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Abstract

Estimation of Fracture Porosity in an Unsaturated Fractured Welded Tuff
' Using Gas Tracer Testing

by
Barry Mark Freifeld
Doctor of Philosophy in Engineering — Civil and Environmental Engineering

Professor Nicholas Sitar, Chair

Kinematic fracture porosity is an important hydrologic transport parameter_ for predicting
the potential of rapid contaminant mvigra'tion.through fractured rock. The transport
velocity of a solute moving within a fracture network is inversely related to the fracture
porosity. Since fracture porosity is often one or two orders of magnitude smaller than
matrix porosity, and fracture permeability is often orders of bmagnitude greater.than
matrix permeability, solutes may travel significantly faster in the fracture network than in
*the surrounding métrix. This dissertation introduees a new methodology for conducting

| gae tracer tests using a field portable mass spectrometer along with analytical tools for

- estimating fracture porosity using the measured tracer concentration breakthrough curves.

Field experiments were conducted at Yucca Mountain, Nevada, consisting of air-
- permeability transient testing and gas-tracer-transport tests. The experiments were
conducted from boreholes drilled within an underground tunnel as part of an investigation
of rock mas’s hydrelogical behavior. Air-permeability pressure transients, recorded during

constant mass flux injections, have been analyzed using a numerical inversion procedure
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to identify fracture permeability and porosity. Dipole gas tracer tests have also been
c_onducted from the same boreholes used for air—permeability testing. Mass breakthrough
data has been analyzed using a random.walk particle-tracking model, with a d'ispersivity'
 that is a function of the advective velocity. The estimated fracture porosity using the _
tracer test and éir-injection test data ranges from .001 to .015. These values are an order’
of fhagnitude greater than the values estimated vby others using hydraulically estimated
fracture.apertures. The estimates of porosity made using air-permeability test data are
shown to be highly sensitive to formation heterogeneity. Uncertainty analyses performed

on the gas tracer test results show high confidence in the parameter estimates made.
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1. Introductior_n

1.1. Fracture Porosity

‘Fracture porosity is an important parameter used in modeling of transport processes in
rock formaﬁons. Fracture porosity plays a critical role in determining transport velogiti.es
in problems that range from contaﬁﬁnant migration and rédioactive waste isolation to
aquifer resource evaluation in fractured media. The determination of fractdre porosity. for
rock fdr@ations can be extremevly c‘hallen‘ging.’ Fracture porosity may vary by several
orders of magnitude within the same lithostratigraphic nunit and may exhibit little or no
spatial correlation. This is the case with the Topdpah Spring tuff located at Yucca
Mountain, Nevada, which was investigated as part of this research. Yucca Moun_tain is

~ the potential location for a higil—level radioactive waste geological repository, and as
such, the accurate undérstanding of flow and transport thfough the mountain is critically
important. The research presented in this dissertation uses a new methodology for
determining fracture porosity in an unsaturated fractured welded tuff, using gas-tracer-
“testing techniques. In addition, methods of using air permeability transient data to
evaluate formation porosity are éxplored, and the differences in results between th@ tracer

transport and air—penneability' tests are evaluated.

The term porosity descﬁbes the volume of voids contained within the total volume of a
bulk medium. The bulk volume contains both the volume of solids and the volume of the

voids that are typically filled with liquids and/or .géses. Intrinsic in the notion of porosity

1.



_ is that, like any local property that may vary spatially, the value is averaged over a

specified domain.

The porosity of importance for determininé advective transport velocities within a
geologic media is referred to as the kinematic porosity. The kinematic porosity consists
of the volume of voids that are connected together to form a connected network of open
channels available for flow. The determination of the kinematic porosity is complicated
by the large difference in times scales that may occur when comparing transport through
different domains within a geologié medium. These different domains arise from

lithologic and structural variations in the formation.

In a rock formation such as the Topopah Spring tuff, which consists of both a matrix with
small-scale interconnected pores and larger features such as fractures and lithophysal
cavities, the low-permeability rock matrix behaves very differently than the higher-
permeability interconnectéd fractures. The phenomena, which is often referred to as dual
porosity, is common to fractured rocks. The rock matrix may have a very low
permeability, orders of magnitude below the bulk permeability exhibited by the fracture
network, and still have a high porosity. A transient inflow into the forma_tion; such as an
episodic infiltration event, may be transported rapidly through the high-permeability
fracture network, with little movement into the low permeability matrix. Conversely, a
very slow diffusively dominated process may be cor;trolled by the matrix porosity, while
the low porosﬁy, high permeability fractures are relatively inconsequential to the process.

Neretnieks [1980] observed that contaminant transport in a fractured medium undergoes

2



three distinct stages as the time scale for transport increases: the first stage is fracture
dominated transport, the second stage is dual-porosity transport, and the third and final

" stage is total porosity transport.

- At Yucca Mountain, Nevada, fracture porosity is an important parameter used in
transport process models that are employed to predict the release and transport of
radioactive waste.from engineered containment systems into the surrounding lithologic
units and into the biosphere. The fracture and matrix system associated with.the Topopah
Spring tuff, the potential repository host rock, can be modeled as two distinct continuua
[Tsang, 1998], generally referred to as a dual continuum model (DKM). This is in
contrast to the simplef effective continuufn model, whigh treats both the fractures and
‘matrix as a single continuum. In DKM models of Yucca Mountain, a strolng.component
. of grévity—driven flow gives rise to high liquid saturations in the fractures after
emplacenient of the heat-generating radioactive waste. Thus, an accurate assessment of
fracture porosity is criﬁcal in determining the expected rate of liquid migration, since

transport velocity is inversely proportional to formation porosity.

‘In this dissertatibn, two methodologies are employed for determining fracture porosity
(1) constant mass flux air-injection test‘ transient analysis and (2) gas tracér transport
tests. The results show large uncertainties in the fracture pofosity estimates using air-
injection test data, owing to numerous assumptions inherent in the applied ﬂow'model. In
contrast, the computed uncertainty measure of the estimated porosity value determined

using gas tracer tests reveals high confidence in the parameter estimates. Hence, the

3



results show that it is important to perform transport tests in addition to the simpler flow

tests.

1.2.  Previous work

Previous techniques employed to éstimat¢ fracture porosity include the use of

permeability measurém’ents coupled with flow models, such as the parallel plate

approximation [Snow, 1965] or lubrication theory [Zimmerman et }al‘, 1991]. The use of
. flow models to estimate fracture porosity relies upon a simplifipation of the Navier-

Stokes equation. Unfortunately, to apply a realistic flow model requires inférmation that
- is typically not available, such as the fnean and standard deviétioﬁs of the fracture
aperturé distribution [Kellér etal., 1999]. A simple parallel plate approximation is
frequently used because of the ease in whiéh analytical solutions can be derived for more
geometrically complex problems. The parallel-plate approximation suggests that a
fracture can be represented by parallel, uniform; srhooth plates with constant épexture and

represents a highly idealized model of a real fracture.

. Sonnenthal et al. [1997] used a combination of geologic mapping and air-permeability

flow méasuremenﬁs to indirectly estimate fracture porosity at Yucca Mouﬁtain l“)ased on
cubic law theory. They developed a site-scale unsaturated zone model of Yucca
Mountain and used the results of detailed fracture mappings to obtain mean fracture
frequencies for each lithologic layer. The parallel plate approximation was then applied
to air-permeability test résults, to estimate an average fracture apertﬁre. Sonnenthal et al.

- [1997] used fracture data that was censured to include only fractures with visible trace
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lengths 1 meter or greater. The formation permeability was obtained from constant mass
flux air-injection tests [LeCain, 1997]. The parallel plate approximation for fracture flow

leads to the relationship:

k:fE . (1.1)

where £ is the mean fracture frequency taken from the detailed line survey and & is the

measured air-permeability. This leaves the fracture aperture, b, as the only unknown

4

variable. The fracture porosity is then estimated as bx f . The estimate for fracture
| porosity for the Topopah Spring middle nonlithophysal tuff based on a fracture frequency
of 1.88 m! and a permeability of 4.3x10" m? is 0.00027 [Sonnenthal et al., 1997]. As

will be shown later, this value is significantly smaller than the porosity value of 0.002 to

0.004 estimated using gas tracer test analysis.

There are many limitations to the application of the parallel plate approximation to
estimate fracture porosity. Silliman [1989] points out that a fracture is not accurately

| characterized by a parallel plate énd that a fracture is better described by a correlated

" random variable, or as a random variable described through a fractal model. Compaﬁson$
" between hydraulic and tracer—tesﬁng fracture-aperture estimates have been made by
Silliman [1989] and Rasmussen [1995]. Silliman investigated differences of fracture
aperture estimates based on the measurement method being gmployed and noted that
differences in hydraulic and tracer test aperture estimates are greatest when the variance

of the aperture distribution is large.



‘Tsang [.1 992] compares the équivalent aperture estimates from several studies and
provides a rationale for the different estimates obtained by the application of h);draulic
and tracer test methods. In particular, Tsang [1992] shows that for a heterogeneous
random fracture aperture field in two dimensions:

0. =20 ' 1.2)

m c
where &, is the estimated_ aperture from the mean residence time of a tracer and &, is the

cubic law aperture derived from measurements of head loss as a function of volumetric

flow.

Laboratory studies have investigated tranéport of a conservative solute through a single
fracture in poroﬁs rocks [Haldeman et al., 1991; Moreno et al., 1985], providing somé
phenomonoldgical understanding of the intenelationship between hydrauﬁc aperture and
fractﬁre porosity. However, the methodology to reliably upscale the results of a study

within a single fracture to the field scale has yet to be established.

LeCain [2000] conducted tracer measurements at Yucca Mountain, at a location several
hundred meters from the location where this current work was conducted. He used a
radial convective-dispersiv_e equaﬁon (CDE) solution developed by Moench [1995] to
aﬁalyze his convergent-tracer-test breakthrough curves. Unfortunately, the tracer mass
recoveries were Qery poor, ranging from 10% to 50% of the injected tracér mass. The
CDE analyses were performed by matching normalized concentration breakthrough
curvés to the Moench solution, using only the rising portion of the breakthrough curve.

This procedure incorrectly scales the concentration to correct for an inadequate
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experimental result. In addition, LeCain’s tracer concentration measurements display
noise that is up to 35% of the full tracer breakthrough peak signal. In contrast, the
methodology presented as a part of this dissertation gives mass recoveries that approach
100% and a computed tracer concentration uncertainty of at most 1% of the maximum

tracer concentration value measured.

1.3.  Yucca Mountain, Nevada

The data that is presented in this dissertation have been collected at Yucca Mountain,
Nevada. Yucca Mountain has been chosen as the potentiél repository site for permanent
geologic disposal of U.S. high-level radioactive waste generated by civilian power
generating facilities. Yucca Mountain is in Southern Nevada, located within the
boundaries of the Nevada Test Site and Nellis Air Force Base, approximately 140

kilometers northwest of Las Vegas, Nevada (Figure 1.1).

The potential repository would be sited 300 to 400 meters below the creét of Yucca
Mountain and approximately 200 to 400 meters above the water table. The location is
viewed as favorable for long-term storage of waste canisters in the vadose zone because
of a thick unsaturated region (600-700 meters) and low infiltration rates (average of 5
mm/yr) [Bodvarsson, 1999]. In addition, Yucca Mountain is located far away from any

population centers.
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1.3.1. Geologic Description

Yucca Mountain is underlain by a series of ash-fall and ash-flow tuffs that overlie a deep

carbonate aquifer. The four major geologic units found in the unsaturated zone in

descending order are: (1) the Tiva Canyon Welded unit (12.7 mA), consisting of

moderately to densely welded tuffs, (2) the Paintbrush Nonwelded unit (12.7 mA),



consisting of partially to nonwelded bedded tuffs, (3) the Topopah Spring Welded unit,
consisting of moderately to densely welded tuffs down to and including a densely welded
basal vitrophyre (12.8 mA), and (4) the Calico Hills Nonwelded unit (12.9 mA),

consisting of moderately to nonwelded bedded tuffs.

This work is concerned with the determination of the kinematic fracture porosity of the
welded tuff in the Topopah Spring middle nonlithophysal zone of the Topopah Spring
unit. This zone is important because the tuff is a part of the Lost rock for the potential
permanent geologic high level nuclear waste repository, and as such it makes up the near-
field environment surrounding the engineered barriers for the waste packages. The
Topopah Spring stratigraphic unit consists of sev;ral layers of moderately to densely
welded zeolitized ash-flow tuffs with numerous lithophysal horizons. The Topopah
Spring middle nonlithophysal tuff is densely fractured, with few lithophysal inclusions.
The tuff has been further described as containing four subzones [Buesch and Spengler,
1998] with varying amounts of small lithophysae and orthogonal fracture sets (that vary
from regular to poorly developed). Significant in the Topopah Spring tuff that is
investigated as part of this work are the numerous areas containing small brecciated

zones. The brecciated zones vary from centimeter width up to 15 meters and range in

shape from simple planar to anastomosing and irregular.

The matrix porosity within the Topopah Spring middle nonlithophysal tuff varies over a
narrow range. Based on 244 measurements from surface borings that penetrated the

Topopah Spring middle nonlithophysal unit, the porosity has a mean of 0.11 with a
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standard deviation of 0.02 [Flint, 1996]. Measurements of porosity made on 12 sections
of core collected in the zone where the current study is located have a mean porosity of

0.11 with a standard deviation of 0.01 [Wang, 1997].

1.3.2. Rapid Transport

The finding of several radioactive elements, introduced into the atmosphere during
above-ground testing of nuclear weapons, within the repository horizon is evidence for
rapid transport through Yucca Mountain. Atmospheric testing occurred primarily
between 1952 and 1963 when a nuclear test ban treaty stopped further atmospheric
testing. Bomb-pulse levels of radioisotopes have been detected both at the top of the
Paintbrush formation as well as within several isolated areas within the Topopah Spring
tuff [Rousseau, 1999; Fabryka-Martin et al., 1996]. The presence of elevated ele
ratios and tritium in concentrations that are unambiguously bomb pulse signatures within
the repository horizon is evidence for rapid transport through thick unsaturated zones. A
conclusion based on the presence of bomb-pulse *°Cl/Cl, predominantly near faults or
areas of increased fracture densities in the Topopah Spring tuff, is that fast flow does
occur within Yucca Mountain and that fractures provide the conduits for the rapid
transport [Fabryka-Martin et al., 1996]. These observations of fast flow reinforce the
importance of estimating fracture porosity and understanding the spatial distribution of

porosity at Yucca Mountain.
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1.3.3. Thermally Mobilized Pore WaterA

During the first few centuries after emplacement of radioactive waste, water will be
mobilized in large quantities because of the thermal pulse provided by the heat-
generating waste packages. This mobilized water can significantly impact the
performance of the nuclear waste repository. Water that contacts the waste packages will
cause accelerated corrosion rates. The ability to predict whether thermally mobilized
water will drain below the repository, or form a halo above the repository and eventually
reflux into the emplacement drifts, relies upon proper understanding of the coupled
thermal-hydrology of the near-field environment. The near field is defined as the
repository region strongly influenced by the thermal, chemical, and mechanical
disturbances produced by the emplaced waste packages. An understanding of fracture
porosity as well as fracture permeability is necessary to accurately understand and predict

transport in the near field environment.
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2. Field Testing at Yucca Mountain

A diverse range of studies has been carried out, both from the surface and underground,
to characterize and assess the ability of Yucca Mountain to safely contain high-level
nuclear waste for tens of thousands of years. For a brief overview of the Yucca Mountain
Project, the USGS has published a circular [Hanks et al., 1999]. For a much more
detailed reference on the Yucca Mountain Site, including detailed geologic
characterization information, see the Yucca Mountain Site Description [U.S. DOE,

2000]. -

The research presented in this dissertation for estimating the fracture porosity of the
potential repository host rock units has been conducted within ‘the Exploratory Studies
Facility (ESF). The ESF is an 8 km long tunnel, bored within Yucca Mountain using an
8-meter-diameter tunnel boring machine. A map of the ESF in relationship to Yucca
Mountain is shown in Figure 1.1. The ESF facilitates direct experimentation on the
planned host emplacement units, the Topopah Spring middle nonlithophysal tuff and the

Topopah Spring lower lithophysal tuff.

The effort to determine in-situ fracture porosity was conducted as part of a large-scale
thermal-testing program designed to investigate coupled thermal-hydrological-chemical-
mechanical processes in the potential repository host rock units. Coupled thermal

processes, such as moisture induced corrosion, can lead to failure of the waste storage

12



canisters and will have a direct impact on the viability of Yucca Mountain to safely
contain waste for the tens of thousands of years required. To investigate coupled
processes at Yucca Mountain, a thermal testing alcove, Alcove #5, was mined within the
Topopah Spring middle nonlithophysal unit. The location and layout of Alcove #5, where
it comes off the main drift of the ESF at Transit Station (TS) 28+27 meters, is shown in
Figure 2.1. Within Alcove #5, two thermal tests have been conducted: a small-scale test
called the Single Heater Test (SHT) and a full-scale simulated waste emplacement test

called the Drift Scale Test (DST).

2.1. The Single Heater Test

The SHT, conducted in 1996 and 1997, consisted of a single 5-meter-long 3 kW tubular
heater installed in a 10-cm-diameter borehole used to heat a relatively modest volume of
rock over a 9-month period [Tsang et al., 1999]. The location of the SHT in Alcove #5 is
shown in Figure 2.1. Air-permeability measurements were performed in 27 boreholes
drilled into the SHT area prior to the start of heating. The borehole layout for the SHT is
shown in Figure 2.2. Although there was no effort to analyze data collected in the SHT to
estimate fracture porosity, high spatial resolution straddle-packer air-injection tests
performed in Borehole 6 are included herein because they help characterize the spatial-

permeability structure of the Topopah Spring tuff.
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Figure 2.1 Layout of the thermal testing alcove, Alcove #5.

The SHT served as a pilot test for the development of tools and techniques that were
applied to the much larger DST. In particular, the technique of repeatedly performing air-
injection measurements as heating progressed in fixed zones isolated with pneumatic
packers to delineate changes in fracture liquid saturation was successfully developed in

the SHT experiment and repeated for the DST.
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2.2.  The Drift Scale Test

The DST is an 8-year-long test to investigate coupled thermal-hydrological-chemical-
mechanical processes associated with the thermal perturbation caused by storing high-
level radioactive waste in the Topopah Spring middle nonlithophysal tuff. The tracer and
air-injection test results presented in this dissertation were conducted as part of the
baseline characterization of the Topopah Spring tuff rock mass in the DST zone. The
tracer tests were to provide fracture porosity values, and the air-injection tests were to
provide permeability estimates to use in process models being applied to interpret the
data collected in the DST. The DST was designed to operate for four years of heating,
followed by a four-year cooling period. The duration of the test was chosen so that

approximately 10,000 m® of rock would be heated above the boiling point of water.

The heart of the DST is a 50-meter-long, 5-meter-diameter drift that qontains nine
canister heaters, hereafter referred to as the Heated Drift. Along the left and right ribs, 25
cm below the centerline of the Heater Drift, are installed a total of 50 ten-meter-long,
electrical wing heaters. They serve the purpose of raising the temperature of the rock
mass more quickly then could be achieved with the floor heaters alone and simulate the
thermal effeci; of having multiple parallel drifts. Figure 2.3 shows a picture of the heated
drift along with the canister heaters during the initial construction and emplacement of
the heaters. The heaters generate approximately 188 kW, with 52 kW distributed among

the floor heaters and 136 kW in the wing heaters. A diagram of the heated drift, with
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wing heaters and the surrounding boreholes, is shown in Figure 2.4. Approximately 4,000

sensors have been emplaced to record thermal, mechanical, and hydrological responses of

Figure 2.3 Photograph of the Drift Scale Test 5-meter-diameter Heated Drift. The heater
canisters with power cables are shown as well as ongoing construction of a thermal
isolation bulkhead.

the rock mass both within the heated drift and in the 188 boreholes that surround the drift.
Heating of the DST commenced on December 3, 1997, and will be halted on December

3, 2001, followed by a four-year-long period of monitoring the cool down.

