be used to assign permeabilities to the 
respective boreholes. 

Borehole 
Average Perm. 

(Darcy) 
Std. Deviation 

(Darcy) 
Relative Std. 

Deviation 
Number of 

measurements 
GS-1 0.317 0.176 0.55 14 
GS-2 0.666 0.409 0.61 14 
GS-3 0.0579 0.00689 0.12 13 
GS-4 0.413 0.0668 0.16 17 
GS-5 0.0175 0.0107 0.61 6 
GS-6 0.848 0.130 0.15 14 
GS-7 0.095 NA NA 1 
GS-8 1.45 0.373 0.26 12 

 
Figure 37. Measured permeabilities of boreholes GS-1 and GS-2.  Note hollow circles denote 

measurements made prior to grouting of borehole.   
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3.2 Comparison of Methods 

Intercomparison of the results with different methods is important for evaluating the representativeness of 
the measured permeabilities.  In particular, the closed-loop method used a small volume of air, meaning 
the volume of formation interrogated by the test was also relatively small.  In comparing methods, it was 
important to isolate resulting from other phenomena.  Therefore, measurements made after the explosion 
were considered separately from measurements made before the explosion (Table 12).  While the sample 
size is small for most combinations of location, method and time, the relative standard deviation is much 
smaller than when the results are considered in aggregate (Table 11).  The low relative standard deviation 
for a given set of test conditions indicates that the method was repeatable.  Due to the small sample size, a 
detailed quantitative comparison of methods was not conducted.  However, for most of the boreholes, 
there was less than a 30% difference in the average measured permeability between any two methods with 
the same conditions.  Some exceptions for this were GS-8 and GS-5 as well as post- explosion 
measurements for GS-1 and GS-2.   

For GS-8, the high permeability resulted in very small pressure changes at the flow rates tested.  This led 
to greater uncertainty in the calculated permeability, which likely led to greater variability between 
methods.  It is assumed that the lower measured permeabilities post- explosion at GS-1 and GS-2 with the 
long duration method is associated with changes in the formation resulting from the explosion.  Borehole 
GS-5 is discussed in a separate section below.   

Table 12. Summary of permeability results (average, standard deviation, relative standard deviation, and 
number of tests) compiled by location, test method and pre- vs post-explosion.  

Borehole Method 
Permeability (Darcy) 

Standard Dev. 
(Darcy) Rel. Std. Dev. count 

Pre Post Pre Post Pre Post Pre Post 
GS-1 Short Duration 0.146  0.00072  0.00  2  

Closed Loop 0.174 0.512 0.019 0.028 0.11 0.05 4 6 
Long Duration  0.192  0.0068  0.04  2 

GS-2 Short Duration 0.14  0.007  0.05  2  
Closed Loop 0.169 1.02 0.02 0.072 0.12 0.07 3 6 
Long Duration  0.729  0.025  0.03  2 
High Flow  0.967  NA    1 

GS-3 Short Duration 0.0498  0.0052  0.10  2  
Closed Loop 0.0597 0.0599 0.0092 0.0056 0.15 0.09 3 7 
Long Duration  0.0545  NA    1 

GS-4 Short Duration 0.3250  0.0330  0.10  2  
Closed Loop 0.403 0.434 0.052 0.066 0.13 0.15 4 8 
Long Duration  0.386  0.0077  0.02  2 
High Flow  0.517  NA    1 

GS-5 Short Duration 0.0189*  NA  NA  1  
Closed Loop 0.0249  0.0061  0.24  3  
Long Duration  0.0108  NA    1 

GS-6 Short Duration 0.844  0.07  0.08  2  
Closed Loop 0.923 0.83 0.24 0.085 0.26 0.10 5 6 
Long Duration  0.584  NA    1 

GS-7 Short Duration 0.095  NA  NA  1  
GS-8 Short Duration 2.36  NA  NA  1  

Closed Loop 1.41 1.46 0.32 0.16 0.23 0.11 3 6 
Long Duration  1.03  0.014  0.01  2 

*Single measurement with packer deflated.  Measurement with packer inflated not included 
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3.3 Discussion on GS-5  

It should be noted that Experiment A was conducted with the packer in GS-5 uninflated.  This is because 
the initial permeability measured in GS-5 with the packer inflated (0.0006 Darcy, Appendix A Table 12) 
indicated that the borehole was in a tight formation.  Additionally, several months after the initial tests the 
formation decreased in permeability; it became impossible to conduct permeability tests in the lower 
portion of GS-5 after this.  It was assumed that the formation, and possibly part of the sampling interval 
was saturated as there was evidence of liquid water in the sample lines.  Therefore, the decision was made 
to leave the packers deflated, effectively creating an 11.75 foot long sampling interval.  The top of this 
interval was in a different, and more permeable, portion of the geologic formation.  Subsequent 
permeability measurements reflect this. 

3.4 Comparison to elevation 

One interesting pattern noted in the permeability results is that the measured permeability was generally 
proportional to borehole elevation.  For comparison, the pre- explosion permeability measured using the 
closed-loop method (Short Duration method for GS-7;Table 12) was compared to the elevation of the 
center of the gas sampling zone. Boreholes higher in the formation were generally noted to have higher 
measured permeability (Figure 38).  

 
Figure 38. Measured permeability (pre- explosion, closed loop) compared to center elevation of the gas 

sampling zone (US survey feet).  

4.0 Conclusion 
This report summarizes the 91 permeability measurements made in the gas sampling boreholes both 
before and after the explosion from Experiment A.  The individual results are provided in Appendix A.  
The intent of this report is not to provide scientific interpretation of the results, but rather to make the data 
available for use in other investigations.  The basic analysis of results conducted here indicate that the 
data are of good quality, consistent within the methods, and should be considered adequate for use in 
integration with and interpretation of other project data.      
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Appendix A – Supporting Values 
This appendix provides the supporting values that were used in calculating permeability for all 91 
measurements discussed in this report. 

Short Duration Method, Pre-explosion 
Borehole GS-6  GS-6 GS-51 GS-5 GS-4 GS-4 GS-3 

Date 11/14/22  11/14/22 11/14/22 11/14/22 11/14/22 11/14/22 11/14/22 
Packer  deflated  inflated inflated deflated deflated inflated inflated 

Flow (L/min) 8.71  9.35 1.17 3.75 8.94 9.38 1.88 
Initial P (psia) 12.12  12.12 12.12 12.12 12.13 12.13 12.13 
Final P (psia) 12.29  12.39 35.15 13.63 12.64 12.74 12.92 
temperature 19  19 19 19 19 19 19 

Permeability (Darcy) 0.8934  0.7941 0.0006 0.0189 0.30147 0.3478 0.0534 
 

Borehole GS-3 GS-2 GS-2 GS-1 GS-7 GS-8 GS-1 
Date 11/14/22 11/14/22 11/14/22 11/14/22 11/15/22 11/15/22 11/16/22 

Packer inflated deflated deflated inflated inflated inflated inflated 
Flow (L/min) 5.58 8.23 8.03 5.5 6.1 9.21 8.19 

Initial P (psia) 12.13 12.12 12.12 12.12 12.16 12.16 12.16 
Final P (psia) 14.67 13.08 13.43 12.96 13.57 12.25 13.4 
temperature 19 19 19 19 19 19 19 

Permeability (Darcy) 0.0461 0.1448 0.1348 0.1467 0.0948 2.36414 0.1457 

Closed Loop Method, Pre-explosion 
Borehole GS-1 GS-1 GS-2 GS-3 GS-4 GS-6 

Date 5/25/23 6/13/23 6/26/23 6/26/23 6/26/23 6/26/23 
Packer inflated deflated deflated inflated inflated deflated 

Flow (L/min) 1 1 1 1 0.995 3 
Initial P (psia) 12.05 12.065 11.91 12.177 11.75 12.115 
Final P (psia) 12.18 12.222 11.994 12.34 11.81 12.16 
temperature 19 19 19 19 19 19 

Permeability (Darcy) 0.1774 0.1467 0.1895 0.0494 0.3836 1.0629 
 

Borehole GS-4 GS-5 GS-6 GS-1 GS-2 GS-3 GS-8 
Date 6/26/23 6/26/23 6/26/23 8/25/23 8/25/23 8/25/23 8/25/23 

Packer inflated deflated deflated inflated deflated deflated inflated 
Flow (L/min) 0.998 0.1 1 1 1 1 1 

Initial P (psia) 11.75 12.07 12.09 12.1285 12.133 12.09 12.0969 
Final P (psia) 11.816 12.115 12.11 12.2563 12.24 12.3262 12.111 
temperature 19 19 19 19 19 19 19 

Permeability (Darcy) 0.3496 0.0180 0.7980 0.1805 0.1486 0.0670 1.6436 
 

Borehole GS-4 GS-5 GS-6 GS-5 GS-6 GS-8 
Date 8/25/23 8/25/23 8/25/23 8/25/23 10/11/23 10/11/23 

Packer inflated deflated inflated deflated inflated inflated 
Flow (L/min) 1 1 1 0.2 1 1 

Initial P (psia) 12.118 12.148 12.103 12.118 12.024 11.898 
Final P (psia) 12.167 12.44 12.1245 12.173 12.05 11.92 

 
1 Result not included in summary statistics.  Collected with packer inflated; packer was deflated for 
remainder of experiment. 
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Borehole GS-4 GS-5 GS-6 GS-5 GS-6 GS-8 
temperature 19 19 19 19 19 19 

Permeability (Darcy) 0.4723 0.02744 1.0775 0.0294 0.8909 1.0530 
 

Borehole GS-3 GS-1 GS-2 GS-4 GS-6 GS-8 
Date 10/11/23 10/11/23 10/11/23 10/11/23 10/13/23 10/13/23 