To understand the changes that the rock mass undergoes as a result of the heating, a
diverse suite of measurements that focus on different processes are conducted. Multiple

point borehole extensometer gages are installed within mechanical boreholes. Strain
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gages have been installed to observe changes in a section of cast—iﬁ—place concrete liner
in the Heated Drift, as well as to observe changes in metal and concrete coupons. A plate-
loading test looks at changes in the elastic modulus of the rock as a function of
temperature. Geophysical techniques including neutron logging, ground penetrating
radar, and electrical resistance tomography, are being used to monitor changes in rock
saturation. In addition, acoustical emission monitoring is used to detect the locations and

relative magnitude of fracture initiation and/or propagation.

As part of the DST hydrological monitoring, 12 hydrology boreholes were drilled (as
shown in Figure 2.4). These boreholes serve as the collection points for the air-
permeability and tracer data presented in this dissertation. The hydrology boreholes are
located in three distinct fans that form planes perpendicular to the main axis of the heater
drift. Each borehole in the DST is identified by a unique number, with the hydrology
boreholes consisting of Boreholes 57 to 61, Boreholes 74 to 78, and Boreholes 185 and
186 (see Figure 2.5). Each borehole is sectioned into either three or four intervals using
pneumatic packers. The borehole numbers increase from top to bottom, with zone
numbers increasing from the collar to the deepest portion of the borehole. The isolated
zones vary from 5 to 22 meters in length, with an average length of 9 meters. Individual
zones are identified by the borehole number, followed by a zone number. For instance,
Borehole 75-2 identifies the second zone from the collar in Borehole 75. Boreholes 75
and 76, located in the Borehole 74-78 fan, are the boreholes used for the gas tracer tests

as a part of this study.

18



Connecting

Observation

H lL:é"~Dli ft

2 Thermal
S——— Mechanical
Note: — Hydrological
; :::::f:: :::: :)f?l‘)l)‘:::r:»r:rrll}:‘.:ggera ted. e Chemical
——— Wing Heater

Figure 2.4 Borehole layout for the Drift Scale Test, located in Alcove #5 of the ESF. The
air-permeability and gas tracer tests are conducted from the hydrological boreholes.

19



e Holes 57 - 61
151
1ofF ;
Eff——"
N - .
oF
sE
B Humidity Sensors
10|~| o Pressure Sensors
| + Temperature Sensors
Lo o o Ui i Vo 5 g T i g
30 -20 10 10
x (m)
e Holes 74 - 78
15
o
10 '
N - =
0:— *
_5:_
L Humidity Sensors
40f~| o Pressure Sensors
[ | + Temperature Sensors
T T I T N
30 -20 10 10
x(m)
E Holes 185-186
15F
10/
E %
N -
- eated
o
sf
- Humidity Sensors
10|~| o Pressure Sensors
[ | + Temperature Sensors \
S T AT I TR S ) (e T
-30 -20 -10 0 10
x (m)

Figure 2.5 X-Z Co-ordinate layout of hydrology boreholes in the DST. The boreholes
numbers increase from top to bottom.

20



The hydrology boreholes were instrumented to serve multiple purposes. A passive
monitoring function consists of measuring temperature, relative humidity, and pressure in
15-minute intervals within each isolated interval throughout the duration of the DST.
Temperature sensors and relative humidity sensors were co-located with the packer
bodies. Pressure transducers are located near the collars of each borehole, with tubes
connecting them to the zone they monitor. Teflon tubes running into each zone also
provide the means to obtain liquid and gas samples. These same sampling tubes provide
the means for conducting gas tracer tests by providing ports for the injection and
withdrawal of gases. On a quarterly basis, the hydrology boreholes are sampled for CO»,
with measurements made of total CO, concentration as well as isotopic composition, to
gain an understanding of calcite precipitation and dissolution processes. Any water that
accumulated in the zone can also be pumped out, using a peristaltic pump located at the

collar of the borehole, to examine aqueous geochemistry.

Air-injection tests are performed quarterly to monitor the redistribution of moisture
throughout the duration of the DST. A decrease in gas-phase relative permeability is
interpreted as an increased in liquid saturation of the fracture network near the injection
location. Figure 2.6 shows some of the trends in air-permeability as a result of the
increased saturation above and below the heated drift during the first three years of
heating. A review of the changes in gas phase permeability for the 46 isolated intervals in
the hydrology boreholes, when supplemented with neutron data, gives a very good

picture of the spatial redistribution of moisture in the DST region. While air-injection
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testing is still ongoing as heating continues, the gas tracer testing was conducted only

during the baseline data collection, prior to the start of heating.
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Figure 2.6 Air-permeability trends over time in the DST. Reduced air-permeability
indicates the fracture liquid saturation has increased.

2.3. Air-Injection Testing

The air-injection tests conducted in the DST hydrology boreholes are considered constant
mass-flux tests because the injected gas flow rate is held constant and the borehole
pressure is allowed to vary. Pressure in all 46 isolated zones is recorded as a function of
time. Air pressure transients recorded for air-injection tests performed as part of the
baseline monitoring of the DST are shown in Appendix A, with more detailed graphs

included where warranted throughout the main body of this dissertation. The full
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transient test response, including the pressure build-up as well as recovery transients, are
evident. Typical air-injection pressure test data from Borehole 57-4 is shown in Figure
2.7. The crosshole data for two of the 45 other monitored intervals are also plotted. The
crosshole data are used for delineating the region of influence for an air-injection test.

Detailed testing procedures for conducting air-permeability tests in the DST are included

as Appendix B.
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Figure 2.7 A typical constant mass flux air-permeability test.

The pressure change just prior to halting gas injection was used for steady-state analysis
to estimate permeability. In this dissertation, only the recovery portion of the air-injection
test was used for transient analysis because it was less subject to testing interference than
the pressure build-up. The initial pressure build-up data was adversely affected by the
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finite time it took for the injection gas stream to reach the target flowrate (owing to
equipment limitations and adjustments made to the initial flowrate to keep the zone
pressure within a pre-designated target range). During the pressure recovery portion of an
air-injection test, the gas injection was instantaneously halted by the rapid closing of an
electronically controlled solenoid valve, providing a very clean transient signal to

analyze.

2.3.1. Pneumatic Packers

Boreholes were sectioned into multiple zones using pneumatic packers. In the DST area,
46 packers were installed in the 12 hydrology boreholes, creating 46 isolated zones.
Figure 2.8 is a photograph of pneumatic packers prior to installation in a borehole. The
pneumatic packers use 1.0 meter long stainless steel tubes with an 1/8” diameter tube
welded through the body of the packer to be used for packer inflation. Because the
packers will be exposed to temperatures approaching 200°C during the heating portion of
the DST, the packer gland material was constructed of Viton rubber. The rubber was
cured on the packer body and lathe cut to the proper outside diameter. Mold release
compound was used in the center portion of the packer to permit rubber inflation. A 10
cm band of rubber on each end of the packer was vulcanized directly onto the stainless
steel tube, with Oetiker-brand compression bands placed around the ends for extra

strength.
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Figure 2.8 Pneumatic packers prior to installation in a borehole. Note the Teflon end
pieces, which serve as housings for temperature and relative humidity sensors.

Teflon end pieces were used to connect the main packer body to stainless steel tubes that
run between each packer. The stainless steel connecting tubes served as strength
members between packers and also to enclose instrument wires and pneumatic lines. O-
ring seals on each Teflon end piece ensured that there was no communication between

isolated intervals. The Teflon end pieces were machined to serve as housings for
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temperature and relative humidity sensors, which were also sealed by O-rings to prevent

leakage between zones.

2.3.2. Flow Control System

A schematic of the air-permeability testing system equipment is shown in Figure 2.9. As
shown, compressed air was filtered, dehumidified, and then passed through a gas mass-
flow controller (MFC), before being injected into an isolated region between pneumatic
packers. Since each mass-flow controller had a limited range, a sequence of increasingly
larger MFCs yield an operational gas injection range between 0.1 SLPM up to 500
SLPM. For the DST hydrology boreholes, which occur in a cluster of borehole fans
collared at the same drift transect, the outlet of the MFCs goes to an array selection
manifold. The array selection manifold routs the gas to one of three injection zone
selection manifolds. Figure 2.10 is a photo of the equipment located near the collar of one
fan of DST hydrology boreholes. At the center top of the photo is the injection zone

selection manifold, used to systematically direct the injection gas stream to each zone.

2.3.3. Data Acquisition
Pressure data from all 46 borehole intervals were logged to a personal computer via
IEEE488.2 controlled measurement instruments. The data acquisition hardware consisted

of a Keithley Model 7002 Switch System and a Keithley Model 2001 Digital Multimeter.
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A Hewlett-Packard Model E3631 Programmable Power Supply was used to supply a set
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Figure 2.10 Drift Scale Test equipment located at the collars of Boreholes 57-61. The
Injection Zone Selection Manifold is at the center top of the photo. The open electronic
enclosure shows pressure transducers and packer inflation gages for one borehole.

point voltage to the Sierra Instruments gas MFC. To better capture the rapid time
transients associated with the start of the injection and recovery periods, a data logging
interval of 5 seconds was used for the first 5 minutes of each testing period. To minimize
file size, the data acquisition interval was reduced to one minute after the rapid logging

periods concluded.

National Instruments test and measurement software package, Labview, was used to

automate the DST air-injection testing. The software code is included as an attachment in
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Appendix B. The computer sequentially opened and closed each of the 46 solenoid valves
to permit gas injection into each isolated packer interval. Because air-permeability tests
were intended to be repeated throughout the entire 8 year heating and cooling cycle of the
DST, it was important to automate the test procedure. Password protected communication
software allowed testing to be performed remotely via modem from any location that has

telephone communications available.

The software algorithm was written to adjust the flow rate to target a maximum pressure
change between 6 and 40 KPa in the injection interval. After the first series of tests was
conducted in all zones, a starting flow rate was selected for subsequent tests. The flow
rate was adjusted after a minute of injection if the injection zone pressure increase were
deemed to be outside of a designated target range. If the pressure in the target interval
was too great, the flow rate was reduced, and if the pressure change was too small, the

flow rate was increased.

24. Gas Tracer Testing

Four gas tracer tests were conducted as part of the baseline characterization of the DST
rock mass. The primary aim was to determine a fracture porosity for the Topopah Spring
tuff that could be incorporated into the DST process models. Two types of gas tracer tests
were conducted in the Topopah Spring middle nonlithophysal tuff. The first type of tracer
test was an inter-borehole weak-dipole test. The second test was a huff-puff
injection/withdrawal from the same location. Analysis of the huff-puff test was to provide

information on diffusive gas processes. The collected data have mass balances for each
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test that approach 100%, and the concentration measurements show excellent

repeatability.

2.4.1. Weak-Dipole Tracer Test

To conduct a dipole tracer test, we introduced tracer gas into one location, isolated using
pneumatic packers, and withdrew sample gas from another isolated location. The flow
field was monitored using pressure measurements in all locations and by gas flow-rate
measurements of the injected and withdrawal gas streams. The tracer gas concentration at
the withdrawal borehole was recorded as a function of time. The tracer test was called a
weak-dipole test because the tracer injection rate was performed at a much smaller flow
rate than the continuous gas withdrawal flow rate. Stable boundary conditions and

constant flowrates were maintained to simplify interpretation of the collected data.

2.4.2. Huff-Puff Tracer Test

The second type of tracer test conducted was designed to investigate the influence of
diffusive processes on gas transport. The test consisted of an injection of gas tracer in an
isolated borehole interval for a finite time period, followed by a waiting period in which
gas was neither injected or withdrawn. Subsequently, gas was withdrawn from the same
interval as it was initially injected. This type of test is referred to as a huff-puff test and
has sometimes been used in the petroleum industry to test the effects of fluid injection on
reservoir produétion. The waiting period allows for diffusive processes to occur while no

advection occurs. It is typically assumed that this type of test is insensitive to fracture
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porosity and can therefore provide an understanding of the magnitude of purely diffusive

processes [Tsang, 1995].

2.4.3. Gas Analysis

Because samples can become contaminated and give erroneous results during tracer
testing it was critical that tracer samples were properly handled. For gaseous samples,
any exchange that occurs between the sample gas and the surrounding air can provide
erroneous results, which tend to increase in effect with longer sample holding times. To
avoid the problems of collecting and storing gas samples, an in sifu measurement
technique of analyzing traéer gas in real time using a mass spectrometer was developed,
along with quality control procedures to ensure the accuracy of the data. A detailed
procedure used for the mass spectrometer analyses of gas tracer samples has been

included in Appendix C, and calibration procedures have been included in Appendix D.

2.4.4. Mass Spectrometer

A Quadrupole Mass Spectrometer Gas Analyzer was used to perform the quantitative
analysis of tracer gas concentration. The Balzer Omnistar Gas Analyzer consists of an ion
source chamber that ionizes the gas leaked into a vacuum chamber through a small
orifice. The ions are accelerated through a chamber surrounded by four electrodes. A
radiofrequency signal is applied 180 degrees out of phase to opposite electrode pairs to
accelerate resonant ions thréugh the chamber to strike the ion collector. Non resonant
ions strike the electrodes and become neutral particles. The Omnistar Gas Analyzer

operates with a mass range from 1 to 200 AMU. The mass spectrometer weighs
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approximately 45 kg and was set up in the field for real time analysis of the withdrawal

gas stream.

The mass spectrometer was calibrated before, during, and after each tracer test by using
premixed calibration standards. The reason for the frequent recalibration is the fact that
the mass spectrometer signal will tend to drift slowly over time. Tedlar bags were filled
with known concentrations of tracer gas using a Stec sgd-710 gas divider. The gas divider
is able to precisely mix two gas streams in ratios from 1:1 to 1:10. Zero air, a pure mix of
nitrogen and oxygen, was mixed with a stream of tracer gas to create a dilute gas stream.
Both the zero air and the tracer gas are available from commercial gas suppliers in
standard compressed gas cylinders. A series of Tedlar bags were filled to bracket the

anticipated tracer gas concentration prior to the start of the tracer test.

During tracer testing, the gas standard bags were cycled through the mass spectrometer
from low concentration to high concentration at a frequency of no less than once per day.
Figure 2.11 shows the results of a typical calibration. The ion current measured for the
tracer gas was normalized by the ion current for nitrogen to take into account the
fluctuation in ion current resulting from variations in pressure within the mass
spectrometer vacuum system. Even though the total quantity of gas in the mass-
spectrometer may slowly fluctuate, (causing variations in ion current), the partial pressure
of tracer obtained by using normalized ion current readings will remain stable, since the

quantity of nitrogen in air does not significantly fluctuate.
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Figure 2.11 Calibration of the Balzer’s Mass Spectrometer with SFg standard Tedlar
reference bags.

2.4.5. Sulfur Hexafluoride Tracer

Sulfur hexafluoride (SFq) was used as a tracer in this study. SFeis a commonly used
industrial gas for insulating electrical equipment, one that has also been widely used as a
tracer gas for leak detection and building ventilation st'udies‘ The use of SFg as a tracer for
both saturated and unsaturated transport has been investigated by Wilson and Mackay
[1993], Glover and Kim [1993], and Adams [1995]. Since SF is detectable in the field by
mass spectrometry down to 1 ppb, the total use of SFg in the tracer work conducted
within this study amounted to only a few standard liters. Using a gas chromatograph
equipped with an electron capture detector, SFe has a detection limit in the sub-ppt range

[Mroczek, 1997].
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2.4.6. Tracer Test Equipment

Gas tracer testing was conducted in two of the zones used for conducting the air-
permeability tests, using the same pneumatic packers and monitoring electronics. In
addition to the air-permeability injection equipment, an extra MFC was added to mix a
stream of tracer gas with the regular air-injection stream. A diaphragm pump was used to
continuously withdraw gas from the test interval. The output of the diaphragm pump was
controlled through another MFC. The necessary hardware to conduct the gas stream
analysis using a mass spectrometer is shown schematically in Figure 2.12. Figure 2.13 is

a photo of the field equipment as it was installed for the DST in Alcove #5.

Since the Topopah Spring rock matrix is very nearly saturated, several complications
made testing problematic. The sample gas downhole was often warmer than the ambient
temperature in the ventilated mine drift. Upon extraction, the temperature of the extracted
gas would drop below the water vapor saturation point, and moisture condensed out of
the gas stream. To avoid having liquid interfere with the equipment used to regulate the
gas flow, a refrigerated gas dryer was used to remove condensable gases from the gas
stream. The gas sampling stream introduced to the mass spectrometer was pulled off the

main gas stream using a peristaltic pump at approximately 100 SCCM. From this stream,
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Figure 2.12 Schematic layout of gas tracer test equipment for measurement of tracer gas
concentration.

Figure 2.13 Gas tracer test equipment as installed in the DST. The mass spectrometer is
the white instrument located beneath the blue refrigerated air dehumidifier.
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a heated capillary tube that leads to a small orifice in the mass spectrometer passes about
0.5 SCCM sample gas, with the remainder of the gas stream being vented to the

atmosphere.

2.4.7. Tracer Test Operation

Gas tracer tests in the DST area were conducted in Borehole 75 and 76, Zones 2 and 4.
The layout of Borehole 75 and 76 are shown in Figure 2.5. Two different strength dipoles
were used in Zone 2, 10:1 and 30:1. A 10:1 dipole was used to test Zone 4. The strength
of the dipole refers to the ratio of withdrawal gas flux to injected gas flux. In all tests,
injections were made in Borehole 76 with withdrawal from Borehole 75. A huff-puff
tracer test was conducted in Borehole 76, Zone 2. The flow rates for each test and the

borehole geometries are listed in Table 2.1.

For the three crosshole tests, the injection air and withdrawal gas flow rates and zone
pressures were monitored prior to the injection of any tracer to ensure that a steady-state
flow field was achieved. After a steady-state pressure field was obtained, the air-injection
flow rate was reduced to 0.90 of the original value. A make-up gas stream of tracer equal
to 0.10 of the original injection air stream was added from a 10,000 PPM cylinder of SF.
The final injection gas stream had a concentration of 1,000 PPM SFs. After a certain
length of time, the injection of tracer was halted, and the injection air stream was returned
to its original flux rate. Throughout the entire duration of the experiment, the withdrawal
gas stream was maintained at a steady flux-rate, and SF¢ concentration measurements

were performed by the mass spectrometer every thirty seconds. Figures 2.14, 2.15, and
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2.16 show the mass breakthrough curves for the three weak-dipole tracer tests, as well as

the cumulative mass recovery.

For the huff-puff test, an injection stream of SFe tracer was injected at a concentration of

100 PPM for twenty minutes. This was followed by a waitihg period of thirty minutes

prior to starting gas withdrawal. The withdrawal gas’ SF¢ concentration was recorded

every thirty seconds, and the flow rates and pressures were recorded every minute.

Figures 2.17 shows the mass breakthrough curve for the huff-puff tracer test, as well as

the cumulative mass recovery.

~ Table 2.1. Tracer Testing Locations and Parameters

Test | Injection | Withdrawal | Qipject Quithdraw Tracer Average
Name | Location | Location (SLPM) | (SLPM) Injection | Zone
Duration | Separation

: (min) (m)

76-2 | 76-2 75-2 3 30 87 213

10:1 |

76-2 | 76-2 75-2 2 20 276 6.22

30:1 _ : v

76-4 | 76-4 75-4 1 30 193 2.13

10:1 ' : :

| Huff- | 76-2 76-2 10 20 20 N/A

puff ’
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Flgure 2.14 Mass breakthrough curve and cumulative mass recovery for Borehole 76-2
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Figure 2.16 Mass breakthrough curve and cumulative mass recovery for Borehole 76-4
10:1 gas tracer test.
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Figure 2.17 Mass breakthrough curve and cumulative mass recovery for Huff Puff gas
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3. Steady State Air-Permeability Data Analysis

To estimate formation parameters using air;pennéability and gas tracer measurements,
the data needs to be interpreted using analytical and/or numerical modéls. These models
are simplifications of the actual physical system to make the determination of the
parameters of interest tréctable. The eventual goal for the parameter set obtained from the
DST is to incorporate this information into coupled process models, to predict the |
behavior of an actual.high—level‘wajste repository over many thousands of years. One of
the most important assumptions applied to interpret both the air-permeability and the gas
| tracer data is that the fracture network can be treated as an effective continuum. Herein,
the effective continuum assumption is investigated by first looking at the spatial
distribution of permeability in the DST, using a steady-state analytical model to estimate
the pénneabilitgl. The DST permeability structure is then be c.ompared‘with
measurements pc;rformed on smaller spatial scales, and the variance for the permeability
- estimates will be compared. Geologic observations of the distribution of fractures and
fraéture frequencies along with the steady-state permeability measurements are finally
'ﬁsed to justify tfle effective continuum assumption, providing a basis for the application
of continuum modeling for analysis of air-injection pressure transients and the tracer

concentration data.
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3.1. | Steady-State Flow Analysis

'fhe first step in evaluating the applicability of the effective continuum assumption is to

look at the spatial distribu_tion and spatial correlation structure for DST permeability

- measurements. The zone lengths for fhe DST air-permeability measurements vary

between 5 meters and 22 meters. The vaﬁancés for these measurements can be compared
With_ measurements made in the.SHT area using intervals with a length of 0.69 meters and

‘by Finsterle et al. [2001] in 0.3-meter interval tests.

Air-permeability values are calcu}ated using the pressure difference between the pre-
injection pressure measﬁrement, P, and the steady-state pressure response that is
récorded, P;. To calculate the‘permeabi‘lity, k, an analytical stéady—state elliptical flow
field solution derived by Hvorslev [1951] was modified by LeCain [1995] to account for

compressible gas effects:

PSCQSCﬂln(A] .

- |

k= L (3.1
aL{P} - R?)

‘where

P, = pressure at standard conditions, 1.013 x 10° Pa
Q= ﬂowréte at standard coﬁditions, m’s’!

M= dynamic Viscosi‘.ty of air, 1.81 x 10” Pa-s (at 20°C)
L= length of the injection interval, m

rw= radius of borehole, m
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Equation 3.1 assumes that gas compressibility follows the ideal gas law, where the

density of gas, p, can be written as

where R is the individual gas constant and T is temperature in degrees Kelvin. Other
soiutions for steady-state analysis of air-pefmeability tests, such as solutions presented by
Kearl et al. [1990] and Rasmussen et al. [1990], yield éimila.r results. Differences in the
"assumed'ﬂow geometry are responsible for small variations in estimated permeability
values using the various aﬁalytical solutions. Since these solutions are all based on
pseudo-radial type flow of an ideal compressible gas, they all exhibit the same
dependence on P and a logarithmic dependence on a spatial scale associated with the test

geometry.

3.1.1. DST Test Interpretation

: Air—permeabillity values were computed using Equation 3.1 from steadyfstate
measurements performed in the 46 isolated DST intervals. The basic assumptions in
Equation 3.1 are that the formation is homogeneous, isofropic, and infinite in extent.
Table 3..1 shows the computed permeability values. The geometric mean of the computed
permeability is 1.26 x 10™"? m?, with the median value being 1.64 x 10" m%. The
-sténdard deviation of the log permeability value was 0.59. The minimum estimated

permeability is 1.58 x 10" m® while the maximum value is 9.69 x 10> m®. In
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‘Table 3.1. Permeability Values Calculated for Drift Scale Test Boreholes

Zone ID L (m) Qsc AP(KPa)  k(m?
(SLPM) , :

57-1 8.84 20 4.58 1.46E-13
57-2 6.10 100 18.50 2.26E-13
57-3 762 2 39.90 1.58E-15
57-4 10.55 200 12.60 4.37E-13
58-1 6.10 20 512 1.74E-13
58-2 8.54 20 3.18 2.15E-13
58-3 17.98 171 374  8.45E-13
59-1 10.06 20 4.25 ' 1.45E-13
59-2 ' 762 ~ 100 895  4.04E-13
59-3 8.54 100 10.80- 3.11E-13
59-4 719 . 200 7.80 9.69E-13
60-1 5.49 100 '21.20 2.13E-13
60-2 10.67 100 5.80 4.98E-13
60-3 5.49 2 7.20 1.35E-14
60-4 ' - 1119 . 20 45.50 9.85E-15
61-1 7.01 100 14.60 2.61E-13
61-2 8.54 100 3.85 8.99E-13
61-3 6.10 20 16.30 '4.68E-14
61-4 : 1263 . 100 26.90 8.23E-14
74-1 10.37 100 10.60 2.65E-13
74-2 ‘ 6.71 20 12.90 6.12E-14
74-3 4.27 .20 8.04 1.44E-13
74-4 14.09 100 17.30 1.21E-13
75-1 o 8.23 100 - 11.30 2.95E-13
75-2 7.32 100 - 23.70 1.46E-13
75-3 10.67 100 17.30 1.53E-13
75-4 8.48 100 4.68 7.24E-13
76-1 7.93 100 13.10 2.64E-13
76-2 ' 8.54 20 5.27 1.29E-13
76-3 8.54 20 9.89 6.76E-14
76-4 10.00 20 6.82 .8.62E-14
77-1 . 8.84 20 1.72 3.91E-13
77-2 5.49 20 -33.10  2.56E-14
77-3 - 22.70 100 3.83 - 3.94E-13
78-1 : ‘ - 6.10 20 4.40 2.02E-13
78-2 8.23 20 14.30 4.64E-14
78-3 5.79 20 16.00 - 5.49E-14
78-4 , 14.49 20 4.00 1.09E-13
185-1 : 5.79 20 273 3.46E-13
185-2 8.54 100 15.60 2.07E-13
185-3 15.24 100 20.90 9.26E-14
185-4 - 6.65 20 418 2.01E-13
186-1 579 20 2.47 3.80E-13
1862 - ' 8.54 20 22.10 2.71E-14
186-3 13.11 20 51.90 7.34E-15

186-4 5.09 . 2 11.40 8.68E-15
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comparison, laboratory measurements made on 266 intact core samples were determined

to have an average matrix permeability value of 1.5 X 10" m?.

Raw and experimental variograms for the DST data, as shown in Figuré 3.1, do not reveal
any spatial dependence for log air-permeability values, based on the values established
using the steady-state analysis applied in Section 3.1. Furthermore, the log-permeability

'values follow a normal distribution, with mean log(k) value of ~12.9 and a variance of

0.35 (Figure 3.2).
45
4.0 . + Raw Data
. - * == Experimental Variogram
35 —
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3.0 - !
< . . ‘.
* .
25 - (3 '.o
= LN
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Figuré 3.1 Experimental variogram with raw data for DST permeability data.
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Figure 3.2 Permeability cumulative probability distribution with lognormal fit.

3.1.2. SHT and Niche Permeability Data

To facilitate an understanding of the scale-dependencies of air-permeability estimates in

the Topopah-Spring tuff, DST permeability estimates can be compared with permeability

values obtained from 16 short intervals in the SHT areva of Alcove #5, in SHT Borehole 6.

The location of the SHT is shown in Figure 2.1. (For more detailed information on the

~ air-permeability measurements conducted in the SHT, see Tsang et al. [1999]). In

| addition, other researchers performed permeability measurements at the 0.3 m scale
[Finsterle et al., 2001] during experiments called Niche studies, Iocated in small addits
drifted off the ESF main tunnel. For the measurements fnade at small spatial scales, there
is an expectation that the measured peﬁneability values will havé a larger yan’ance:

- reflecting permeabilities that range from the low values on the order of 1078 m?
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associated with matrix permeability, up to values on the order of 102 m* to 10" m?that
indicate highly brecchiated, intensely fractured zones. This wide variation in permeability
~ values is because at smaller spatial scales, the assumption of a fracture continuum breaks

down and the influence of discrete features becomes more important.

A steady-state test was used to determine the air perme-ability for the entire length of SHT
Boreﬁole 6. The 12-meter-long borehole was 1isolated by a single packer locéted atthe
coilar of the boring. The resulting computed permeability value is 5.1 X 10" m?. Table
‘3.2 shows permeability values meaéured using a '0.69 m long straddle packer injection |
interval, also in. Borehole 6. Permeability values range from below field measurement
detectability, < 5 x 107® m?, to 6.3 x 10" m?, With a mean permeability of 1.25 x 10
m?. The vériance for the 16 SHT log permeability measurements madé in Borehole 6 is
0.9%. The two intervals tested that exhibited permeabilities below the measuring limit of
the equipment used, 5%107' mz, Were assigned that value for fhe calculétion of the .
- variance. For ‘the niche studies conducted at a niche located at TS 31+07 (280 rﬁeters
beyond Alcove #5 location 0f TS 28+27) the mean air-permeability for 78:'0.3 meter scale
measurements is 7.9 x 10™*> m?, with a variance in log(k) of 0.64. Table 3.3 ShOV\—/S the

data sets available, listed with the mean log(k) values and variances.

Note that within the 7 meters cl_vo.sest to the collar of Borehole 6, all permeability values
are less than 2.0 x 10"* m?. Beyond the first 7 meters, all permeability values are above

3.0 x 10" m> While the DST data does not show any spatial correlation at the scale the

46



measurements are made, clearly Borehole 6 reveals distinct spatial structure in the -

permeability field.

Table 3.2. Straddle Packer Air-Injection Tests in Single Heater Test, Borchole 6

Straddle Injection | Flowrate (SLPM) P;-P; (KPa) Permeability (mz)
- { Location (m) ‘

91-1.60 1.03 47.0 4.0x10"
1.60-2.29 0.39 65.0 1.0x10°
2.29-2.98 0.62 57.2 1.9x10"
2.98-3.67 0.62 58.0 1.9x107%
3.67-4.36 0.62 * #(<5.0x107'%)
4.36-5.05 2.04 * *(<5.0x1071%)
5.05-5.74 2.01 58.0 6.1x10"
5.74-6.43 2.01 24.5 1.7x10

| 6.43-7.12 2.01 28.0 1.4x10™"
7.12-7.81 4.00 _ 17.2 5.0x107™
7.81-8.50 - 4.02 8.0 1.1x10"3
8.50-9.19 42.00 25.0 3.4x10"°
9.19-9.88 2.00 6.2 7.3%x10
9.88-10.57 2.00 13.0 3.4x107
10.57-11.26 2.03 14.0 3.1x10™

111.26-12.00 2.00 0.75 1 6.2x1073

* The pressure response increased linearly with time indicating that the system
permeability is below the equipment’s measurement ability. Based on air leakage rates
| measured in a steel tube using the straddle packer equipment, the permeability is less than

5.0x107 1 m?.

~“Table 3.3. Mean and Variance of Log-Air-Permeability Values for Topopah Spring
Middle Nonlithophysal Tuff

Location Zone Length | Mean Log(k) | Sample Size | Variance
‘- (meters) '
DST 5-22 -12.9 46 0.36
SHT Borehole 6 0.69 -13.9 16 0.92
Niche 3107 0.3 -12.1 78 0.64
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3.2.  Continuum Assumption

The vaﬁance for the DST permeability estimates is significantly less than the variance for
the estimates made on smaller spatial scales. Furthermore, all permeability values in the
,DS;F are three orders of magnitlide or more greater than the matrix permeability,
suggesting significant fracturing of all tested intervals. We can conclude that large
'fluc‘tuations in permeability for the Topopah Spring tuff, attributable to the presence or
absence of discrete features, occur on a smaller spatial scale than tl-le scale of DST

- 'measurements. At the scale of the air-permeability measurements made at the DST, the

- fracture network takes on the behavior of a fracture continuum, enabling the appvlica_tion
of continuum-based flow models, that assume a moderate degree of continuity of the

fracture network within the region of measurement.

Geologically, the fracture netWork at the location of the DST consists of a well-developed

orthbgonal'set of planar to slightly planar fractures [Buesch and Spengler, 1998]. Fracture
~ spacing can be as infrequent as one every four meters, but is more typically three to five
_per meter, for fractures With a trace length greater than one meter. Within brecciated

_ iones no well-established strike or dip directions aré observed. These brecciated zones,

-.coupled with the dense ffacture network, sérve to make the frécture network behave like

a continuum at the scale that the air-permeability and tracer tests have been performed

- on. The tracer test data further supports the general geoiogic description, because the

tracer breakthrough curves are smooth, with no indication of the multiple peak response

that occurs when there are only a limited number of flow channels [Moreno and Tsang,

1991].
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Assessing the veracity of a continuum model description of the Topopah Spring tuff on
the scale of a few meters is not a trivial problem. The arguments in support of a |
-continuum description have included the narrow raﬁge of permeability values vindicative
of fracturing in all DST intervalé tested, as well as the geological observations on the
- extensiveness of fracturii)g and smoothness of tracer breakthrough data. Since there is no
definitive litrﬂus test that can applied to verify or disprove the appiicability of a
continuum-description we rely on the observe_d evidence and must continuously assess
‘acquired data and observations for instances in which the continuum assurﬁption .is

inappropriate.

3.3. Formation Aniséfropy

One question that arises in fractured systems is whether there is any ani.sotropy resulting
from fracture oﬁentation, and how the effects of anisotropy influence testing results.
Because the hydrology boreholes in the DST are arr’aﬁged in vertical fans, they are not
amenable to a ciear analysis of permeability anisotropy. This'is caused by the close
proximity 6f observation locatiéns in vertical planes and the distant observation locations
in horizontal to subhorizontal directions. The DST measurements are spatially biased,

- and no general conclusioh regarding the applicability of anisotropic formation properties
can be made, based on the air-permeability meaéurements. The lithology of the DST
which contains brecciated zones of variable strike and dip directions and well developed
~ sets of orthogonal closely spaced fractures, supports the negléct of anisotropy in>

analyzing the gas tracer and permeability test results. However, this is not a general
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“conclusion, since there are sorhe regions in the Topopah Spring tuff where one fracture
orientation is better developed' than the other sets, leading to a clearly anisotropic system

~ [Buesch and Spengler, 1998].
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4. Transient A_ir-Permeability Data Analysis

Air-permeability testing was undertaken at Yucca Mountain to establish the intrinsic
permeability and porosity of the forﬁlation being bharac;terized. The air-injection testing
in the Topopah Spring tuff was specifically aimed at providing estjmates for fracture
properties. In the Topopah Spring tuff, the bulk of the gas permeability is located in iarge
‘aperture fractures that have a negligible liquid saturation. In general, for fractured
formations with low matrix permeability the parameter estimates determined’using air-
jinjection testing are reasonable estimates for fracture properties, assuming the matﬁx is at
a high liquid saturation‘ and the fractures are predominantly. gas filled. The validity of

these assumptions will be further investigated in this chapter.

Air-permeability tests in .poroﬁs rﬂedia, including fractured tuffs, wére conducted by
“numerous other investigators at other sites. Baehf and Hult [1991] and Shan et al. {1992]
‘developed ‘analytic solutions for porous media steady-state air flow. toward a well screen
and above a water table or confining layer. Massman' and Madden [1994] estimated air
conductivity and porosity in a soil a§sunnng an infinite 'hom(.)geneous and isotropic
formétion. Their analysis used Theis and Hantush solutions modified for compressible
gas flow. Edwards and Jones [1994] used é:layered model to account for air-permeability
responses measured in an oxidized fractured till. Their experiment, conducted in the
shallowest few meters of soil, measured pressure responses in a series of wells containing

nested piezometer tubes when one of the wells was subjected to gas extraction.

51



Kearl et al. [1990] conducted air-permeability measurements in the Bandelier tuff, near
Los Alamos, New Mexico, and Rasmussen et al. [1990] similarly looked at relatively
unfractured tuffs at the Apa_che Leap Test Site near Superior, Arizona. The work of Kear]
et al. [1990] compared a field-scale steady-state injection and vacuum-extraction testing
methbdology with laboratory data. Their results showed a higher estimate of intﬁnsic
permeability for air injection, When compared with the vacuum and léboratory methods.
The Work by Rasmussen et al. [1990] showed that-the permeability in air;dried core was
higher than field measurements indicated, and attributed the difference to moisture in the

tuff when it is in situ.

4.1. General Approach

In this study, the air-permeability test transients were analyzed to produce a fracture
poroéity estimate. Thé numerical flow and transpori simulator TOUGH2 [Pruess et al.,
1999] was used, along with the inversion and statistical analysis code iTOUGH2
[Finsterle, 1997a,b]. Prior to the analysis of DST data, an investi gation into model
uncertainties; including flow-field geometry and the influence of the partially saturated
matrix, was conducted. Synthetic numerical modeling tests were used to evaluate the

influence of flow-field geometry and fracture-matrix flow on estimated fracture porosity.

Since limited data exist to constrain the behavior of the matrix, subsequent analysis of
collected DST data was conducted neglecting matrix effects. The result of this
-simplifying assumption is that the eventual porosity estimates are considered upper

bounding estimates, since any matrix effect will tend to make the fracture porosity appéar
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larger. Iﬁ spite of the large amount of uncertainty, the ability to use air-injection test
transients to estimate porosity is cbnsidered important. Whereas gas tracer fests will be
later shown to generate reliable results, they are time consuming and expensi\;e to
conduct, and hence cannot be performed with the same frequency and across as many

-different spatial scales as air-injection testing.

4.1.1. Numerical Simulations

The synthetic simulations described here were performed using ;1 5-meter-thick radial
symmetric grid using the heat and mass flow: simulator TOUGH2. A double porosity

model with interconnecting fractures and matrix gridblocks was created to represent the

fractured tuff formation, following the development of Warren and Root [1963]. The

integral finite difference formulation used by TOUGHZ simplifies modeling multiple

N :'fracture—matn’x interfaces by allowing the specification of interface areas and the nodal

- distances -between rgridblock’s that represent integrated volumes. By creating a fnodel that
represents a fracture-matrix continuum, computational efficiency is achieyed, and it is
.unnecessary to explicitly define each actual matrix block. The matrix is realized by ei gﬁt
“layers” of matrix blocks using the method of mul‘tiple interacting continua (MINC)

: '-(Pmess and Narasimhan, 1982, 1985]‘. Fracture spacing is specified, and the relative

interfacial areas and nodal distances are automaticallylcomputed by the TOUGH2

gridding algorithm.

~ Figure 4.1 shows a conceptual representation for the radially symmetric model. A simple

way of thinking of the matrix is as a series of nested blocks. The interface areas between
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the matrix andl fractures are calculated assuming three orthogonal fracture sets witha
uniform fracture spacing of 0.30 meteré. The outermost matrix block, which has tﬁe
largest surface area, also_ has the small‘est Qolume. Matrix gridblocks located closer to the
center of the nested matrix elements have larger volumes with smaller éurfap,e areas.
Table 4.1 shows the relative volume and surface area chosen for the simulation. The

~ reason for using a sequence of matrix gﬁdblocks which have a small volume near the
surface and larger volume near the center of a “nested matrix block” 1s to more accprafely
model the larger pressure gradients which occur at the fracfure—matﬁ)i interfaqe. The
computation of gas flow between fracture and matrix gﬁdblocks is accomplished by -
apply_ing the flow equation using the harmonic average of the fracture and matrix

permeability.