Packer inflated inflated deflated inflated inflated inflated 
Flow (L/min) 0.6 1 1 1 3 3 

Initial P (psia) 11.93 11.96 11.796 11.742 12.042 12.035 
Final P (psia) 12.15 12.08 11.89 11.799 12.13 12.08 
temperature 19 19 19 19 19 19 

Permeability (Darcy) 0.0627 0.1923 0.1693 0.4058 0.7876 1.5430 

Closed Loop Method, Post-explosion 
Borehole GS-3 GS-1 GS-1 GS-2 GS-2 

Date 10/28/23 10/28/23 10/28/23 10/28/23 10/28/23 
Packer inflated inflated inflated deflated deflated 

Flow (L/min) 0.92 1 3 3 5 
Initial P (psia) 11.99 12.02 12.02 12.05 12.05 
Final P (psia) 12.355 12.064 12.155 12.1 12.125 
temperature 19 19 19 19 19 

Permeability (Darcy) 0.0576 0.5260 0.5124 0.9564 1.0616 
 

Borehole GS-4 GS-4 GS-6 GS-8 GS-3 GS-4 GS-6 
Date 10/28/23 10/28/23 10/28/23 10/28/23 10/31/23 10/31/23 10/31/23 

Packer inflated inflated inflated inflated inflated inflated inflated 
Flow (L/min) 1 2 3 3 0.5 2 3 

Initial P (psia) 12.027 12.027 12.055 12.032 12.05 12.087 12.115 
Final P (psia) 12.093 12.155 12.138 12.083 12.267 12.208 12.195 
temperature 19 19 19 19 19 19 19 

Permeability (Darcy) 0.3504 0.3604 0.8352 1.3611 0.0530 0.3814 0.8667 
 

Borehole GS-8 GS-1 GS-2 GS-3 GS-3 GS-4 GS-6 
Date 10/31/23 11/3/23 11/3/23 11/3/23 11/3/23 11/3/23 11/3/23 

Packer inflated inflated deflated inflated inflated inflated inflated 
Flow (L/min) 3 3 3 2 1 2 2 

Initial P (psia) 12.074 12.081 12.133 12.008 12.02 12.096 12.108 
Final P (psia) 12.115 12.228 12.175 12.665 12.43 12.203 12.167 
temperature 19 19 19 19 19 19 19 

Permeability (Darcy) 1.6938 0.4704 1.1390 0.0687 0.0556 0.4315 0.7841 
 

Borehole GS-8 GS-1 GS-2 GS-3 GS-4 GS-6 GS-8 
Date 11/3/23 11/5/23 11/5/23 11/5/23 11/5/23 11/5/23 11/5/23 

Packer inflated inflated deflated inflated inflated inflated inflated 
Flow (L/min) 2 3 3 1 3 3 3 

Initial P (psia) 12.077 12.066 12.096 11.996 12.076 12.089 12.07 
Final P (psia) 12.106 12.202 12.145 12.399 12.215 12.182 12.126 
temperature 19 19 19 19 19 19 19 

Permeability (Darcy) 1.5972 0.5086 0.9760 0.0566 0.4976 0.7451 1.2393 
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Borehole GS-1 GS-2 GS-3 GS-4 GS-6 GS-8 GS-4 
Date 12/8/23 12/8/23 12/8/23 12/8/23 12/8/23 12/8/23 12/8/23 

Packer deflated deflated inflated inflated inflated inflated inflated 
Flow (L/min) 3 3 1 3 3 3 1 

Initial P (psia) 12.044 12.075 11.977 12.049 12.072 12.038 12.049 
Final P (psia) 12.14 12.125 12.333 12.185 12.143 12.086 12.102 
temperature 19 19 19 19 19 19 19 

Permeability (Darcy) 0.4972 0.9564 0.0642 0.5086 0.9769 1.4464 0.4365 
 

Borehole GS-1 GS-2 GS-3 GS-4 GS-6 GS-8 
Date 12/17/23 12/17/23 12/17/23 12/17/23 12/17/23 12/17/23 

Packer deflated deflated deflated inflated inflated inflated 
Flow (L/min) 3 2 1 2 3 3 

Initial P (psia) 12.113 12.128 12.138 12.098 12.11 12.069 
Final P (psia) 12.199 12.159 12.386 12.189 12.2 12.117 
temperature 19 19 19 19 19 19 

Permeability (Darcy) 0.5552 1.0292 0.0638 0.5077 0.7701 1.4464 

Long Duration Method, Post-explosion 
Borehole GS-2   GS-2 GS-1 GS-1 GS-3 GS-4 GS-4 

Date 12/18/23   12/18/23 12/18/23 12/18/23 12/18/23 12/18/23 12/18/23 
Packer deflated   deflated deflated deflated deflated inflated inflated 

Flow (L/min) 4   6.09 4 6.65 4 4 5.969 
Initial P (psia) 12.0747   12.074 12.023 12.023 12.009 12.0489 12.0489 
Final P (psia) 12.16   12.21 12.359 12.55 13.13 12.29 12.3971 
temperature 19   19 19 19 19 19 19 