‘Table 4.1. Geometry of Fracture-Matrix Gridblocks Used for Air-K Simulations

Matrix Block Location Relative | Relative Outer
‘, Volume Surface Area

1 (outermost element) 0.00021° 1.0000

2 0.0021 - | 0.9999

3 0.021 10.9993

4 10.21 1 0.9925

5 0.42 0.9238

6 042 0.9043
7 (innermost element) 1.0 0.6161
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The numerical model has 50 radial gridblocks representing fractures. Connected to the

fracture gridblocks are 350 (50 x 7) matrix gridblocks. Wellbore storage is included in

Injection Gndblock
L, FreceFow

<«—Fracture Gridblocks

Matnx Gndblocks
el ogtter Gridblocks:
> — Ra‘d:_—_us Inifite Volume
Boundary

Figure 4.1 Conceptual schematic of double porosity model used for air-permeability
simulation. : *

the model by setting the innermost fracture gridblock volume equal to the actual borehole
volume. The outermost gridblock is located at a distance of 100 meters from the injection

borehole, with gridblock size increasing logarithmically from inner to outer radius.

Flow can occur between fracture gridblocks and between a fracture gridbldck and the
matrix gridblock adjacent to it. Within the matrix, flow occurs within the 7
interconnected gridblocks, from outer layer to inner layer. However, the model does not
allow for any flow between nested sets of matrix gﬁdblocks, which would correspond to

flow between outer layers of two adjacent gridblocks. This formulation implies that the
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significaht transport pathways are through fractures and neglects matrix block to matrix
block ﬂow. TOUGH2 allbows any gridblock to be set-as'inactive, which will make that
gridblock a constant boundary condition for all time (based upon the initial parameters it
 was assigﬁed). This permits simulations with a variable distance from the injection
borehole to the outer constantﬁead boundary without regridding the mesh, s_imply by

setting a gridblock at a specified distance as inactive.

'4.1.2. Parameter Estimation

The numerical inversion simulator iTOUGH2 is used to est-imate fracture porosity and
fracture. permeability by matching simulation pressure respohse to either measured or
synthetic 'i)ressure recovery transient curves. iTOUGHZ estimates elements of a
parameter vector, p, based on observations sumarized in vector i’?‘, by minimizing an
objective function S, which is a function of the residual vector r. For exampie, in the
inversions presented herein, the elements of p are the ffacture porosity and fracture
permeability. Vector z contains the pfessure at discrete points in time, where the
measuréd quantities are indicated by the asterisk, z*, and "simulated_results are

| represented by z. The residual vector r contains the differences between the measufed ’
and calculated system response; the latter is a function of parameter vector p. The
objective function, S, is a weighted least sqliares measure of the misfit betweén.the data
and the model calculation. Minimization of the objective function, S, is based on local
linearization of thev model output by qalculating paﬁial’ derivatives of the system response
with respect to the paramétefs. Thé Levenberé—Marquardt rhodiﬁcaﬁon of the Gauss-

Newton algorithm is used to iteratively update the parameter vector. Details of the
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inverse modeling theory, as implemented in iTOUGH2, objective functions,
minimization algorithms, residual and error analysis, and extensive references are given

by Finsterle [1997b].

42. Flow Model Uncertainty

There are several uncertainties reiating to gas flow in Topopah'Sprihg tuff that potentially
can have a signiificant effect on the estimates of transport parameters. Perhaps the most
~_significant ﬁncertainty relates to the geonietry of the gas flow paths,vwhich can gfeatly
impact the porosity estimates. To address flow geometry uncertainties the testing radius
of influence determined by the location of a constant pressure head outer boundary is
investigated. In addition, a calculation of the. matrix relatiye gas permeability and the
Klinkenberg flow parameter based on capillary pressure theory is performéd to facilitate
a review of the potential impacts the matrix can have on parameter ¢stimates. Because
there is not sufficignt data to fully eliminate these uncer_fainties, they will persist and
-reduce the confidence in the parameter estimates.that result from analyzing the air-

injection test data.

4.2.1. Radius of Influence
An outer constant-head boundary condition was considered a “fictitious radius of action”
by de Marsily [1986] to solve the ﬁroblem of “the well on an island.’; While de Marsily
calls “the well on an island” groundwater flow solution, offen referred to as Dupﬁit’s or

| Thiem’s formula “qui{e faf from reality,” in heterogéneous f,ormatioris the fictitious

radius of action can partially be attributed to the fact that at larger spatial scales, there is a

57



greater likelihood of enéountering higher permeability features. In a highly fractured rock
formation, where fractures occur on many hierarchical scales, very large faults and .

fractures, although sparse compared to the more numerous smaller fractures, form

_constan_t-preSsure boundaries.

In this study the outer boundary radius is considered the distance at which the overall

‘formation gas diffusivity is sufficiently great to transport the injected air such that the

" measured pressure response is less than 1% of the Steady-state'pressure buildup in the

 injection zone. To keep the air-injection test zone within a pre-designated pressure range,

zones with high local permeability are tested with a greater flow rate than zones with low
local permeability. As a result, the outer—bohndary would have a smaller radius for test

intervals with a low local permeability and a greater radius for a test interval with a

higher local permeability. This is because a low-permeability zone, tested with a small

injection flow rate, will (statistically, based on the lack of spatial correlation in the

peﬁneability field) be located a short distance to a region of diffusivity sufficient to act as
a constant-pressure outer-bounc_iary. Iﬁ contrast, a high-permeability zone will be further |
from a region of sufficiéﬁt diffusivity to act as a constant-pressure outer-boundary fof the

larger injection flow rate. The dependency of the zone of influence on local permeébility

. is-counterintuitive since for a homogeneous medium both the low and high permeability

formation would have the same zone of influence if the flow rate is scaled to the

permeability.
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To quantify the effects of a variable distance. to an outer constant pressure boundary,
forward simulations were carried out using TOUGH2 with three different radii to the
‘boundary: 2.0 meters, 10.8 meters, and 93.0 meters. To generate synfhetic data the
formation was assumed homogeneous with a porosity of 0.005, and a permeability of
2.32x 10> m?. For all three simulations, inversions were then performed using
1TOUGH2 to determine a best-fit permeability ahd porosity with the distance to the

outer-boundary radius varied from 2.0 meters to 93.0 meters (Figure 4.2).'

As expected, Figure 4.2 shows that the inversion correctly estimates the forward
simulation permeability and porosity used to generate the synthetic data at the correct
radii to the outer boundary. Figure 4.2 also shows that there is only a weak coupling
between the estimated permeability and the assumed radius. However, the porosity is
significantly overestimated when the assumed radius is too small, and underestimated
when the assumed radius is too large. An example synthetic case air-transient with the
radius to the outer-boundary assumed to be 16.8 meters is shown in Figure 4.3. To
illustrate the potential for misestimating thé porosity based on the application of an
incorrect flow model, an inversion of thé forward model assuming 52 meter radius to the
outer—béundary is plotted along with the synthetic case. The resulting porosity estimate of
0.0004 is an order of magnitude less than the 0.005 porosity assumed for the synthetic
~case, yet the model fit is observed to be very good. Figure 4.3 illustrates the importance

of using the correct flow model to properly estimate porosity.
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Figure 4.2 Numericalinversions as a function of a variable distance to a constant pressure

radial boundary using porosity and permeability as fitting parameters. The arrow points
to the simulation used to generate synthetic data.
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Figure 4.3 Simulated air-injection pressure recovery data showing the influence the
assumed outer boundary radius has on the estimates for porosity and permeability.

For air-injection tests, inspection of crosshole pressure response data, collected at varying
distances from the injection interval, was used to determine a radius to set as the assumed
constant pressure head boundary. Since each air injection was monitored in 45

observation locations of varying radii from the injection borehole, a reasonable
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understanding of the geometry of the flow paths and spatial scale of the air injeétion zone
of influence can be made. As an example, rﬁaximum pressure responses to an air-
injection test in Borehole 58-3 are listed in Table 4.2. The measurements show that the
zones bet.ween 15 meters and 18 meters fail to provide a detectable crosshole pressuré
response (1% of injection pressure), but a measurable response is detected in 59-4, 16
meters from the injection zone. Based on the observations in Borehole 59-4, 61-4 and 60-

3, an outer-boundary radius of 16 meters is chosen with an uncertainty of +2 meters. It

should be noted that there are more zones at greater distances from the injection zone that

fail to provide crosshole response; they have been omitted from Table 4.2.

Table 4.2. Steady-state Pressure Responses as a Function of Distance to an Air-Injection
in Borehole 58-3

Location Distance from | Max AP | Response
(Borehole-Zone) | Injection (KPa) (>1% Piy;)
: (m) '
58-3 (Injection) 0.0 3.70 :
57-3 4 ‘ 0.38 Yes
57-2 ' 4 v 0.07 | Yes
592 6 ~[0.04 Yes
1 58-2 8- 0.07 1 Yes
1574 19 1.29 ‘| Yes
59-3 T2 0.93 Yes
603 15 0.0 No
59-4 16 11.22 Yes
614 18 0.02 No
60-4 ' 21 . 0.0 No

4.2.2. Pore Size Distribution Index Estimation of Gas Relative Permeability
Matrix gas permeability influences the air-injection pressure transients and neglecting it

would result in an overestimate of the fracture porosity. The matrix relative gas
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permeability is estimated here?n and this estimate is used in the next Section to investigate
model sensiti\}ity towards matrix gas permeability. However, it is important to note that
the matrix relative gas permeability is not the only féctor influencing fracture-matrix
flow. Many of the fractures in the Topopah Spring tuff are coated with varioué forms of
silica (quartz, cristobalite, and amorphous silica) [Sonnenthal et al., 1998], which tehd to
reduce the fracture—to-matrix permeability when they are deposited on the fracture
surfaces. No available measurements suggest the degree to which mineral coatings reduce
—.— _fracture-matrix-flow;-so the estimated matrix-gas-relative-permeability should-be

- Interpreted as a conservative estimate for predicting fracture-matrix flow interaction.

The Topopah Spring middle nonlithophysal tuff was determined in the laboratory to have
an intrinsic permeability of 1.5 x 1078 m? [Flint, 1996]. Because the matrix in situ liquid
saturation is 0.88, the effective gas permeability is expected to be considerably less than

* the intrinsic permeability. No measured relative permeability information eXists for this
unit. Fredlund et al. [1994] showed that a technique to predict relative gas permeability
based on capillary pressure/saturation data can provide useable relative permeability
estimates for soils. More recently, Dana and Skoczylas [1999] used the equations of
Brooks and Corey to correlate rock pore structure, determined through mercury
porosimetry and sorption techniques, with values of gas relative permeability for

sandstones.

The capillary pressure-saturation model developed by van Genuchten, [1980] albng with

a Brooks and Corey relative perméability model are applied to data collected in the
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Topopah Spring tuff to produce an estiri;ate for gas phase relative permeability. The van

Genuchten model for describing the capillary-preséure saturation behavior, as opposed to

the Brooks and Corey capillary préssure—saturation‘model, is being used because it better
: representé the capillary préssure as the formation approaches full saturation and the

capillary pressure approaches zero.

Van Genuchten’s [1980] model for gas relative permeability (1-k,;) is reasonable for
describing the fracture systém behavior, where large fractures would quiékiy develop a
continuous gas phase while the bulk of the fractures stay fully séturated. In coﬁtrast, the
Brooks and Corey [1964] model is more realistic in répresenting the expected gradual
increase in relative gas permeability as saturation decreases, owing to the relatively
uniform size of matrix pores, and hence the Brooks and Corey model as used by Dana

- and Skoczylas {1999] is used herein.

Following Van Genuchten [1980], the capillary pressure can be represented as a function

of the van Genuchten Parameters P, and m:

1-m

[)c =—Pae (Seﬁ"—_l/m —1) : (41)
- The effective saturation, Sep 1s a function of the liquid saturation S; and the residual

liquid saturation Sp:

Sy = - 4.2)

The water retention curve was determined for the Topopah Spring tuff using data
vacquired from a location approximately 400 meters from the DST [Flint, 1997], in the
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same lithostratigraphic unit. The van Genuchten parameters m and P,, were determined
to be 0.75 and 3.57 x 10° Pa _respectivelyl (Figure 4.4). The relative liquid permeability A

function can be written as

J_ﬂ{1 (- S‘/'" } (4.4)

The relative gas permeability as a function of the Brooks and Corey pore size distribution

parameter A is expressed as:

s =U=S)0A-8sgh - @S

. Morel-Seytoux et al. [1996] have shown that the Brooks and Corey pore size distribution

index A can be related to the van Genucten parameter m by the relation

A= 1+(2J ) 4.6)

m

The relative liquid and gas permeabilities, calculated using Equation 4.4 and Equation 4.5
respectively, are shown in Figure 4.5. The relative gas permeability for Topopah Spring
tuff based on the Brooks and Corey model at the average saturation of 0.88 (SCFO.SS and
Sy=0.2) and A=3.7 is 0.006. The effective gas phase permeability based on the Brooks
and Corey model is therefore ~ 1x102° m>. Thus, while the simulations in the next section
“investigate the effects of matrix gas permeability err a wide range of values, a
reasonable estimate for the matrix g’as permeability, considering thé existence of

permeability-reducing fracture coatings, should be a value less than 102° m’.
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Alcove #6: Borehole ESF-NAD-GTB#1
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Figure 4.4 Moisture retention curve for Topopah Spring tuff. Data was acquired from a

borehole located approximately 400 meters from the DST in the same lithostratigraphic
unit.
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Figure 4.5 Relative permeability curves for Topopah Spring tuff based on moisture
retention curve data and pore distribution theory.
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4.2.3. Matrix Porosity and Permeability

To quantify the effect of uncertainty in me}trix gas relative permeability, forward
simulations were conducted with an effective matrix gas permeability ranging from 102
m’ to 10> m® and fracture porosity in the range from 0.001 and 0.011. The forward
model syntﬁetic data was then inverted using an. iTOUGH?2 model that does not

incorporate matrix permeability. The difference in the porosity estimate between the

inversion solution and the forward simulation is the error introduced by the incorrect
model, which neglects the matrix. Figure 4.6 shows the relationship between the forward
model and the inversion porosity estimate as a function of matrix permeability when the
outer boundéry radius is held constant at 50 meters. Figufe 4.7 shows the result of the

same simulations if the outer boundary is set at 10 meters.

The omission of matrix porosity intfoduces a systematic error that is essentially
independent of fracture porosity. The error decreases as the distance to an outer boundary
is reduced, since the shorter the distance to-the outer boundafy, the less opportunity the
injected gas has to flow from the fracture system into the matrix. In the simulation with |
the 50 meter radius, the average error in the porosity estirﬁate decreases from 0.01 to
0.0006, as the matrix permeability decreases from 107 t0 10 m2 For the simulation
with the bo'undar}; at 10 meters the average error in the porosity estimate decreases from

0.002 to 0.0002 as the matrix permeability decreases from 10 to 102 m* Hence, the
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‘Figure 4.6 Fracture porosity estimates using a fracture only model (no matrix
permeability). Synthetic data was generated using a model with finite matrix permeability
(10‘22 m’ to 107 vmz) and the outer boundary set to 50 meters.

larger the flow domain, the greater the impact of the matrix porosity on the transient flow

and the porosity estimate.

To assess the influence of matrix permeability on the air-injection pressure recovery

transients, three cases were modeled with a variable fracture porosity. The time-
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Figure 4.7 Fracture porosity estimates using a fracture only model (no matrix _
permeability). Sglnthetic data was generated using a model with finite matrix permeability
(10'22 m? to 1072 m2) and the outer boundary set to 10 meters. :

dependent pressure responses are plotted in Figures 4.8—4.10. In the first and second case
the matrix permeability is set at 10"° m? and 10°% m?, respectively, and the fracture

porosity varies between 0.001 and 0.010 (Figure 4.8 and Figure 4.9). In the third case
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(Figure 4.10) the variation in fracture porosity is the same, but the matrix permeability is

set to a very low value of 102* m?

, i.e. essentially zero. The plots show that the greater
the matrix permeability, the less sensitive the model results are to the variations in the
fracture porosity. Consequently, it is apparent that estimates of fracture porosity based on

field measurements are subject to increasing error as a function of increasing matrix gas

-permeability.

4.2.4. Klinkenberg Flow

Klinkenberg theory [Klinkenberg, 1941] predi;ts that a gas will have a higher |
permeability than a liquid through small poreé based on “‘slip” conditions at the solid/gas
boundary during flow. The resulting expression for gas perméability as a function of the
liquid permeability is given as V

-kg =k (1+b/p)=k,(1+4C 4, /d) (4.5)
where b is the Klinkenberg slip flow coefficieﬁt (Pa), p is the mean gas pressure, C is a
proportionality factor, usually taken as 1, A, is the gas mean free path length, and d is:the
average pore diameter. The average pore:size for.the Topopah. Spring tuff:matrix can be
derived from the moisture refention curve data (Figure 4.4) using the capillary pressure

equation

d =wa (4.6)

where &y, is the water-air interfacial surface tension: The moisture retention curve is very
flat between 20 to 30 bars, indicating an average pore size of approximately 50 nm.
Taking the mean free path for air at STP as roughly 5 x 108 m, Klinkenberg theory
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predicts an enhancement of gas permeability by a factor of eight. This enhancement will
occur in the matrix and not in the fractures, since the fracture apertures are much larger

than the matrix pore diameters.

Air-K Recovery Transien1tgs : Outer Boundary = 50 meters
Matrix Permeability= 10"° m?
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Figure 4.8 Modeled air pressure recovery transients showing the influence of fracture

porosity with a fixed matrix permeability of 10™° m®.

71



Air-K Recovery TranS|ents Outer Radius 50 m
Matrlx Permeability=10?° m’

i '\‘\\\ ‘ ——— n=0.001
— R -
< - - | = = — - n=0.003
‘e 92500 it — - n=0.005
u s 1\ e 120,007
> | IR — —— - n=0.008
|@
| -
I -
o
90000 |

1 1
3600 3700 - 3800 3900
Time [sec]

Figure 4.9 Modeled air pressure recovery transients showing the influence of fracture
porosity with a fixed matrix permeability of 102’ m
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Fi gure 4.10 Modeled air pressure recovery transients showing the influence of fracture
porosity with a fixed matrix permeability of 10 m? (essentially no matrix).
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_ Nevertheless, instances_of dissimilar crosshole responses-at-equidistant-observation —

4.2.5. Flow Model Uncertainty '

In summary, the estimate of fracture porosity derived through the épplication of a flow
model analysis of air-injection data is subject to numerous uncertainties. Unccrtéinty in
the radius of influence can be reduced by looking at the interference test data that is
col_lected. The magnitudes of the interference responses at dbsérvation boreholes can

provide a useable estimate for the distance to a constant-head outer boundary. -

locations highlight the heterogeneous nature of fracture flow and point to the limitations

in applying homogeneous models.

The inﬂ'uence of gas flow in the matrix and Klinkenberg slip flow are more problematic

' to take into account and will cfeate significant uncertainty in th¢ fracture porosity
estimate. Moderate matrix pemieability and Klinkenberg slip ﬂow in the matrix will both

~erroneously increase the fracture porosity estimate. On the other hand, mineral coatings
on fracture surfaces may serve to reduce '&16 infl-uénce:fof‘the matrix by limiting
pennéability intd the matrix blocks. Finally, the exact fracture-matrix intéraction surface
area is unknown and would be difficult to constrain, based on the variability in the
fracturing throughout the formation. These limitations point to gaps in available data and
can serve as a guide for subsequent studies to reduce the uncertainty in estimates of

fracture porosity performed using air-injection testing analysis.
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4.3. FracturevPorosity Estimates from Air-Pérmeability Tests
Two air-permeability tests, Borehole 58-3 and Borehole 74-2, were selected for initial
analysis vof fracture porosity. They respectively represent locations that exhibit the higher
ahd lower permeability bounds for Topopah Spring tuff as determined through the |
steady-state air-permeability analysis (Section 3.1). Figures 4.11 and 4.12 show the full
- pressure transients acquired for the Borehole 58-3 an(i 74-2 air-permeability tests, along

. with several of the observation zones that showed significant pressure response. Note thét
the flow rate for the Borehole 58-3 test is 170 SLPM, while for Blorehole 74-2 it is 20
SLPM. rThe crosshole responses for the Borehole 74-2 injection test have been plotted on
a second Y-axis with an expanded scale, because the pressure responses are small
" compared to the pressure build-up in the injection borehole. The 'stevady—state air-
permeability estimate for Borehole 58-3 is 8.5 x 10" mz; for Borehole 74-2 it is 6.1 X 10°

'* m” (see Table 3.1).

The methodology for determining fracture porosity using air-injection pressure transients
used the following steps: (1) a transient flow model incorporating the testing gas injection
flowrate and bvo.\rehole geometry was developed; (2),' the measured data was inverted
using iTOUGH?2, to find the best estimate for both porosity and permeability as a
function of distance to an outer-boundary condition; (3) using crosshole pressure data, a
reasonable range at which to place the assumed outer-boundary radius was determined,
and using that range, éporosity estimate with error bounds based on the uﬁcertainty df

the distance to an outer boundary radius was established. Finally (4), a sensitivity
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analysis was performed using iTOUGH?2 to determine the significance of the porosity

estimate.

4.3.1. Flow Model Description
The same basic radial grid was used for iTOUGH?2 air-permeability inversions as was
used for conducting the synthetic TOUGH2 and iTOUGH2 simulations discussed in

Section 4.2 —with the exception that the matrix was not included in the simulations. The

___reason for gqglgq,ing,the;matdx_is.that,it_wou.lduadd»the-follc_>w—in-g unknown-or poorly— — -

understood parameters: (1) fracture spacing (which controls relative fracture-matrix

interaction area as well as matrix block size), (2) matrix gas permeability, (3)

Klinkenberg slip parameter and (4) permeability weighting factors to determine fracture-
matrix flow. As a result of removing the matrix, the estimate for fracture porosity should
be considered an upper bounding estimate. Any matrix effects will erroneously lead to
higher estimatés of fracture porosity. -The thickness of the radial model was varied to
match the length of the injectioh interval zone, Gas injection time in the simulation
matched the actual injection period used in the field test, and the gas-mass flux was set at

the controlled injection rate.

4.3.2. Sensitivity Analysis
Sensitivity analyses performed using iTOUGH2, are intended to be used to rank the

sensitivity of pressure measurements to model parameters. The sensitivity values are

-computed by summing the changes in the observation vector z with respect to the
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variation of the parameter vector p. The sensitivity values presented are weightéd by the
expected measurement error and scaled by the iﬁverse of the parameter variation
[Finsterle, 1997¢]. Inversion results as measured in the residual vector, r, will be most
- sensitive to permeability, which determines the magnitude of the overéll pressure change
as a result of the air-injection. The porosity, which controls the time transient towards the
-background pressure, has a smaller ihﬂuence on the elements of r. Based on aivisual
inspection c;f inversion results, -a ratior in sensitivity between log(k)-and ¢ greater than 100
was interpreted as showing that the inversion was too insensitive to ¢ to pfé)vide a
reasonable parameter estimate. This indicates that the pressure transient exhibits an
-extremely fast pressure decline, suggesting a very small fracture porosity and/or a close

outer-boundary radius.

4.3.3. Analysis of Borehole 58-3 and 74-2 Test Data

To apply the radial homogeneous mpdel, the outer boundary radius was estimated by
reviewing the 45 crosshole pressure responses and seiecting- a distance from the injection
wellbore at which no discernable pressure response is detected. This radius was used to
select an appropriate permeability and porosity value from the series of iTOUGH2
vinveréio'ns. Figure 4.11 and Figure 4.12 show the crosshole transient pressure data for
constant mass flux injection tests in Boreholé 58-3 and 74-2, res._pectively.. For the
borehole 58-3 injection, the radius to an outer boundary was located at 142 meters based
on the data shown in Table 4.2. Steady-state crosshole observation data for the Borehole .
74-2 in_jection test is shown in Table 4.3. Using this data, fhe outer-boundary radius was

located at 8+1 meters from the injection zone. ‘ -
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The results of the iTOUGH2 inversions performed on the air-permeability test recovery
transients, as a function of assumed outer bou.ndary, are shown in Figure 4.13 and Figure
4.14. The porosity estimates are 0.01+0.003 and 0.001+0.0001 respectively, based on the
rénge of outer boundary radii deemed appropriate. The final parameter estimates are
shown in Table 4.4. Sensitivity analysis shows acceptable sensitivitjtowards porosity as
determined by the criteﬁon established, since the sensitivity towarcis porosity is greater

than 1/_10,0th_thé sensitivity towards-permeability: Note-that-the-high-permeability zone -~ —

- results in a greater fracture porosity than the low-permeability zone, as would be

expected owing to the larger aperture and more densely spaced fractures associated with

higher permeability regions.

Table 4.3. Steady-state Pressure Responses as a Function of Distance to ah Air-Injection
in Borehole 74-2 ‘

Location Distance from | Max AP | Response
(Borehole-Zone) | Injection (Kpa) (>1% Piyj)
| (m) ,

.| 74-2 (Injection) 0 12.85
75-2 4 0.267 Yes
76-2 7 0.077 { No
74-3 7 0.000 No
74-1 8 0.203 Yes

- 175-3 9 : 0.034 No

175-1 10 0.000 No

76-1 11 0.089 No
76-3 11 0.000 No
77-2 13 0.030 No
78-1 15 0.000 No
74-4 16 0.000 No
78-3 18 0.000 No
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Table 4.4. Fracture Porosity Estimates for Radial Flow Models

Location Parameter Estimate Sensitivity
¢ k (m") ¢ [ Log(k) (m?)
58-3 0.01+0.003 5.7x10™" 321 2201 |
74-2 | 0.00140.0001 | 4.0x10™* 9974 26575
Injection in 58-3 Flow Ra‘te: 170 SLPM
4.00
3.50
3.60 { - —— 57-2 |__|
——————— 57-3
2.50 —n— 57-4 L
© —- 58-2
Q.
X 2.00 —— 58-3 [—]
' % w5t 59-4
1.50
i . e
6.50 | i
. w—gﬂ”‘“' )
0.00 o >
21:36 - 22:48 - 0:00 ' 112 2:24 3.36
) Time

Figure 4.11 Air pressure transient for Borehole 58-3 constant mass flux air injection test.
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Figure 4.12 Air pressure transient for Borehole 74-2 constant mass flux air injection test.
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Figure 4.13 Finite radius radial flow model analysis of 58-3 pressure recovery data.
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74-2 Air-K iTOUGH? inversion
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Figure 4.14 Finite radius radial flow model analysis of 74-2 pressure recovery data.

44 Borehole 75 and Borehole 76 Analysis

To facilitate a comparison of porosity estimates between the air-permeability transient
- recovery data and the gas tracer porosity estimates, parameter estimates were performed
using data from -air;peﬁneabi!ity tests conducted in Borehole 75-2, 75-4, 26—2, and 76-4.
The full air-permeability test préssure transients for Borehole 75 injection tests are shown
in Figure 4.15, -with Borehole 76 injection tests shown jn Figure 4.16. For both Borehole .
75 air—penﬁcability tests, measurable pfessure responses occurred in the distant
boreholes, Borehole 185 anﬁ Borehole 186. The permeability values established using

steady-state analysis for Borehole 75-2 and 75-4 are 1.5 x 10 > m*and 7.2 x 10 m*

réspectively. Both"values-are above the mean formation permeability of 1.3 x 10" m%.
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The Borehole 76-2 and 76-4 permeability values are at or below the mean formation

permeability value, at 1.3 x 10> m? and 8.6 x 10"®> m? respectively. Table 4.5 shows the

- best-fit numerical porosity and permeability results as well as the pafametef sensitivities

obtained from the iTOUGH2 inversion.

Table 4.5. Parameter Estimates and Sensitivities for Borehole 75 and 76 Air-Injection

Tests
Location Parameter Estimate Sensitivity
o k (m?) o Log(k) (m%)
75-2 - 10.001540.0005 | 1.6x10™"* 8,467 504,700
754 — — —0.014+0.005  85x10*™ — 1227 716,706 =~
76-2 * 1.2x10™" 6 20,685
1764 * 3.5x10" 75 37,840

* No porosity estimate given; porosity sensitivity <1% sensitivity exhibited towards

log(k).
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Figure 4.15 Air pressure transients for Borehole 75 air-injection tests.
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‘Figure 4.16 Air pressure transients for Borehole 76 air-injection tests.
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The sensitivity of the Borehole 76 inversions with respect to porosity are negligible,
making them incapable of providing reliable porosity estimates. In contrast, the Borehole
75 tests have reasonable sensitivity towards porosify. Figure 4.17 and 4.18 show the
iTOUGH2 inversions of the data to best fit the Borehole 75 pressure transients. The
assumed outer boundary radius for the Bofehble 75-2 test was 22+5 meters; and for the
Borehole 75-4 test it was 1412 meters. Figure 4.19 shows the measured and modeled
best-fit pressure transients for the Borehole 75 simulations. The best-fit porosity based -
upon the above simulations is 0.0015 for the 75-2 air-injection test and 0.014 for the 75-4

air-injection test.

‘Overall, the air-injection test analysis results in permeability estimates which range from
1.6‘><10'15 t0 9.7x107". The porosity estimates range from 0.001 to 0.014. This value is
significantly greater than the value-of 0.00027 that was arrived at by others applying

-hydraulic aperture analysis. Many -unéertainties in the applied flow model point to gaps in
available data, and lead to reduced confidence in the pérosity‘-parameter estimates. In the
niext section porosityxestimateswill be obtained'by analyzing crosshole ‘gas tracer tests .
conducted in the same locations as the Borehole 75 and Borehole 76, Zone 2 and Zone 4

- air-injection tests. As will be shown, the tracer testing derived estimates compare

' favdrably-with the air-injection test es,timates, indicating that the hydraulic aperture

estimates are too low.
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75-2 Air-K iTOUGH2 inversion
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Figure 4.17 Best f1t porosity and permeability as a functlon of d1stance to an outer
boundary radius for Borehole 75-2 air-injection test.
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Figure 4.18 Best fit porosity and permeability as a function of distance to an outer
boundary radius for Borehole 75-4 air-injection test.
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Borehole 75-2 Air-Injection Test: Radial Model
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Figure 4.19 Radial model simulation of Borehole 75-2 and Borehole 75-4 air-injection




5. Tracer Test Results and Analysis

5.1. Introduction
Very little prior work has been performed on the use of gas tracer testing to determine the
porosity of fractured rock in the unsaturated zone. To date, gas tracer testing has

primarily been used to investigate zone-of-influence/capture testing for producing natural

g4as TESETVOITs or chiaracteriZzation of gas transport to assist in desigiing soil vapor

- extraction remediation systems. Olschewski et al. [1995] performed SF¢ gas tracer tests to
aid in characterization of soil transport parameters for improving soil venting operations.
The use of a gas tracer to test the structural integrity of an engineered subsurface
contaminant barrier system was discussed by Heiser [1994]'. Vapor-phase
chlorofluorocarbon tracers were used by Adams et al. [1991] to study liquid injections in

~ depleted geothermal reservoirs. The U.S. Army Corps of Engineers [1997] briefly |

'mentidn the use of tracer gas injection to delinéate the zone of influence for assisting in
designing air-sparging syétems. Ina laﬁoratory study, using a 20 X 92 x 21 cm block of
‘tuff containing a single fracture, Rasmussen [ 1'995] used ;gés tracer techniques to

determine fracture volume and compared the results with gas pycnometer test results.

In contrast, tracer testing has been extensively used to determine saturated zone transport
parameters and aquifer characteristics. Davis et al. [1980] review many studies conducted
in the 1960s and 1970s that used conservative and nonconservative tracers. Dilution point

tests were conducted by Drost et al. [1968] and Grisak et al. [197.7] to determine
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grqundwater flow ve‘loc‘ity. Tracer investigations in karst flow systems were carried out
by Arandjelovic"[1977], Baﬁer and Zdtl [1972], and Gardner and Gray [1976] in an effort
to understand the nature of conduit flow. Fluorocarbon groundwater tracer tests were —
conducted by Thompson [1977] to détermine the groundwater velocity and effective
porosify in a shale underlying landfills at Oak Ridge National Laboratory. More recent
groundwater studies that have led to further develdpmeﬁt in tracer test analysis. inplude _.
the natural gradient tracer tests conducted at the Borden Site in Ontario, Canadé [Sudicky
1986; Bellin et al. 1996] and the Cape Cod Tracer test conducted in Faimduth,
Massachusetts [LeBlanc et a].1991; Garabedian et al.1991; Ezzedine and Rubin, 1997;

\ Woodbury and Rubin, 2000]. Both of these studies were conducted in sand and gravel

" aquifers, and analysis focused on the spatial variability of aquifer parameters and plume

spatial and temporal moments.

Dipole tracer testing has also'been carried out in the past for groundwater transport
éharacterization. At the Finnsjon research area in Sweden, dipole tracer tests weré
conducted through several hundred meters of crystalline-rock by Kimura and Munakata, .
[1992]. They used a numerical mociel to computethe effective fracture .pofoSity. They
noted that the effective flow porbsity computed using a variable aperture model, 0.012 m, |
is much g.reater.than the aperture calculated from hydraulic interference tests, 0.00051 to
0.0012 m. Another series of dipole tests were conducted in crystalline rock at the Grimsel
Test Site, Switzerland by Herzog, [1991] and Hoehn et al. [1998]. They an.alyzed the

results using a streamtube model, which incorporated longitudinal dispersion as well as

matrix diffusion. Dipole tracer tests were also conducted at the Raymond Field Site,
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Raymond, CA [Karasaki et al., 2000] to investigate formation anisotropy and scale

dependence using a suite of tracers.

In the present study, the analysis of gas tracer test data from Yucca Mountain was
performed first by a simple a;nalytic method assuming cylindricél plug flow (Section 5.2).
Since this model does not take into effect diffusive and dispersive processes, and assumes
a single-straight-line flow path, the porosity estimate :geﬁerated by applying thé plug-flow
‘model will ovélfpredict the actual-fracture porosity. Hence, to take into account molecular
diffusion and macrodispersive processes a random-walk particle—tracking model was also

-used to analyze the tracer test results (Section 5.4).

5.2.  Cylindrical Plug Flow Analysis

First-order énaljtsis of the collected crosshole gas tracer data can be performed assuming
that the gas advectively flows along a one-dimensional streamline from the injection
location to the extraction location. The injection flow rate is not incorporated in
computing a streamline velocity from the:injection to-the withdrawal borehole. Figure 5.1
shows a schematic of the cylindrical flow model. The equatibn describing the average

. travel time, tso, along a cylindrical flow path is

tso =] % - (5.1)
where r represents the radial distance to the withdrawal borehole and v(r) is the

cylindrical flow velocity. The cylindrical flow velocity, assuming a borehole length, [, is
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vir)=—=- (5.2)

The “average” tracer arrival time, #50, needs some further elaboration. An average tracer

arrival time can be computed using the equation:

Tec(e)de

Ic(t)it ,

1=0
This equation accounts for the fact that tracer 'recoVery:-is frequentlyless than 100% by
normalizing the time weighted cumulative mass recovery by the actual mass recovery. It
should be noted that the mass breakthrough curves (see Figures 2.14-2.16) have long
tails which cannot-be reconciled using the simple plug flow assumed in Equation (5.1)
and (5.2). This tailing is known to be caused by both diffusive and dispersive processes,
neglected by the simple plug-flow model. Therefore, a more sophisticated analysis which

considers both diffusion and dispersion is discussed next. The expression for fracture

porosity can then be wﬁtten using Equation (5.1)and (5.2) as‘

_ Q15

5.4
ol

¢

‘Fracture pqrosity valués computed using E.quation (5.4) for the three crosshole tests are
* shown in Table 5.1. These results should be taken as upper bounds on fracture porosity,
sincé the .diffusi‘ve and dispersive processes will act to retard the arrival of tracer along
tﬁe straight-line cylindrical path assumed here. Any re.tardation of the arrival by a process
other than the plug-ﬂow advection or deiay caused by deviation frorﬁ_ the assumed
straight-line flow path will increase the estimated fracture porosity computed using

Equation 5.4.
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Table 5.1. Plug-Flow Tracer Analysis of Crosshole Tracer Data

Tracer Test Zone length (m) tso (min) Ofracture
76-2-75-2 10:1 7.93 , 67 | 010
76-2-75-2 30:1 7.93 | 56 .006
76-4-75-4 10:1 - 19.12 294 .009
: Qwithdrawal T .
D -
T
| < Loy o
A - | g)
L —
\7 { N |
L

Figure 5.1 Plug flow advective model used to estimate fracture porosity.

5.3. Transport Model Considerations

The limitations of the cylindrical plug flow model used above are numerous. While it is
expected that advection will be the dominant process in gas tracer teets.conducted under
large pressure gradients, the effects of diffusive and dispersive processes are clearly seen
by the spreading and long tail in the tracer breakthrough curves. Also, the flow paths
created by the dipole-flow field are not well represented by the single straight-line flow

path assumed by the plug flow model.
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5.3.1. Matrix Inﬂﬁence on Tracer Testing

Thé effects of gas transport iﬁto the low-permeability matrix, which was shown to

si gnificantly influence the porosity estimates prbvided by analysis of the air-injection
data, is not shared by the tracer tests. In the crosshole gés tracer tests, the dipole pressure
field was brought to a steady state prior to the introduction of any trace gas. Since the
matrix was given time to come into pressure equilibrium with the fracture network, no
advective drivin‘_g. force exists between the fractures and the matrix. The huff-puff test has
a pressure gradient from the fractures into the matrix during the injection period of
testing, but this gradiént is reversed during the subsequent gas withdrawal. Theofeticélly,
the advective coniponent of transport from the fractures into and out of the matrix is

canceled for the huff-puff tuff.

Diffusion into and out of the matrix still does occur and influences the results of the gas
tracer tests. Matrix diffusion will spread the tracer plume by creating stagnant regions, ‘
increasing the formations apparent dispersivity. In this study;.the:process-of diffusion into
the matrix is lumped into the dispersion coefficient ana treated as a Fickian process. In
- recent years, there has been a significant effort to move Beyoﬁd the Fickian descript-ionv of
transport using both stochastic and deterministic methods. These methods and their
relationship to-this work is diséussed in the next section. In general, the ability to
perform field measurements to estimate the parameters necessary to apply these more
complicated quels greatly lags the development of these models. It is because of this

lack of more detailed transport process information that a Fickian description of diffusive
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and dispersive transport has been incorporated into the analysis of the tracer tests

reported herein.

5.3.2. Prior Work on Fractured Rock Tracer Transport

Neretnieks [1983] discussed transport processes occurring in fractured media that lead to
dispersion. These include molecular diffusion, velocity variations within a single fracture,
velocity variations between various fractures, and chemical and physical reactions with
the surrounding rock mass. Tsang and Tsang [1987] introduced a channel model that uses
a stochastic approach to icientify fracture aperture distribution and spatial correlation
length to describe the “channels” through which flow occurs. A later paper by Tsan g et
al. [1988] further investigated the volume of these flow channels and relates the fracture
aperture density distribution to a ca\lculatioh of dispersion using the tracer mass-

breakthrough curve data.

Laborétory studies have been conducted bn single fiésures in granitic rocks by Neretniéké
et al. [1982] and by Moreno et al. [1985]. Anovther iﬁteresting study on ﬂOIW geometry
and dispersive mechanisms was conducted by Keller et al. [1999]. Théir study of
transport used comphted tomography X-ray scanning to analyze aperture variation on a
160 mm long granite core to predict tracer dispersioﬁ. The quantity and quality of
information on fracture aperture Variatioﬁ and channel geometry obtained by Keller et al.
[1999], while i’mpressivé, is simply impossiblé to obtain at the field scale. Even if that

type of detailed information was available for a few discrete fractufes, the ability to apply
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the same model to larger and larger hierarchically scaled features that intersect in three- '

dimensional space does not exist.