Permeability (Darcy) 0.7464   0.7113 0.1875 0.1972 0.0545 0.3809 0.3918 
 

Borehole GS-5 GS-6 GS-8 GS-8 
Date 12/18/23 12/18/23 12/18/23 12/18/23 

Packer deflated deflated deflated deflated 
Flow (L/min) 4 4 4 6.49 

Initial P (psia) 11.7123 12.101 12.0585 12.0585 
Final P (psia) 14.225 12.21 12.12 12.16 
temperature 19 19 19 19 

Permeability (Darcy) 0.0108 0.5835 1.0363 1.0171 

High Flow Methods, Post-explosion 

Borehole GS-2 GS-4 
Date 12/19/23 12/19/23 

Packer deflated deflated 
Flow (L/min) 170 226 

Initial P (psia) 12.04 12.02 
Final P (psia) 14.58 17.67 
temperature 19 19 

Permeability (Darcy) 0.9671 0.5173 
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Chapter 4 – Calculation of Lag Time in Gas Signal Arrival  

1.0 Introduction 
In support of Experiment A of the PE-1 experiment series, eight gas sampling boreholes were drilled at 
varying distances from the working point.  The boreholes were completed and instrumented with multiple 
tubes to support gas sampling and pressure monitoring of the sampling zone. A system was designed and 
installed to allow for recirculating and sampling of gas from the boreholes.  This circulation system also 
pulled gas from tunnel environment monitoring locations within the 06-Bypass drift.  Installation details 
are captured in an as-built document (Chapter 1) and a borehole completion report (Chapter 2).  Several 
real-time monitoring systems and grab sample collection systems were connected to the circulation 
system.  When analyzing results from the real-time systems or grab samples, it is important to understand 
the lag time between gas arrivals in the formation and the observed arrivals on the instruments.  There is a 
delay as gas moves from the formation into the borehole and then through the tubing and water traps to 
the recirculation system and ultimately to the measurement systems.  Adding additional complications to 
this delay is the fact that pressure in the formation varied over time and the flow rate of the system was 
adjusted to compensate for the increased pressure.  This report discusses the various system components 
and the factors that contribute to lag time.  An equation for calculating lag time for any set of conditions 
is presented and a table of calculated lag times for each borehole and measurement system provides an 
estimated range of lag times.  

2.0 Discussion 
To calculate the lag time between arrival in the formation and instrument response, several pieces of 
information are necessary.  The primary information required is system volume and pressure and flow 
rate.  Each are discussed here in the methods section; this information is combined in the results.  
Additionally, some tracer testing conducted prior to experiment A are described and used to provide 
additional support to the lag time calculations. 

 
Figure 39. Gas recirculation plumbing schematic. 



PNNL-36268 

Chapter 4 – Calculation of Lag Time in Gas Signal Arrival  141 
 

2.1 System Volume 

The gas recirculation system consists of several sections.  The borehole section, the water traps, the tunnel 
tubing run, the gas cabinet and the 650 tubing run.  While the as-built document considered these sections 
for a generic borehole, here the volume for each borehole and associated tubing runs are accounted for 
individually. 

The borehole sampling zones are 28 inches long with a 4.78 in diameter, equating to an 8.2 L sampling 
zone volume for seven of the eight boreholes.  One borehole (GS-5) was completed with a dual packer 
string but the packers were not inflated during the experiment.  This resulted in an internal sampling zone 
volume of 27 L for GS-5.  Similarly, the packer for GS-2 failed after grouting and was not inflated during 
the experiment.  However, even uninflated the packer filled most of the excess volume; for GS-2 the 
sampling interval volume was also assumed to be 8.2 L.    

The tubing installed in the boreholes was 0.25 in OD stainless steel tubing with a 0.035 in wall thickness.  
This results in an internal volume of 0.3054 in3 per foot of tubing (16.4 mL/m).  This same tubing was 
used for internal plumbing on the gas circulation cabinet and for distribution lines between systems in the 
650-facility.  The tubing lines connecting the boreholes and tunnel environment locations to the gas 
circulation cabinet were 0.375 in OD stainless steel tubing with a 0.049 in wall thickness, resulting in an 
internal volume of 0.723 in3 per foot of tubing (38.9 mL/m).  This tubing connected the borehole collar to 
the water traps and the water traps to gas circulation cabinet.  The tubing lengths are provided for each 
borehole based on as-built measurements (Table 14).   

Each borehole included a water trap mounted at the borehole collar.  The internal volume of the water 
trap was 9.4 L.  Additionally, each sampling location included a small water trap located inside the gas 
circulation cabinet.  These water traps were 2 L, although they were slowly filling with water over the 
course of the experiment.  Since the water traps were emptied the day before the experiment, and the most 
critical arrivals occurred within 24 hours of the experiment, the internal volume of the small water traps is 
assumed to be 2 L for the calculations included in this report.   