While these laboratory studies provide great insight into dispersive processes and fracture
\./olurvne, they provide little understanding of larger-scale behavior. Perhaps the m0>st
relevant insight into the gas tracer tests presénted due to similarities in rock properties 1s

- the transport studies conducted by Haldeman ét al. [1991] in a-porous block of tuff with a.
-single fracture. However, their study showed how three different tracéf-tes’ts within the
same fracture produced widely vafying estimates for the fracture dispersivity,‘ o (0.02 m.
to 8.01 m)r This study points out the complexity of understandin'g transport in a single

_ fracture under laboratory conditions, and highlights some of the problems faced by trying

to perform measurements at the field scale.

‘Fiéld studies in saturated fractured rocks have "been conducted on the scale of a few.
meters to several hundreds of meters. Expeﬁments such as at the Stripa migration
experiment in Sweden [Dverstorp et al.; 1992] in granitic rocks have been énalyzed using
discrete fracture models. Double_ porosity flow models'have been -uéed ;tof,énalyze tracer
tests in the Cuélubra dolomite [Ostensen, 1998] at 1the Waste Isolation Pilot Plant in New

Mekxico.

Despite the prior work on fracture tranéport at the laboratory and field scale, there is no
generally accepted theory on obtaining a field-scale fracture porosity estimate using

readily measurable input parameters (such as permeability or fracture frequency). .The
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areas where measurements have been made and models have proven to be tractable are at
the laboratory scale, working on single fractures. This dissertation provides the
framework for conducting tracer tests that can be reduced to provide a simple porosity

estimate at the field scale.

5.3.3. Fickian Transport

- The physical basis behind Fickian diffusive transport is relatively well understood at the

—molecular level. For binary gas pairs not at highly elevated pressures, diffu‘sivé'tr’aﬂs’port

follows kinetic gas theory fairly well [Bird et al., 1960]. The applicaﬁon of Fickian

- diffusive tranSport theory to describe macrodispersive processes is less accepted,
although widely used. Gelhar et al. [1992] presented the analysis of transport at 59
different field sites that were all described with the Fickian macroscopic dispersion
c_oefficient, D. Berkowitz and Scher [1995] investiggted the adequacy of spatial
averaging, inherent in Fickian transport, to describe obsetvations of “anomalous”
dispersive transport procéssess. They determined that formation connectedness, or é
tracer’s “‘encounter” with a representative range ahd'«si-ze of fractures will justify the use

- of .“representative elementary volume” (REV) representations of the formation and the

- applicability of a constant dispersion value.

Margolin and Berkowitz [2000] and Kosakowski et al. [2001] have applied a continuous
time random walk (CTRW) model [Scher and Lax, 1973] to analyze tracer data. Using
CTRW depends on knowledge of the mean size of local heterogeneities. The

“dispersivity-like” parameter, 3, used in the CTRW has been presented as a physically
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‘plausible model to account for observations of non-Fickian transport. Berkowitz and
Scher [1995] use a general probabilistic function yfs,t), where ¥{s,t) is the probability
that in é unit‘ time, a particle will be transported a distance s, with arrival time ¢. The form
of y(s,t) used by Kosakowski et al. [2001] is Y s,t)—afl b for large t, with Fickian
transporthoccurring when [>2. The CTRW model is a general transport model that '
includes Fickian diffusion as a special case. For <1, such as resulting from fitting
transport tests conducted in fractured till [Kosakowski et al., 2001], the mean travel time
for tracer transport was found to be infinite. This result; described as accounting for
fegions of stagnant flow, is nonphysical and uncharacteristic of the gas tracer tests
conducted aé part of this study. Therefore, in this study, it is assumed that the ,

macrodispersive spreading can be accounted for by a Fickian model.

54. Random-Walk Particle Method

An attempt was made té analyze the gas tracer test data by applying the TOUGHZ
numerical simulator, which incorporates Fickian transport mbdeling capabilities.
However, becaﬁse of the high Peclet number:associated-with:the rapid advective gas-
tracer transport numerical dispersion was significant. The application of av:fin'ite
difference model, without the addition of froﬁt-tracking—type correction schemes, is not
possible! It was therefore decided that a random-walk particle method (RWPM),
incorporating Fickian transport, would be a reasonable approach to model the Topopah
Spring tuff gas tracer data. The RWPM has long been used to analyze both conservative
and reactive transport within. porous media [Ahlstrom et al., 1977; Prickett et al., 1981;

LaBolle et al., 1996].
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In the standard continuum model description of porous media, dispersivity, o, is lumped
together with molecular diffusion to give a bulk dispersion coeffieient,
D'=D,, +ow (5.7
where Dy, is the molecular diffusive component and v is the average advecti\)e velocity. |
To account for both gaseous 'diffusion and dispersion that occur as a result of the varying .
channels through fractures that the tracer can:take, the ' RWPM:that was implemented
_ _'iﬁefc')fporated tﬁe jvieilocity.deﬁeﬁvde&t‘ dispersioﬁ 'eoefficient shown in Equat'io'nw(i5.7).
Because of all the uncertainties in modeling flow within a fractured system, the

- implementation of a 3-D simulation to account fer the end effects of the finite-length
injection and withdrawal boreholes would only add minor -y.ariations to the results, which
are insi.gnificant given the overall uncertainty. The RWPM implemented tracked particles

“injected” and “withdrawn” in a 2-D Cartesian system.

Mathematically, the center of the injection borehole was taken as the origin of a Cartesian
flow system and the extraction borehole was placed at the coordinate (r,0) where r

" represents the average separation between the injection and 'withdrawel borehole.
Because the injection and withdrawal wells were inclined from each other for the
crosshole tracer tests, a geometric trick was used'to simulate this varying distance. The
particle track was started along a circle centered around the origin with the radius, ro,
equal to one-half the difference between the distances at the ends of the injection and

withdrawal boreholes. An angle, B, selected using a random-number generator
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N

determines the exact position on the circle. The resulting starting coordinate is then
(rocosp, msinB). The advective velocity in the steady-state flow field was computed as the
-sum of the vectors of two superimposed radial flow fields, yielding

Vv, =V_,.+V (5.8)

x = Vx,inj Y x,with

5.9)

vV, =V +v

y = Vy,nj y,with

. where the velocity field contribution caused by injection was written as’

(vxinjyvy inj): Qi"j 2 a 2 Qi"j 2 y 2 (510)
' ' 27d¢ x"+y” 27 x" +y

and the velocity field contribution caused by withdrawal was written as

; X—X .
‘(v.x,with’vy,with): anh ) 20 9 ,watth p) Y 2 » (511)
. 27¢ (x—x, ) +y* 270 x* +y

where x, represents the average radial seéaration .between the injection and withdrawal
-borehole. Superimposed over this flow field was an added motion to the particle resulting
from the velocity-dependent dispersivity, D* as shown in Equation (5.7). The added ‘
“walk” of the particle from .dispersivity;was calculated using a random—number generator
that returns numbers, X and Y , with a mean of zero and a'standard deviatiop:of one.- The
actual displacement calculated for each particle displacement, for a time increment of Az,

was

x=x+v,Ar+ X,[2(D,, +ov)Ar) o (5.11)

mol

y=y+lv, A+ v 2D, +ov)r) - (5.12)
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This includes both the advective component as calculated by Equation (5.10) and the
random-walk macrodispersivity. A total of 5,000 particles were tracked for each tracer

transport simulation.

5.5. Inversionlof RWPM Results
. 5.5.1. Crosshole Tests

History matching of the RWPM simulations and the field-test data was carried out in the
(¢, o) parameter space. A least-squares 'fninimum objective function, S, fitting the
RWPM simulation with the field data was found for each of the three crosshole tests and
~ the huff-puff tracervtest. A minimum for § was determined for each teét. The best fit
model for each crosshole tracér data set is shown in Figures 5.2, 5.3'3 and 5.4. Figure 5.5
shows S contoured thioughout (([),_ o) space for each tracer test. An uncertainty
investigation of S in the (¢, o) parameter space is performed in the next section.

For the three weak-dipole tracer tests, the best-fit porosities rénge from 0.002 to 0.004.
Best fit o vélues range between 0.6 m to 1.6 m. The objective function § deterfnined for
the 30:1 dipole test in Borehole 76-2 and the 10:1 dipole test in Borehole 76-4 are
qualitétively very similar. The effecﬁVe gas diffusivity is a function of advective velocity
as shown in Equation 5.7. Average adVective velocity for each RWPM simulation was
calculated by summing the total displacements caused by the advective flow field and

bdividing by the total travel time taken for all the particles introduced into the system.
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Table‘ 5.2 shows the besi-fit porosity and dispersivity for each test, along with the average
advective velocity. It is evident that tracer spreads considerably due to dispersive
processes (because of different advective paths through the tortuous fracture network). It.
is clear from Figures 5.2, 5_.3; and 5.4 that the Fickian model applied captures th¢ long
tailing observed for the cross-hole tracer tests. Saturated formation groundwater tracer
studies performed in granitic rocks at the Grimsel Test Site, Switzerland [Frick et al.
1992] and at the Raymond Field Site, California [Karasaki et al., 2000] reveal similar

long tails and large dispersivities.

~ A normalized best fit for all tests was calculated using S, as the normalization factor to
equally weight each cross-hole tracer test and then summing the normalized objective
_ functions. The summed normalized best-fit porosity was found to be 0.003, with a

dispersivity of 0.8 meters.

Table 5.2. RWPM Tracer-Test Best-Fit Results

- | Tracer Porosity | Alpha | Average
| Test ' (m) Advective ,
Velocity vagy -
(m/s)
76-210:1 | .002 1.4 1.62x10°
176-230:1 |.004 0.6 1.40x10°
76-4 10:1 | .003 0.8 5.43x10*
Huff-puff | * 0.0. *

* No porosity is given because the simulation is only weakly dependent on the porosity

value.
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Borehole 76-2 10:1 Tracer Test
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Figure 5.2 Borehole 76-2 10:1 dipole tracer test RWPM least-squares best fit:

Borehole 76-2 30:1 Tracer Test
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Figure 5.3 Borehole 76-2 30:1 dipole trécer test RWPM least-squares best fit.
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Borehole 76-4 Tracer Test
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Figure 5.4 Borehole 76-4 10:1 dipole tracer test RWPM least-squares best fit.
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Borehole 76-2 10:1 Tracer Test Borehole 76-2 30:1 Tracer Test
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Figure 5.5 Least-square fitting of RWPM simulation to gas tracer data.

5.5.2.. Parameter Uncertainty

The cletennination of parameter uncertainty follows the estimation-identification problem
studies performed by Finsterle and Pruess [1995]. If the RWPM model follows linearity
and normality assumptions, then we can determine an elliptical confidence region for éur

estimated parameter vector, p, consisting of the unknown parameters o, and ¢. The
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as_sumption of normality implies that the esti-mat‘ed error Varianée is arandom v_élue, in

which the sample of random values tends towards normal as the sample size becomes

sufficiently lérg’e. Linean‘ty assumes. that within the région covered by the conﬁdencev )

region, the model behaves linearly. The determination of the IOO(I-OLS)%‘cbnfidence'

region is defined by the region in which the difference between the objeciive function, S,
: 'deiermined at p, and S at p, where p is the optimum parameter'set, meets the criterion

[Donaldson and Schnabel, 1987]

S(p)-S(p)< sinF, (5.11)

n,m—n,l—ax

-where- sg- is the a posteriori estimated error variance and is a quantile of the F

‘n,m-n1-c

-distribution. The probability that a parameter set is accepted while false is given the
symbol o5, with the subscript S used to differentiate it from the dispersivity o. The a

posteriori estimated error variance sy can be computed for each tracer test as

min "‘ :  (5.12)

Where m is the number of concentration.observations (model (l)bservations:) and n ié the‘
diménsion of the vector p. For the crosshole:tracer tests conducted in Bor;hole 76-2, 10:1
~dipole and 30:1 dipole, and the Borehole 76;4 10:1 dipole, the number of observations
Llsgd to coihpute Sis 42, 47, and 87 respectively. The value of F, ,_,,_, forthe 95%

confidence interval, os=0.05, is appfoximately 3 for all three crosshole tracer tests. The

region of confidence is defined as the region within the S contour defined by

(5.13)

n,m-n,l-a; .

S<S_. +senF
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‘Approximating the S contbur as a ellipse, which encircles the region defined by Equation
(5.13) provides a simple graphical determination of marginal and conditional standard
deviations for each parameter in p. Figure 5.6 shows graphically the determination of
both the marginal, Op.i, and conditional, 6, ", standard deviations for parameters in p, as
defined by an elliptical confidence region for the Boreﬁole 76-4 tracer test. The |
conditional standard deviation is smaller than the marginal standard deviation, since the
conditional standara deviation for a parameter:assumes:that 'ali=ﬁother:-parameters are
known exactly. Similar confidence regions were determined for the Borehole 76-2 10:1

- and 30:1 tracer tests and are éhown in Figure 5.7 and Figure 5.8 respectively. The

determination of transport parameter confidence ‘regions by the criteria of Donaldson énd

Schnabel [1987] is validated by the smoo_th, well;behaved isolines of S, which closely

mimic the theoretical ellipses applied. Relevant variables calculated for the paraméter

- uncertainty analysis for the three crosshole tracer tests are shown in Table 5.3. The results

show that the estimates provided for p have very high confidence based on the model

applied, as indicated by the very small confidence regions.

Table 5.3. Parameter Uncertainty Analysis Based on A’ Posteriori Error Variance

| Tracer Test | Spin m | g2 | O Gy oy |0y

176-210:1 0.074 {42 |0.011 0.15 ]0.0002 | 0:15 | 0.0002

|1 76-2 30:1 0.031 [47 10.0038 |0.17 {0.0008 | 0.12 | 0.0004

76-4 ~1 0.669 | 87 |0.047 0.55 |0.0012 | 0.35 | 0.0006
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'Figure 5.6 Graphical representation of the estimation-covariance matrix shown as an
elliptical confidence region for the Borehole 76-4-gas tracer test. The prime indicates
‘conditional standard deviation. ' ‘
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Borehole 76-2 10:1 Tracer Test Smin=0.074
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 Figure 5.7 Graphical representation of the estimation covariance matrix shown as an

~ -elliptical confidence region for the Borehole 76-2 10:1 gas tracer test. The marginal and
_conditional standard deviations are approximately the same.
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Borehole 76-2 30:1 Tracer Test S_ =0.027
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Figure 5.8 Graphical represéntation of the estimation covariance matrix shown as an
;ell1pt1cal confidence region for the Borehole 76-2 30:1 gas tracer test. The prime
indicates conditional standard deviation. :

5.5.3. Huff-Puff Test

The huff—puff test objective function‘ldisplays a very different structure compared to the
crosshole tests. The major qualitative difference in flow between the huff-puff test and
tﬁe crosshole tracer tests is that the huff-puff test will not be influenced by flow
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channeling, which leads to macrodispersive spreading of the tracer plume. The distance
over which gas is advectively transported in a flow channel during tracer injection is
equal in magnitude and opposite the distance the gas travels during the withdrawal
portion of the hnff—puff test. Ideally, we can conceptualize that a pulse input of tracer will
- spread out through different channels at different velocities, but when ‘.the flow direction
" -1s reversed, they will all arrive back at the withdrawal point at the same time. Matrix
diffusion (which is attributable tn molecular diffusion:from:the fractures in‘tn the matrix)
will retard tracer transport and molecular diffusion within the frncture network Wili'

spread tracer in both the huff-puff test and the crosshole tests.

The huff-puff test separates macrodispersive processes attributable to flow channeling
from molecular diffusive processes. Only gas diffusive processes will “spread” the plume
during’a huff-puff test. The best-fit huff-puff inversion is shown in Figure 5.9. Figure 5.5
‘shows the structure of the least-squared-fit objective function in (¢, o0 npace with the
optimal value for o near 0. This result is expected, because the macrodispersive flow

channels that o accounts for should not be apparent in a huff-puff test.

' A mo:re dctailed investigation Of the best-fit parameters in (¢, Dmo;) space with 0c=0,
shows that some sensitivity to porosity and glso to the assumed value for molecular
diffusivity exists (Figure 5.10). The estimated molecular diffusivity ranges between 1 x -
10* vm2/s to 4 x 10 m%, as porosity is reduced from 0.004 to 0.001. This is greater than

the molecula.rvdiffusive value assumed for the tracer in air, which is foughly 2.3x 10”
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m?/s. The mdleeulér diffuéion velpe determined using the RWPM model partially reflects

the mixing process tracer gas undergoes within_vthe l.)ore.hole, prior to its entering the

formation'. Since the 7.81-meter-long injection zone in Borehole 76-2 holds 32 liters of

- -air when installed equipment is accouﬁted for, the injected tracer gas will mix With the

gas within the wellbofe prior to entering the forﬁ1atioﬁ. This'nﬁxing will meke the |

~ withdrawal gas stream mo;e dilute tﬁan if the gas were injected directly into the

formation. |

The expected dilution from Weilbore mixing caﬁ be computed by looking at the Volufﬁe

- injected in comparison to the wellbore volume, with the assumption of a batch mixing |
process. In the 20 rrﬁnute‘injectien, 200 liters were mixed with 32 liters of air in the
wellbore. This would account fora redection of injection gas concentration f;om 100

'PPM to 86 PPM. The actual peak withdrawal concentration for the huff-puff test was 58
PPM. Both matrix diffusion and borehole mjxing are therefore contributin.g to the gas

-diffusivity appearing ‘greater than the molecular diffusive value.
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Figure 5.9 Huff-puff tracer test RWPM least-squares best fit.
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Figure 5.10 Objective function for huff-puff tracer test inverted in (¢, Dmo1) space.

111



6. Discussion and Conclusions

6.1. Comparison between Air-Injection and Tracer Results
A compaﬁson between thé air-permeability and gas tracer-testing results lead to different
fracture borosity estimaies; however, they afe of similar magnitudes (see Table 6.1).
Based on the uncertainty analysis for the-gas tracer tests, ahigh degree of confidence is
placed ﬂorll the parameter estimaie’ for fracture-porosity in the gas vtracer-.tevs:t} model. The
aif-permeability porosity estimate is considefed more uncertain than t»he tracer estimate.
beéau_se of the sensitivity to the assumed flow model and fhe string of conditionalA

arguments presehted to account for matrix gas permeability. -

In this work, fracture porosity estimates. rely on either a measurement of the gas storage -
volume of the fractures (as intérpréted by observing gas pressure transients in air-

- injection tests) or the time requiréd for transport of a solute from one locatioh to. another.
Assuming both air;inje_é:tion and gas tracer.:testing,quels:‘are' v,alid:represgntations of the
physical processes, then we cén comparei’the"disparatc_‘;physicél -s:processespgﬁi'n' both models
_to assess the expected outcome of performing the two tests on the same region of the

formation.

Air-injection tests will measure the pore space in all connected fractures, including dead-
end fractures that do not participate in advective transport. Gas tracer tests, alternatively,

- measure only fractures that are kinematically connected between the region of tracer
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injection and the region of tracer withdrawal. Because of this difference, the air-injection
tests are expected to provide estimates of fracture porosities that are equal to or somewhat
larger than the gas tracer tests. Note that this argument is different from the arguments
presented in the literature concefning comparisons between hydralilic and tracer aperture
estimates [Silliman, 1989; Tsang, 1992], which are predicated on fracture aperture
,.va'riation’s effect on steady-state flow. The air;injection test ahalysis performed here is

based on transient flow- analysis and measures-a different process.

Based on.the limited number of data points contained in Table 6._1‘, the air-injection and
gas tracer test results do not follow the conjecture that gas-tracer-test porosity estimates
will be smaller thah air—pe;rfneability-transieht analysis‘estimates. The differences:
between.the gas tracer and the air—pemeébility porosity estimates may derive from the
fact that-even conducted near the same borehole locations, these tests have different
regioﬁs of influence. Gas-tracer-test flow paths are confined to a volume extending
between the injection and withdrawal boreholes, while the air-permeability tests have

been shown to have a zone of influence that-extend-out radially 10 meters or more.

- Table 6.1. Porosity Estimates Using Both ‘-Air-Permeab-ility and Gas Tracer Testing
~ Analysis ' :

| Location - | Air-Permeability Estimate | Gas Tracer Estimate

(Radial Model)
76-2-75-2* 0.0015 ~1.0.002-0.004
76-4-75-4* . 10.014 _ 0.003
58-3 : 0.01 ' _ #
1742 -0.001 #

* Tracer test conducted between zones. Air-injection performed in Borehole 75.
# No tracer test performed at this location
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The ai;—permeability estimated frécture porosities included in Table 6.1, which ivary from

0.001 to 0.014, are considered to be reasonable based on what is known about tﬁe spatial

| variations in fractufe densities. Figure 6.1 shows the relationship between air-
permeability and fracture porosity based on the air-injection test analysis. A general trend

 of increasing permeability with increasing porosity is clearly evident. This result suggests
that to modél transport in Topopah Spring tuff, a heterogeneoﬁs permeability field should

also be correlated with a heterogeneous porosity field, as-suggested by Hassan et al.

[1998].
Air-Injection Parameter Estimates
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Figure 6.1 Relationship established between permeability and porosity for Topopah
Spring tuff using air-injection test transient analysis.
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6.2. Field Testing Lessons Learﬁed

The four tracer tests conducted required a far greater expenditure of effort and cost than
perfomﬁng an entire sequence of air-injection tests in all 46 isolated DST intervais.
Assuming the pneumatic packers and injection flow controllers for both the gas tracer
and air—perméability tests are the same, the gas tracer test also requires calibration and

- field implementation of a gas analyzer, as well as maintaining a withdrawal gas stream at
a-constant flow rate. This simple summary of the difference between equi._pmen't.required

for both tests belies the real complexity of conducting the gas tracer tests.

Each of the four tracer tesfs required only one day to execute, but a few days were spent
- prior to each test preparing gas standards, setting up the flow equipment, aﬁd calibrating

the mass spectrometer. A pérson was requirgd to be in the field to oversee the gas tracer
tests and to calibrate the mass spectrometer on a periodic basis..Two attempts to conduct
| -gas tracer tests prior to tﬁe collection of the data sets presented here resulted in unusable
data. The first-attempt failed to pr(_)vide'acceptable mass balances because of calibration
errors associated with learning the tunirig*-behavior.of'*the‘-‘Ba‘lzer mass spectrometer, and

the second attempt failed because of the inability to maintain the gas-withdrawal stream '

.- at a steady flowrate. In each case, mobilization, demobilization, and correcting the

associated problems required additional time and effort.

For the gas tracer tests, the withdrawal gas stream proved to be problematic to maintain at
a constant flow rate, since the formation air is often saturated with water vapor.' Water

vapor, although not a problem for the mass spectrometer, (which was fitted with a heated
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inlet capillary) interferes with some measurement techniques, (such as infrared photo-
acoustic emission monitoring) and needs to be removed from the gas stream. If the
formation is a few degrees warmer vthan the atmospheric air, as is often the case, then
large volumes of water can condense to completely fill gas extraction tubes and foul flow
controllers if they are not equipped with a method to purge accumulated condensate. This |
was the reason that the refrigerétion chiller was added to the gas withdrawal equipment

upstream of the flow controlling unit.

For the air-injection measurements, the test in each zone consisted of ohe hour of gas
1injection followed by one hour of recovery monitoring. For many tests, this could have -
been shortened considerably, but was képt loﬁger for consistency and to ensure that
steady-state conditions were always obtained. To perform all 46 air-injection tests
required 92 hours of continuous operation. The air-permeability t;:sti.ng procedure had
been completely automated, and intelligent algorivthms programmed into the data
acquisition and control system obviated the need for human oversight. The initial effort to
fully automate the testing process made trivial what would have been a time-consuming
testing task. As heating of the DST continues, fully-automated-air-injection tests continue

to be executed on a quarterly basis.

6.3. . Conclusions
A new methodology has been developed for conducting gas tracer tests to investigate the
kinematic porosity of a fractured welded tuff. The cumulative mass balances are shown to

be almost 100% for the four tests conducted, and tracer concentration measurements
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performed in real-time in the field provide extremely high-quality data. A random walk
particle-tracking method (RWPM) haé been applied to provide estimates for fracture
porosity and formation dispersivity. An uncertainty analysis of the RWPM parameter
estimates reveals that the uncertainty associated with the fracture porosity estimate is
small. The estimates generated are considered to be far more accﬁratc; than those from
prior work, which used the cubic power léw to generate fracture aperture estimates.
‘Based on the RWPM resulté, a realistic kinematic fracture porosity value to use in.

process models for the tested region of Topopah Spring'tuff invcstigated-iis 0.003.

The air-injection test analysis has revealed a positive correlation betWeen permeability
and porosity estiﬁates. Based on the test results plétted in Figure 6.1, a-correlation
between permeability and porosity has been established suggesﬁng that the porosity can
be expressed as

¢ =~2x10"k o (6.1)
‘where permeability is in units of m? and porosity is m*/m>. Since the ﬁ\leasurements that
have provided this relationship were made.on the 'scalezzof :the‘air-injeétion :;;'test zones (5 to
20 meters), this fundamental relationshipis applicabléfor coﬁtinuumlmodéling at this

_scale.

Finally, the process of conducting a transport experiment, rather than just performing
hydraulic testing, has been shown to be invaluable. This is particularly true in a fractured
rock system, where permeability and the kinematic fracture porosity may span several

orders of magnitude. Tracer transport tests provide robust estimates for fracture porosity
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“on the field scale at which they are conducted on. The ability to conduct more air-
permeability tests on different spatial scales is an attrective approach for understanciing
the variability of porosity and its relationship to the permeability structure of the

“formation. However, gas tracer tests and air-injection tests measure fundamentally
different processes. The porosity estimates will be similar when the fracture network is
dense, leading to the bulk of the fractures being kinematically connected. Furthermore,
air-injection test analyses cannot replace the-understanding -of :macrodispersive processes

provided by conducting actual transport studies.

6.4. Recommendations for Future Work
From an experimental-standpoint, a logical extension to the gas tracer testing
-methodology developed would be to fully automate the gas tracer testing process ina
manner that would facilitate acquisition of a large set of test data. The high level of
éutomation required to keep a corrlplex chemical analyzer fully calibrated for long
periods of time under field conditions has been demonstrated at a TCE plume at Fort Ord,
California, using sample streams from different wells fed .into an-automated gas
chromatograr)h [Daley, 2001]. For gas tracer testing, only a two-point :ca'lib‘ration would
. be required, based on the observed linearity of the Balzer Omnistar Mass Spectrometer.
‘ The acqliisition ef a large set of gas tracer transport data, conducted in the same locations |
as air-permeability tests, would enhance the development of a fundamental relationship
between porosity and permeability and could provide better information on the expected

parameter variations.
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The air-injection data can poteritially be analyzed by simultaneous inversioné,of multiple
pressure transients. Parameter estimates using simultaneous inversions of multiple
pressure transients were attempted using a radial homogeneous model and a comesite
‘radial model (two different concentric regions with different permeabilities and
porosities), but model inversions provided very poor, unreiiable results. This was

- somewhat expected, in light of the known heterogeneity of the formation. Future work
vcould incorporate an empirically determined relationship between permeability and
porosity into ﬂolw.mode.ls'. A set of heterogenc—;odsf realizations of the formation can be
used to simultaneously invert multiple sets of acquired pressure transient data and
provide a more. fobust estimate of transport parameters uéiﬁg an inversion process such as
the simulated annealing technique used by Maul’don et al. [1993] to-develop discrete

fracture networks.
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Appendix B: Standard Operating Procedure for Conducting Air-Permeability Tests
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1. PURPOSE

This Standard Operating Procedure (SOP) describes the methods of air-
permeability testing in the Drift Scale Test (DST) for the Yucca Mountain
Site Characterization Project (YMP) at Ernest Orlando Lawrence Berkeley
National Laboratory (LBNL).

The objective of air-permeability testing in the DST area is to monitor
changes in permeability over time as thermal testing is being conducted.
To assure the accuracy, validity, and applicability of the method used to
collect routine constant mass flux air-permeability test data in the area,
this procedure provides directions for LBNL personnel and contractors
performing the described activity. '

This procedure describes the components of the work. It also describes
the methods to be used for calibration, operation, and performance
verification of any equipment, if needed. In addition, it defines the
requirements for data acceptance, documentation, and control.

2. SCOPE

This procedure applies to all LBNL personnel or contractor personnel
following LBNL procedures who conduct constant flux air-permeability
testing in the DST Hydrology Boreholes. The hydrology boreholes consist
of twelve boreholes in the DST area commonly referred to as Boreholes 57
to 61, 74 to 78, and 185 and 186. Each borehole has zones that are isolated
using pneumatic packers. Zone 1 is closest to the collar of the borehole,
with the zone number ascending toward the bottom of the boreholes.

For all technical activities, data collected from using this procedure and
any equipment calibrations or recalibrations that may be required shall be
in accordance with this technical procedure and all test and measuring
equipment shall be in calibration with traceability to NIST standards.

3. PROCEDURE

3.1 System Components

The air-permeability testing uses a Gas Control System and a Data
Acquisition System. The gas control system consists of all pneumatic
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plumbing, solenoid valves, mass flow controllers, etc. that are used
to regulate and control the injection of air. The data acquisition
system consists of all sensors, acquisition hardware, software, and
wiring that interfaces to the gas control system.

- 3.1.1 Data Acquisition System

The data acquisition system is composed of two Keithley 2001 7.
1/2 digit multimeters, a Keithley 7002 scanner system, a

- Windows NT Personal Computer with monitor, and two
Hewlett-Packard E3631A programmable power supplies.
There is a GPIB IEEE488.2 compliant interface card installed in
the personal computer, which interfaces the computer to the
aforementioned electronics. The personal computer is running
Labview data collection software, and uses three executable
codes, referred to as virtual instruments, vi, for data collection.
They are called automated_DST.vi, automated2_DST.vi, and
automated3_DST.vi.

3.1.2 Flow control system

Air supplied through the tunnel compressed air system is first
filtered, dehumidified using a regenerative twin-tower
desiccator, and filtered again before being sent through mass
flow controllers. Attachment 1 is a piping diagram for the
injection gas control system. Four Sierra Instruments mass
flow controllers (MFCs), with full flow ranges of 1 Standard
Liter Per Minute (SLPM), 10 SLPM, 100 SLPM, and 500 SLPM,
which are connected in parallel, are selectively used to control
the precise amount of gas being introduced into a borehole
interval. The outlet of each mass flow controller has a
pneumatically controlled valve to ensure positive shut off
when the mass flow controller is not in use. Downstream of
the mass flow controller manifold is an array selection
manifold. - The array selection manifold directs the gas flow to
one of the three arrays of hydrology boreholes, Boreholes 57 to
61, Boreholes 74 to 78, and Boreholes 185 and 186. Located
near the collars of each borehole is another manifold, which
directs the gas flow to the isolated zones within the borehole.
A tracer gas injection system, as shown in Attachment 1 is
connected to the flow control system, but is not used during
air-permeability testing. = Verify before conducting air-
permeability tests, that tracer gas cylinders are closed at the
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compressed gas cylinder.

3.1.3 Software

A. The program named automated DST.vi is used for
collecting data in the Boreholes 185 and 186.
Automated2_DST.vi is used for collecting data in Boreholes
74 to 78, and automated3_DST.vi is used for collecting data
in Boreholes 57 to 61. They will be referred to as
automated*_DST.vi hereafter, with the wildcard indicating
that any one of the three routines is being referred to. The

subroutines utilized by the three main routines,
automated*_DST.vi, are identical. The graphical code for
automated_DST.vi is included in Attachment 2. The only
differences between automated_DST.vi and automated?2
(3)_DST.vi are the string array which is used to specify
which solenoids are opened during testing and the number
of zones in the borehole cluster. The Labview vis shall come
under the control and documentation requirement of YMP-
LBNL-QIP-S1.0, Computer Software Qualification and YMP- -
LBNL-QIP-S1.1, Software Configuration Management.

B. The main routine first initializes the Keithley scanner by
opening all switches, thereby closing all solenoid actuated
valves. This ensures that each packed-off interval is closed
and that no gas is flowing in the system. It then calls a
subroutine, Data File, which is responsible for opening and
assigning names to data files based upon the date and time -
the test was started. The suffix on the data file name
indicates whether the file contains raw unprocessed data or
whether it has been converted to engineering units, and
whether it is temperature data or pressure data. The
suffixes are .pres or .pres_cal for pressure data files and .rtd
or .rtd_cal for temperature data files. The files with suffixes
that have _cal in them are engineered units while the files
that do not have _cal are in unprocessed format.

C. Subroutines PRESSUREDATA and RTD are called upon
next to start logging pressure and temperature data,
respectively. After logging one set-of values from all
- sensors, the main routine, automated*_DST.vi, commences
background data collection. This usually consists of a few
minutes of data used to establish baseline pressures for each
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test. Next automated*_DST.vi enters an injection phase,
and finally a recovery phase of testing. In each of the three
phases, background, injection, and recovery, the subroutine
Loop Delay is used to set the frequency of data collection.
Loop Delay has been set to record a set of data every 5
seconds for the first two minutes of each test phase, then
every fifteen seconds for the next eight minutes, and then
finally every minute. These predetermined data sampling
rates are used to meet the goals of creating data files of
workable size while fully capturing the transient behavior
that occurs during the initial injection and recovery periods.

. During injection, the Adjust Flow routine monitors the
maximum change in pressure during air injection - and
adjusts the flow rate accordingly. This is done to keep the
change in pressure between 1 and 50 kPa. It is felt that at
these pressures, the ratio between pressure and flow will be
constant, and the nonlinear response associated with air
compressibility will be minimized. The algorithm, which
controls the flow rate, is based upon both the elapsed time
of injection and the pressure change in the injection
interval. The injection test is automatically started at a
default flow rate, nominally 100 SLPM. If the elapsed
injection time is less than 2 minutes and the change in
pressure in the injection zone is greater than 25kPa, the flow
rate is reduced to 20 SLPM. If the elapsed time is greater
than two minutes and the pressure has gone over 50 kPa,
then the flow rate is reduced to 2 SLPM. If the pressure has
not increased to at least 6 kPa after four minutes of injection
than the flow rate is increased to 200 SLPM. These

- breakpoints in time and pressure were established by trial
and error during baseline measurements, -and were found
to provide good test results for the entire range of
permeabilities encountered within the DST area. Even
though the computer may adjust the flow rate during
testing, the injections are still referred to as constant mass
flux injections, since the flow rate is only adjusted to
maintain a controlled injection pressure and the test is

- carried out predominantly at one fixed flow rate.

. After the injection phase of the test has been completed, the
gas flow is halted and the solenoid valves that were opened
to start testing are closed. The recovery phase of the test
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then commences for a predetermined length of time. To
start the next injection test, the main routine opens new
~data files and begins repeating the sequence of background
data logging, gas injection, and finally recovery data

logging. ‘

3.2 Test Preparation Staff member preparing for air-permeability testing shall
perform the actions described below.

3.2.1 Electronics

A. Before turning on the electronics for testing, turn on the air
conditioner on the Electronic Rack and verify that it is
properly cooling the rack. The air conditioner should
maintain the rack at a temperature, which will fluctuate
between 70°F and 95°F.

B. Turn on the Keithley electronics, the Hewlett-Packard
- power supplies, and the +15V power supply used for the
MFCs, which are all located in the electronic enclosure.
Then proceed to turn on the computer monitor and finally
the computer.

C. The power supply to the Setra transducers, which is located
in the Acoustic Emission Electronic Enclosure in the main
data acquisition office, shall be verified as being turned on
and set to 24 volts.

3.2.2 Flow Control System

A. Check all manually operated valves located on the injection
~ lines visually to verify that they are in the open position.

B. Turn on the twin-tower desiccant dryer, open the mine air
supply valve and set the regulator on the output of the
desiccant dryer to 60 PSIG.

C. Verify that the two manually operated 1/8” supply air line
valves, located near the pressure regulator are open.

D..The inlet and outlet filters on the twin-tower dryer have
visual gauges, which indicate the status of the filters. If at
any time the indicator appears red, replace the filters at the
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next convenient time. It is not necessary to interrupt
ongoing tests to change a filter. This is anticipated to be a
once a year or less frequent maintenance item.

3.3 Calibration Requirements
3.3.1 Calibration Interval

The Mass Flow Controllers and Digital Multimeters are on a
yearly calibration cycle. Verify that their calibration is still

- valid before collecting data. If they are not within current
calibration or the data they are generating is suspect, they shall
be removed from service and replaced with calibrated units.
The units requiring "calibration shall be treated as per the
requirements of YMP-LBNL-QIP-12.0.

332 System Cdmponent Accuracy

The accuracy of the MFC in the field is typically less than the
published manufacturer’s specifications.  Although Sierra
Instruments MFCs are calibrated to their manufactured
specification of +1% of full scale, their required performance in
the field for compliance with this SOP is £10%. The Setra
pressure transducers have a calibrated accuracy of #0.1%, but
under this SOP they are expected to provide data w1th an
- accuracy of 0.25%.

3.4 Data Collection

3.4.1 Executing automated DST.vi, automated2_DST.vi, and
automated3_DST.vi performs a complete cycle of data
collection in all 12 hydrology boreholes. Data file names are
automatically selected, and include the date and time of testing
to make them unique and distinguishable. They are saved onto
the E:\ drive of the data acquisition PC. The only parameters

~ that are user selectable are the starting flow rate, duration of
background data collection, injection duration and duration of
recovery, which are all located on the front panel of
automated*_DST.vi. Testing has shown that a background
data collection time of 2 minutes, with an injection time of 60
~ minutes and a recovery time of 60 minutes is satisfactory for
obtaining a good data set, with most pressure transients
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reaching the desired pseudo-steady state. Pseudo-steady state
is defined as. when the pressure response curve shows only a
very gradual change over time, which may be due to secondary
influences such as barometric drift or redistribution of
moisture. The starting flow rate default of 100 SLPM also was
found to be acceptable. These parameters may need to be
changed by the user during the course of the DST due to the
changing thermal-hydrologic conditions. It shall also be noted
that due to the two-phase and non-isothermal conditions
within the DST area, it is not possible or practical to conduct
each test until it reaches true steady state conditions. :

3.4.2 Notebook Records

Staff members shall record the following information in their -
scientific notebook used for testing and include:

A.Personnel present
B. Time when each vi was started.

C. Any unusual occurrences, equipment malfunction or testing
interferences from activities in other boreholes.

D; Results of data review as conducted under section 4.1.
E. Reference to this SOP by number, revision and Mod.
4. RECORDS |

4.1 Lifetime

The data generated from air-permeability testing are stored on the

- hard ‘disk of the data acquisition system PC. The data shall be
backed up after data collection has concluded and the backup shall
be verified by comparing the sizes of the original and duplicate data
files and by opening and visually spot checking a few copied data
points. The data generated by following this procedure and the
references to scientific notebooks used in test preparation and
describing processing and analysis of the data shall be submitted to
the YMP Technical Database.

The data shall be reviewed before submittal to verify that the flow
rates during testing were constant and that the pressure transients
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have been properly recorded. Any variation outside of expected
equipment accuracy and repeatability shall be investigated and the
data shall be evaluated as to whether they are to be considered
acceptable and qualified. The impact of any unusual occurrences,
equipment malfunctions or testing interferences as noted under
section 3.4.2.C and 3.4.2.D shall be evaluated before submittal of data
to the Technical Database. .