The xenon detectors are in series in the recirculation loop, providing an additional volume for gas to 
travel through before reaching the HE byproducts, tunnel environment or grab sampling systems.  Each 
xenon detector contains an internal volume of 7.5 L. 

The HE byproducts and tunnel environment systems are in parallel with the recirculation loop.  This 
results in a potential additional lag time for these instruments independent of the recirculation system.  
The HE byproducts analyzers use a 1 L/min flow rate and have approximately 10 feet of ¼” OD tubing, 
resulting in an additional delay of ~0.1 min.  The tunnel environment system has very short lengths of 
internal tubing; any additional lag time is considered to be negligible (less than 5 seconds). 

The gas cabinet circulation system is built with internal ¼” OD tubing.  The cabinet width is 30 inches, 
and tubing runs more or less straight across, but with some dead volume associated with fittings, unions 
and the RH sensor volume.  Therefore, the internal tubing volume (excluding the water trap) is estimated 
to be 0.1 L.  Similarly, the combined tubing length between instruments in the 650 facility varied between 
21 and 25 feet, equating to a nominal volume of 0.1 L.  While there is some small difference in the travel 
time between the HE Byproducts system and the grab sampling system, the difference is negligible.  A 3-
meter long section of ¼” OD tubing has a volume of 50 mL.  For a flow rate of 4 L/min, the difference in 
arrival time would be on the order of 1 second; or much less than the uncertainty in arrival times resulting 
from the mixing within the larger volumes. 
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The grab sampling systems collected samples over a 5-minute collection period.  While some additional 
lag time would occur as sample moves from the recirculation system to the grab sampler, the delay would 
be much less than the collection period and is not considered.    

Table 13. Gas system component volumes. 
Component Volume (L) 
Borehole sample zone (GS-1, -2, -3, -4, -6, -7, -8) 8.2 
Borehole sample zone (GS-5) 27 
Large Water Trap 9.4 
Small water trap in gas circulation cabinet 2 
Xenon detectors 7 
Gas circulation cabinet internal tubing  0.1 
650 circulation loop tubing volume 0.1 

Table 14. Tubing lengths and calculated volumes for each borehole and Tunnel Environment sampling 
location (from Chapter 1). 

Location ¼” in borehole (ft), [L] 3/8” in tunnel (ft), [L] Total tubing volume* [L] 
GS-1 60 [0.3] 917 [10.9] 11.4 
GS-2 60 [0.3] 917 [10.9] 11.4 
GS-3 63 [0.3] 891 [10.6] 11.1 
GS-4 63 [0.3] 891 [10.6] 11.1 
GS-5 63 [0.3] 855 [10.1] 10.6 
GS-6 63 [0.3] 855 [10.1] 10.6 
GS-7 12 [0.1] 950 [11.3] 11.8 
GS-8 55 [0.3] 950 [11.3] 11.8 

Tun. Env. 1 NA 850 [10.8] 11.0 
Tun. Env. 2 NA 425 [5.0] 5.2 
Tun. Env. 3 NA 400 [4.7] 4.9 

*includes gas cabinet and 650 recirculation tubing volumes 

2.2 Flow Rate 

The nominal flow rate of the gas recirculation system was 4 L/min for boreholes and the tunnel 
environment sampling locations.  However, for boreholes the flow rate was adjusted to account for 
increased formation pressure.  This was necessary to keep the travel time between borehole and detectors 
below the required threshold.  For example, if the pressure in the formation doubled then the flow rate (at 
STP) would also have to double to achieve the same transport time from borehole to the instruments. 

2.3 Pressure 

As described above, it is necessary to know the pressure in the formation to convert the flow rate at 
standard conditions (STP) to the flow rate at the system pressure.  Each borehole and tunnel environment 
location had dedicated pressure.  Data from these sensors was used to adjust the flow rate at STP to the 
flow rate at the actual conditions.  No adjustment was made for temperature; temperatures were very 
close to standard conditions and the relative impact on calculated lag time was much less than 0.1 
minutes.  

2.4 Gas Composition 

The mass flow meters used to measure flow rate in the sample circulation lines are calibrated relative to 
gas viscosity.  For boreholes where the gas composition results in a gas viscosity significantly different 
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than air, the reported values will be in error.  For example, GS-2 had a nominal gas viscosity of 157 
micropoise during the first 24-hours of the experiment.  The viscosity of air (at 25 C) is about 185 
microposie, meaning the reported flow rate of gas was (185/157= 1.18) 18% lower than the actual flow 
rate.    

2.5 Tracer Tests 

In an effort to verify the calculated transit times, borehole tracer injection tests were conducted for each of 
the boreholes.  These tests injected a gas mixture containing CO, CO2, CH4, and H2 into the borehole 
with the circulation system running. Throughout the experiments used to calculate the lag time, 
recirculation pumps were set to a flow rate of 4.0 L/min. The tracer gas was injected into the borehole at a 
rate of 1.0 L/min for a duration of 10 to 12 minutes.   

The tracer concentration response had a dynamic behavior, indicating gas mixing within the gas boreholes 
and water traps. Detailed examination of the concentration profiles shows features such as concentration 
maxima, minima, and changes in inflection points of the concentration profiles.  These features can be 
used as markers to calculate the time taken by gases to travel between the gas borehole and the 
instrumentation. While there is a slight difference between the travel time from the borehole to the 
instruments and the return time to the borehole, this difference is not significant relative to the average 
travel time. For simplicity, we will assume that the travel time is the same in both directions. 

To calculate the lag time, each tracer concentration profile was divided into 7 segments (Figure 40- 
Example of tracer arrivals and the segmentation approach used to calculate lag times). The first segment 
corresponds to the increase in tracer concentrations observed during the injection period. Segments 2 
through 6 represent the time it takes for the injected tracer gases to complete two travel loops. The 
maximum concentration observed at the junction between segments 2 and 3, as well as the concentration 
minima between segments 5 and 6, were used to estimate the travel time.  

 
Figure 40. Example of tracer arrivals and the segmentation approach used to calculate lag times. 
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3.0 Results 
The lag time (Tl) for gas moving between the formation (or the tunnel environment) to a detector was 
calculated according to Eq. 1 below.  The lag time is the ratio of the system volume divided by the actual 
flow rate.  The actual flow rate is the flow rate measured at STP adjusted to account for the system 
pressure.  As an example, if the system pressure is 2 atmospheres, there is twice as much mass in the line 
as at 1 atm; therefore, it will take twice as long to remove all the mass from the line, making the actual 
flow rate ½ of the flow rate at STP.     

Determination of the system volume is not straightforward.  In particular, the way dead volumes (e.g. 
water traps) are addressed is somewhat complicated.  Imagine a single gas molecule moving down the 
tubing; once that molecule reaches the water trap (or other dead volume) it could spend some moderate 
amount of time within the volume before being pushed out, or it could immediately leave the volume 
without any significant hold-up time.  While the hold-up time for any one gas molecule would occur 
according to some probability distribution, here we simply treat the system volumes with a scale factor 
(fv).  For the calculated arrival times, three scale factors were considered; a fast arrival with the volume 
being treated as 1/10th of the true volume (fv =0.1), a slow arrival where the volume is equal to the true 
volume (fv =1) and a moderate arrival where the volume is assumed to be equal to half of the true volume 
(fv =0.5).  Different analyses might employe different scale factors; if the initial indication of detectable 
concentrations is desired, then assuming a small scale factor would be appropriate in calculating the lag 
time.  On the other hand, if the time to achieve peak concentration is being investigated then a scale factor 
of 1 would be more appropriate.  The equation for calculating lag time in the gas circulation system is:     
 

𝑇𝑇𝑙𝑙 = [𝑉𝑉𝑡𝑡+𝑓𝑓𝑣𝑣(𝑉𝑉𝑏𝑏+𝑉𝑉𝑇𝑇1+𝑉𝑉𝑇𝑇2+𝑉𝑉𝑋𝑋)]
𝑅𝑅𝑠𝑠

𝑃𝑃𝑠𝑠
𝑃𝑃𝑓𝑓

     Eq. 1 

Where  
Vt- total combined tubing volume  
fv- scale factor for the empty volumes (0 - 1) 
Vb- volume of borehole 
VT1- volume of the large water trap near the collar 
VT2- volume of the small water trap in the circulation cabinet 
Vx- volume of the xenon detector 
Rs- recirculation rate at STP 
Ps- standard pressure (1 atm) 
Pf- pressure of the formation 

While Equation 1 above provides the means for a user to calculate an arrival time using flow and pressure 
data from any specific point in time, a range of lag times were calculated for each borehole and tunnel 
environment sampling location (Table 16).  These lag times were calculated for various time windows 
corresponding to changes in the flow rate set-point or formation pressure (Figure 41) and at three different 
volume scale factors.  Additionally, the lag time to the xenon detector was calculated separately from the 
lag time associated with the HE Byproducts and grab sampler system (since gas had to move through the 
xenon system to get to the HE Byproducts system).  Overall, the average calculated lag time between any 
borehole and either detector for all three scale factors was 5.4 minutes, with a standard deviation of 2.67 
minutes.  The maximum calculated lag time was 14.4 minutes and the minimum was 1.6 minutes, for a 
total range of just 12.8 minutes.  Note that these calculated lag times do not account for any changes in 
the gas composition.  It was determined that the relative impact of gas composition was much less than 
the uncertainty associated with the treatment of the water traps.  For example, the borehole flowrate most 
impacted by the  gas composition was GS-2 (Table 15).  For GS-2, an 18% difference in the measured vs 
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actual flow rate would result in a change in the estimated lag time (f=1) of 1.7 minutes.  Compared to a 
greater than 7-minute difference in the estimated lag time using the fast and slow scale factors. 

Table 15. Maximum estimated impact to the measured flow rate resulting from gas composition. 
GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 
10% 18% 3% 15% 1% 15% 1% 5% 

Depending on the desired fidelity of the analysis, a fixed lag time could be applied to all results, a 
borehole and time-window specific lag time could be selected from the table, or a point-in-time specific 
lag time could be calculated with corrections for the gas composition at the time of arrival.    For the 
tunnel environment locations, since there were no changes in flow rate or pressure, minimal changes in 
composition, and no large water trap, the primary variation in the estimated lag time is associated with the 
treatment of the xenon detector.  

It should be noted that the results presented here assume that the gas circulating system is operating 
before arrival in the formation.  For GS-1 and GS-2, this is likely not the case.  The formation was 
pressurized before the systems isolation valves were opened and circulation began.  It is likely that the 
borehole sample volume, the water trap and at least some of the tubing run was filled with formation gas 
before circulation began.  For very early arrivals subtraction of a lag time should be considered carefully. 

 
Figure 41. Example of breaks in calculated lag time periods for GS-1. 

Table 16. Calculated lag times for boreholes and tunnel environment locations.  Experiment ended on 
11/14/23. 

Interval Start Interval End 
Flow 

(L/min) 
Press. 
(psia) 

Lag Time (min): Xenon Lag Time (min): HE 
Fast Med Slow Fast Med Slow 

GS1 
10/18 15:15 10/18 15:19 0 12 0 0 0 0 0 0 
10/18 15:19 10/18 15:30 4 13.5 3.1 4.9 7.1 3.2 5.7 8.8 
10/18 15:30 10/18 15:44 4 17 3.9 6.1 9.0 4.1 7.2 11.1 
10/18 15:44 10/18 16:00 6 20 3.0 4.8 7.0 3.2 5.7 8.7 
10/18 16:00 10/18 18:04 10 22 2.0 3.2 4.6 2.1 3.7 5.8 
10/18 18:04 10/18 19:30 6 19 2.9 4.6 6.7 3.0 5.4 8.3 
10/18 19:30 10/18 22:05 6 17 2.6 4.1 6.0 2.7 4.8 7.4 
10/18 22:05 10/19 5:00 4 15 3.4 5.4 7.9 3.6 6.4 9.8 

10/19 5:00 10/20 0:00 4 13 3.0 4.7 6.9 3.1 5.5 8.5 
10/20 0:00 11/14/23 4 12 2.7 4.3 6.3 2.9 5.1 7.9 
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10/18 15:15 10/18 15:27 0 12 0 0 0 0 0 0 
10/18 15:27 10/18 15:38 11 47 3.9 6.2 9.0 4.1 7.3 11.2 
10/18 15:38 10/18 15:53 9 39 3.9 6.2 9.1 4.2 7.4 11.3 
10/18 15:53 10/18 16:20 10 30 2.7 4.3 6.3 2.9 5.1 7.9 
10/18 16:20 10/18 17:30 10 22 2.0 3.2 4.6 2.1 3.7 5.8 
10/18 17:30 10/18 18:05 9.5 20 1.9 3.0 4.4 2.0 3.6 5.5 
10/18 18:05 10/18 22:05 6 17 2.6 4.1 6.0 2.7 4.8 7.4 
10/18 22:05 10/195:00 4 14 3.2 5.0 7.4 3.4 5.9 9.2 

10/19 5:00 11/14/23 4 12 2.7 4.3 6.3 2.9 5.1 7.9 
GS3 

10/18 15:15 10/18 15:19 0 12 0 0 0 0 0 0 
10/18 15:19 10/18 16:13 4 12.5 2.8 4.4 6.5 2.9 5.2 8.1 
10/18 16:13 10/18 16:44 5 15 2.7 4.3 6.3 2.8 5.0 7.8 
10/18 16:44 10/18 17:18 6 17 2.5 4.0 5.9 2.7 4.8 7.4 
10/18 17:18 10/18 18:03 10 18 1.6 2.6 3.8 1.7 3.0 4.7 
10/18 18:03 10/18 22:03 6 18 2.7 4.3 6.3 2.8 5.0 7.8 
10/18 22:03 10/18 22:47 4 16.5 3.7 5.9 8.6 3.9 6.9 10.7 
10/18 22:47 10/19 3:28 6 15 2.2 3.6 5.2 2.3 4.2 6.5 

10/19 3:28 10/19 15:25 6 14 2.1 3.3 4.9 2.2 3.9 6.1 
10/19 15:25 11/14/23 4 12 2.7 4.3 6.3 2.8 5.0 7.8 

GS4 
10/18 15:15 10/18 15:22 0 12 0 0 0 0 0 0 
10/18 15:22 10/18 15:45 10 31 2.8 4.4 6.5 2.9 5.2 8.1 
10/18 15:45 10/18 16:10 10 27.5 2.4 3.9 5.7 2.6 4.6 7.1 
10/18 16:10 10/18 17:00 10 23 2.0 3.3 4.8 2.2 3.9 6.0 
10/18 17:00 10/18 18:05 10 19 1.7 2.7 4.0 1.8 3.2 4.9 
10/18 18:05 10/18 22:05 6 16 2.4 3.8 5.6 2.5 4.5 6.9 
10/18 22:05 10/19 15:00 4 13.5 3.0 4.8 7.0 3.2 5.7 8.8 
10/19 15:00 11/14/23 4 12 2.7 4.3 6.3 2.8 5.0 7.8 

GS5 
10/18 15:15 10/18 15:18 0 12 0 0 0 0 0 0 
10/18 15:18 10/18 17:00 4 12 2.9 6.1 10.0 3.1 6.8 11.5 
10/18 17:00 10/18 21:34 4 13.5 3.3 6.8 11.3 3.5 7.7 13.0 
10/18 21:34 10/18 22:14 6 14.7 2.4 5.0 8.2 2.5 5.6 9.4 
10/18 22:14 10/19 5:00 4 14 3.4 7.1 11.7 3.6 8.0 13.5 

10/19 5:00 10/19 15:00 4 13 3.2 6.6 10.8 3.4 7.4 12.5 
10/19 15:00 11/14/23 4 12 2.9 6.1 10.0 3.1 6.8 11.5 

GS6 
10/18 15:15 10/18 15:18 0 12 0 0 0 0 0 0 
10/18 15:18 10/18 15:40 4 15 3.7 7.6 12.5 3.9 8.6 14.4 
10/18 15:40 10/18 15:45 5 17 3.3 6.9 11.3 3.5 7.8 13.1 
10/18 15:45 10/18 16:00 6 17.25 2.8 5.8 9.6 3.0 6.6 11.1 
10/18 16:00 10/18 16:15 9.5 17.5 1.8 3.7 6.1 1.9 4.2 7.1 
10/18 16:15 10/18 17:00 6 16.5 2.7 5.6 9.2 2.8 6.3 10.6 
10/18 17:00 10/18 19:06 6 15.75 2.6 5.3 8.8 2.7 6.0 10.1 
10/18 19:06 10/18 22:02 5 14.25 2.8 5.8 9.5 2.9 6.5 11.0 
10/18 22:02 10/19 3:00 4 13 3.2 6.6 10.8 3.4 7.4 12.5 

10/19 3:00 11/14/23 4 12 2.9 6.1 10.0 3.1 6.8 11.5 
GS7 

10/18 15:15 10/18 15:18 0 12 0 0 0 0 0 0 
10/18 15:18 11/14/23 4 12 2.8 4.4 6.4 3.0 5.2 7.9 

GS8 
10/18 15:15 10/18 15:18 0 12 0 0 0 0 0 0 
10/18 15:18 10/18 15:52 4 12.5 2.9 4.6 6.7 3.1 5.4 8.3 



PNNL-36268 

Chapter 4 – Calculation of Lag Time in Gas Signal Arrival  147 
 

10/18 15:52 10/18 16:43 4 13.5 3.2 5.0 7.2 3.3 5.8 8.9 
10/18 16:43 10/18 22:05 5 13.9 2.6 4.1 5.9 2.7 4.8 7.4 
10/18 22:05 10/19 15:05 4 13 3.0 4.8 6.9 3.2 5.6 8.6 
10/19 15:05 11/14/23 4 12 2.8 4.4 6.4 3.0 5.2 7.9 

Tunnel Environment 
TE1- Entire experiment 4 12 2.3 2.4 2.7 2.4 3.2 4.2 
TE2- Entire experiment 4 12 1.1 1.3 1.5 1.3 2.0 3.0 
TE3- Entire experiment 4 12 1.0 1.2 1.4 1.2 2.0 2.9 

The results of the tracer test support the calculated lag times.  The average lag time measured with the 
tracer test for each borehole was between the fast and average arrival times calculated at the tested 
conditions (Table 17).  Overall, the scale factor that fit the tracer test data best was around 0.35.  This 
factor should be considered if specific arrival time calculations are performed.   

Table 17. Comparison of lag times (min) measured with the tracer test and calculated using Eq. 1.  
Borehole Tracer test Calculated (f=0.1) Calculated (f=0.5) Calculated (f=1) 

GS-1 4.16 2.9 5.1 7.9 
GS-2 4.50 2.9 5.1 7.9 
GS-3 4.02 2.8 5.0 7.8 
GS-4 3.66 2.8 5.0 7.8 
GS-5 3.54 3.1 6.8 11.5 
GS-6 5.22 3.1 6.8 11.5 
GS-7 4.11 3.0 5.2 7.9 
GS-8 4.54 3.0 5.2 7.9 

4.0 Conclusion 
The information presented here provide a means for calculating the lag in arrival times measured by real-
time and grab sampling systems for experiment PE-1A.  The tracer data provides corroboration of the 
calculations and indicates a moderate scale factor to be most appropriate.  While the data is presented 
with a 0.1 minute resolution, it is assumed that the accuracy in the calculated lag times is no better than 
+/- 1 minute.   
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