5. ACRONYMS

DST  Drift Scale Test

ESF  Exploratory Studies Facility

Kpa Kilopascal

LBNL Lawrence Berkeley National Léboratory
| MFC Mass Flow Controller

PC Personal'Compufer

PSIG Pounds Per Square Inch, gage

SLPM Standard Liter Per Minute
6. ATTACHMENTS

Attachment 1 Figure 1. Flow Control System

Attachment 2 Labview Software
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Attachment 1: Gas Flow Control System

Gas Flow Conirol System Trace Gas
| Gty R—
. Desiccant ' 0-1 SLPM 1 :
: v Diryer _-@
:E}—@——i' 0-1 SLPM
Mine ' Prasauns :
Air regulating ——®_
' il zﬁf ticulate ¥a¥e  © | o eiPw
- goalescing . ter -
" filter L : @
o 0-100 SLPM
1 Moisture
) vent ‘ _38)—
0500 SLPM
Boreholes 57-61

o SRR
Emis

_ REBRE0RERERERHERORY

Array Selection Borsholes 185-186

RRIIINY

" Injection Zone Selection Manifolds

162



Attachment 2: Labview Software Routines

1. vProgram Hierarchy
2. Automated_DST.vi
3. LoopDelay.vi

4. NewtFile.vi

5; RTD.vi

6. AdjFlow.vi

7.  pressuredata.vi

- 8. Flowrate.vi

9. Keithleyinit.vi

10. Plotdata.vi
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LoopDelay.vi

[Time Since Start of Test Phas el Sricl At i e
BBL

Loop Delay [ms
BEL

This routine deteimines the time delay between measurements based on
{a predetermined set of time values

Aririele :».v'.v'.r'.r'.v’.v'.v'.v'.v'.-',o'.v'.-'.r.é.r',r. rirle

60000

NewFile.vi

Opéens a new file based on the curent date and time and appends .
a file terminator to the end. The output consists of a Data File name in PATH
format and a Refnum being passed to the calling V1.
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Adelow.vi
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IL]

SYST:PRES

[ARM:SOUR IMM
LARM:COUN INF

LARM: TCON:DIR ACC
LARM:LAY2.COUN INF
|ARM:LAY2:S0UR EXT
[ARM:LAY2: TCON:DIR ACC
- TRIG: TCON:DIR ACC

- TRIG:SOUR EXT

L TRIG:COUN INF
:TRAC:FEED SENS

- TRAC:EGR COMP

| TRAC:POIN 54
:voltde:NPLC 1.0
[VOLT:DC:RANG 20
[ROUT:SCAN:EXT {@1:54)
[ROUT:SCAN:LSEL EXT
ROUT:SCAN:EXT:FUNC (@1:54].'volt.dc'
:FORM:ELEM READ

|- TRAC:.CLEAR
(TRAC:FEED:CONT NEXT

KEITHLEY 2001

loperation with external
[scanner

HLEY 2001 muimetar startup with external scanner]

‘
INIT

’ 7001 Scanner startup]

FSYST:PRES

INIT:CONT OFF

ESCAN [@111:1140,211:216.4126.4119:4124)
-ARM:SOUR IMM
CARM:COUNT 1

[ARM: TCON:DIR ACC
LARM: LAY 2:s0u IMM
[ARM:LAY2.COUN 1
LARM:LAY2 TCON:DIR ACC
:TRIG:COUN 54

L TRIG:SOUR EXT

L TRIG: TCON:DIR SOUR

Instrume

nt Name)

ile Calibiated

Blepainssald
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Flowrate.vi

!

) W Tue pf ]
' OPEN (@4131)

'OPEN (@7131)
{OPEN (@4132)
LOPEN (@7132)
:OPEN (@4133)
[OPEN (@7133)
'CLOS (@4134)
CLOS (@7134)

e N

"OPEN (@4131]
{OPEN (@7131)
‘OPEN (@4/32)
‘OPEN (@7132)
:CLOS (@4133)
CLOS (@7133)
‘OPEN (@4134)
OPEN (@7134)
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2eac3 2,0, : R R B B R R R R B B R

R n : o e o

:CLOS (@4131)
-JCLOS (@7131)
:0PEN (@4132)
:0PEN (@7132)
:0PEN (@4!33)
-0PEN (@7133)
-0PEN (@4134)
:0PEN (@7134)

:0PEN (@4131)
-0PEN [@7131)
:CLOS (@4132)
:CLOS [@7132)
:0PEN (24133}
:0PEN ((@7133)
;] JOPEN (@4134)

* EOPEN (@7134)

PPLPEV,
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Keithleyinit.vi
&
HE 3
TF
5 i
? |
[____ —

[KEITHLEY 2001 multimeter startup with external scanne|

SYST-PRES

| ritviirt v T de Eor Out

-ARM:TCON:DIR ACC * X

-ARM:LAY2:COUN INF

LARM:LAY2:SOUR EXT

-ARM:LAY2:-TCON:DIR ACC

| TRIG: TCON:DIR ACC

‘TRIG:SOUR EXT

TRIG:COUN INF

-TRAC:FEED SENS

- TRAC:EGR COMP

- TRAC:POIN 54

volt:de:NPLC 1.0

VOLT:DC:RANG 20

'ROUT:SCAN:EXT (@1:54)

-ROUT:SCAN:LSEL EXT

FROUT:SCAN:EXT:FUNC (@1:54),volt dc'
'FORM:ELEM READ ,

- TRAC:CLEAR

- TRAC:FEED:CONT NEXT

[7001 Scanner starfup]

SYST:PRES

ANIT:CONT OFF

"ESCAN (@111:1140,211:216,4119:4126)
-ARM:SOUR IMM

- FARM:COUNT 1
FARM:TCON:DIR ACC
FARM:LAY2: sour MM
[ARM:LAY2:COUN 1
EARM:LAY2. TCON:DIR ACC
L TRIG:COUN 54
ETRIG:SOUR EXT
:TRIG:TCON:DIR SOUR
‘OPEN ALL
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Plotdata.vi
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Appendix C: Standard Operating Procedure for Conducting Gas Tracer Tests
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1. PURPOSE

This Standard Operating Procedure (SOP) describes the methods of air-
permeability testing in the Drift Scale Test (DST) for the Yucca Mountain
Site Characterization Project (YMP) at Ernest Orlando Lawrence Berkeley
National Laboratory (LBNL).

The objective of air-permeability testing in the DST area is to monitor
changes in permeability over time as thermal testing is being conducted.
To assure the accuracy, validity, and applicability of the method used to
collect routine constant mass flux air-permeability test data in the area,
this procedure provides directions for LBNL personnel and contractors
performing the described activity.

This procedure describes the components of the work. It also describes
the methods to be used for calibration, operation, and performance
verification of any equipment, if needed. In addition, it defines the
requirements for data acceptance, documentation, and control.

2. SCOPE

This procedure applies to all LBNL personnel or contractor personnel
following LBNL procedures who conduct constant flux air-permeability
testing in the DST Hydrology Boreholes. The hydrology boreholes consist
of twelve boreholes in the DST area commonly referred to as Boreholes 57

 to 61, 74 to 78, and 185 and 186. Each borehole has zones that are isolated
using pneumatic packers. Zone 1 is closest to the collar of the borehole,
with the zone number ascending toward the bottom of the boreholes.

For all technical activities, data collected from using this procedure and

. any equipment calibrations or recalibrations that may be required shall be
in accordance with this technical procedure and all test and measuring
equipment shall be in calibration with traceability to NIST standards.

3. PROCEDURE

- 3.1 System Components
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The air-permeability testing uses a Gas- Control System and a Data
Acquisition System. The gas control system consists of all pneumatic
plumbing, solenoid valves, mass flow controllers, etc. that are used -
to regulate and control the injection of air. The data acquisition
system consists of all sensors, acquisition hardware, software, and
wiring that interfaces to the gas control system.

3.1.1 Data Acquisition System

The data acquisition system is composed of two Keithley 2001 7
1/2 digit multimeters, a Keithley 7002 scanner system, a
Windows NT Personal Computer with monitor, and two
Hewlett-Packard E3631A -programmable power supplies.
There is a GPIB IEEE488.2 compliant interface card installed in
the personal computer, which interfaces the computer to the
aforementioned electronics. The personal computer is running
Labview data collection software, and uses three executable
codes, referred to as virtual instruments, vi, for data collection.
They are called automated_DST.vi, automated2_DST.vi, and
automated3_DST.vi.

3.1.2 Flow control system

Air supplied through the tunnel compressed air system is first
filtered, dehumidified using a regenerative twin-tower
desiccator, and filtered again before being sent through mass
flow controllers. Attachment 1 is a piping diagram for the
injection gas control system. Four Sierra Instruments mass
flow controllers (MFCs), with full flow ranges of 1 Standard
Liter Per Minute (SLPM), 10 SLPM, 100 SLPM, and 500 SLPM,
which are connected in parallel, are selectively used to control
the precise amount of gas being introduced into a borehole
interval. The outlet of each mass flow controller has a
~ pneumatically controlled valve to ensure positive shut off
when the mass flow controller is not in use. Downstream of
the mass flow controller manifold is an array selection
manifold. The array selection manifold directs the gas flow to
one of the three arrays of hydrology boreholes, Boreholes 57 to
61, Boreholes 74 to 78, and Boreholes 185 and 186. Located
near the collars of each borehole is another manifold, which
directs the gas flow to the isolated zones within the borehole.
A tracer gas injection system, as shown in Attachment 1 is
connected to the flow control system, but is not used during
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air-permeability testing.  Verify before conducting air- |
permeability tests, that tracer gas cylinders are closed at the
compressed gas cylinder. :

3.1.3 Software

A. The program named automated DST.vi is used for
collecting data in the Boreholes 185 and- 186.
Automated2_DST.vi is used for collecting data in Boreholes
74 to 78, and automated3_DST.vi is used for collecting data
in Boreholes 57 to 61. They will be referred to as
automated*_DST.vi hereafter, with the wildcard indicating '
that any one of the three routines is being referred to. The
subroutines utilized by the three main routines,
automated*_DST.vi, are identical. The graphical code for
automated_DST.vi is included in Attachment 2. The only
differences between automated_DST.vi and automated2
(3)_DST.vi are the string array which is used to specify
which solenoids are opened during testing and the number
of zones in the borehole cluster.

D. The main routine first initializes the Keithley scanner by
opening all switches, thereby closing all solenoid actuated
valves. This ensures that each packed-off interval is closed
and that no gas is flowing in the system. It then calls a
subroutine, Data File, which is responsible for opening and
assigning names to data files based upon the date and time
the test was started. The suffix on the data file name
indicates whether the file contains raw unprocessed data or
whether it has been converted to engineering units, and
whether it is temperature data or pressure data. The
suffixes are .pres or .pres_cal for pressure data files and .rtd
or .rtd_cal for temperature data files. The files with suffixes
that have _cal in them are engineered units while the files
that do not have _cal are in unprocessed format.

C. Subroutines PRESSUREDATA and RTD are called upon
next to start logging pressure and temperature data,
respectively. After logging one set of values from all
sensors, the main routine, automated*_DST.vi, commences
background data collection. This usually consists of a few
minutes of data used to establish baseline pressures for each
test. Next automated* DST.vi enters an injection phase,
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and finally a recovery phase of testing. In each of the three
phases, background, injection, and recovery, the subroutine
Loop Delay is used to set the frequency of data collection.
Loop Delay has been set to record a set of data every 5
seconds for the first two minutes of each test phase, then
every fifteen seconds for the next eight minutes, and then
finally every minute. These predetermined data sampling
rates are used to meet the goals of creating data files of
workable size while fully capturing the transient behavior
that occurs during the initial injection and recovery periods.

. During injection, the Adjust Flow routine monitors the
maximum change in pressure during air injection and
adjusts the flow rate accordingly. This is done to keep the
change in pressure between 1 and 50 kPa. It is felt that at
these pressures, the ratio between pressure and flow will be
constant, and the nonlinear response associated with air
compressibility will be minimized. The algorithm, which
controls the flow rate, is based upon both the elapsed time
of injection and the pressure change in the injection
interval. The injection test is automatically started at a
default flow rate, nominally 100 SLPM. If the elapsed
injection time is less than 2 minutes and the change in
pressure in the injection zone is greater than 25kPa, the flow
rate is reduced to 20 SLPM. If the elapsed time is greater
than two minutes and the pressure has gone over 50 kPa,
then the flow rate is reduced to 2 SLPM. If the pressure has
not increased to at least 6 kPa after four minutes of injection
than the flow rate is increased to 200 SLPM. These
breakpoints in time and pressure were established by trial
and error during baseline measurements, and were found
to provide good test results for the entire range of
permeabilities encountered within the DST area. Even
though the computer may adjust the flow rate duting
testing, the injections are still referred to as constant mass
flux injections, since the flow rate is only adjusted to
maintain a controlled injection pressure and the test is
carried out predominantly at one fixed flow rate.

. After the injection phase of the test has been completed, the
gas flow is halted and the solenoid valves that were opened
to start testing are closed. The recovery phase of the test
then commences for a predetermined length of time. To
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start the next injéction test, the main routine opens new
data files and begins repeating the sequence of background
data logging, gas -injection, and finally recovery data

logging.

3.2 Test Prepafation Staff member preparing for air-permeability testing shall
perform the actions described below.

3.2.2 Electronics

A.

Before turning on the electronics for testing, turn on the air
conditioner on the Electronic Rack andverify that it is
properly cooling the rack. The air conditioner should
maintain the rack at a temperature, which will fluctuate
between 70°F and 95°F.

Turn on the Keithley electronics, the Hewlett-Packard
power supplies, and the +15V power supply used for the
MEFCs, which are all located in the electronic enclosure.
Then proceed to turn on the computer monitor and finally
the computer.

The power supply to the Setra transducers, which is located
in the Acoustic Emission Electronic Enclosure in the main
data acquisition office, shall be verified as being turned on

and set to 24 volts.

3.2.2 Flow Control System

A.

E.

D.

Check all manually operated valves located on the injection
lines visually to verify that they-are'in the open position.

Turn on the twin-tower desiccant dryer, open the mine air
supply valve and set the regulator on the output of the
desiccant dryer to 60 PSIG.

Verify that the two manually operated 1/8” supply air line
valves, located near the pressure regulator are open.

The inlet and outlet filters on the twin-tower dryer have
visual gauges, which indicate the status of the filters. If at
any time the indicator appears red, replace the filters at the
next convenient time. It is not necessary to interrupt
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ongoing tests to change a filter. This is anticipated to be a
once a year or less frequent maintenance item.

3.3 Calibration Requirements
3.3.3 C(alibration Interval

The Mass Flow Controllers  and Digital Multimeters are on a
yearly calibration cycle. Verify that their calibration is still
valid before collecting data. If they are not within current
calibration or the data they are generating is suspect, they shall
be removed from service and replaced with calibrated units.

3.3.4 System Component Accuracy

The accuracy of the MFC in the field is typically less than the
published manufacturer’s specifications.  Although Sierra
Instruments MFCs are calibrated to their manufactured
specification of +1% of full scale, their required performance in
the field for compliance with this SOP is +10%. The Setra
pressure transducers have a calibrated accuracy of +0.1%, but
under this SOP they are expected to provide data with an
accuracy of 0.25%. ’

3.4 Data Collection

3.4.1 Executing automated _DST.vi, automated2_DST.vi, and
automated3 _DST.vi performs a complete cycle of data
collection in all 12 hydrology boreholes. Data file names are
automatically selected, and include the date and time of testing
to make them unique and distinguishable. They are saved onto
the E:\ drive of the data acquisition PC. The only parameters
that are user selectable are the starting flow rate, duration of
background data collection, injection duration and duration of
recovery, which are all located on the front panel of

“automated* DST.vi. Testing has shown that a.background
- data collection time of 2 minutes, with an injection time of 60
minutes and a recovery time of 60 minutes is satisfactory for
obtaining a good data set, with most pressure transients
reaching the desired pseudo-steady state. Pseudo-steady state
is defined as when the pressure response curve shows only a
very gradual change over time, which may be due to secondary
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influences such as barometric drift or redistribution of
moisture. The starting flow rate default of 100 SLPM also was
found to be acceptable. These parameters may need to be
changed by the user during the course of the DST due to the
changing thermal-hydrologic conditions. It shall also be noted
that due to the two-phase and non-isothermal conditions
within the DST area, it is not possible or practical to conduct
each test until it reaches true steady state conditions.

3.4.2 Notebook Records

Staff members shall record the following information in their
scientific notebook usedfor testmg At a minimum notebook
entries shall include:

A.Personnel present
F. Time when each vi was started.

‘G. Any unusual occurrences, equipment malfunction or testing
interferences from activities in other boreholes.

H. Results of data review as conducted under section 4.1.
L Reference to this SOP
4. RECORDS

4.1 Lifetime

The data generated from air-permeability testing are stored on the
hard disk of the data acquisition system PC. The data shall be
backed up-after data collection has concluded.and the backup shall .
be verified by comparing the sizes of the original and duplicate data

' files and by opening and visually spot checking a few copied data
points. The data generated by following this procedure and the
references to scientific notebooks used in test preparation and
describing processing and analysis of the data shall be submitted to
the YMP Technical Database.

The data shall be reviewed before submittal to verify that the flow
rates during testing were constant and that the pressure transients
have been properly recorded. Any variation outside of expected
equipment accuracy and repeatability shall be investigated and the
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data shall be evaluated as to whether they are to be considered
acceptable and qualified. The impact of any unusual occurrences,
equipment malfunctions or testing interferences as noted under
section 3.4.2.C and 3.4.2.D shall be evaluated before submittal of data
to the Technical Database.

6. ACRONYMS

DST  Drift Scale Test

ESF  Exploratory Studies Facility

Kpa Kilopascal

LBNL Lawrence Befkeley National Laboratory
MFC  Mass Flow Controller | |
PC Personal Computer

PSIG Pbimds Per Square Inch, gage |

SLPM Standard Liter Per Minute
6. ATTACHMENTS

Attachment 1 Figure 1. Flow Control System

Attachment 2 Labview Software
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Appendix D: Standard Operating Procedure for Calibrating a Mass Spectrometer

Using Standard Reference Tedlar Bags
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1. PURPOSE

This Standard Operating Procedure (SOP) establishes the methods to
ensure that consistent and repeatable analysis of tracer gas concentrations
is accomplished by generating qualified reference gas standards, and
using those ~standards to calibrate the Balzer’'s Omnistar Mass
Spectrometer (MS) for the Yucca Mountain Site Characterization Project
(YMP) at Ernest Orlando Lawrence Berkeley National Laboratory (LBNL).

2. SCOPE

This procedure applies to all LBNL personnel or contractor personnel
following the LBNL procedures who conduct gas concentration tests
-using the Balzer’s Omnistar MS. For all technical activities, data collected
using this procedure, and any equipment calibrations or recalibrations
that may be required, shall be in accordance with this technical procedure.
All test and measuring equipment shall be certified as being in calibration
with traceability to NIST standards. '

This procedure is designed to provide detailed methodology to assure
“consistent calibrations of the Omnistar MS.

3. PROCEDURE The following procedures shall be followed to prepare gas
reference standards and to calibrate the MS. Section 3.2 discusses the
preparation of reference gas storage bags. Section 3.3 is followed to fill a
reference bag directly from a cylinder while section 3.4 is used to prepare
dilutions from a cylinder.

3;1 Specialized Equipment Requiremehts
3.1.1 Reference Gas Cylinders .

Q cylinders are obtained through vendors that are on the
Qualified Supplier List. If Q cylinders are not available, a
calibration may still be performed which can provide
concentration relative to the initial cylinder gas concentration.
This calibration will not give absolute concentration, but only a
relative concentration, which is acceptable for many types of
gas tracer tests. Data from calibrations using non-Q gas
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cylinder shall be reported in units of C/C,. Calibrations using
Q gas cylinders may be reported in absolute units. The cylinder
type and its Q-status shall be referenced in the scientific
notebook.

3.1.2 Gas Storage Bags

5 liter gas storage bags are used for holding reference gas
samples. A recommended manufacturer is Calibrated
Instruments Inc. Fill the 5 liter bags with no more than
approximately 1.2 liters of gas to prevent damage to the bag in
transit. ' ,

3.1.3.Stec sgd;7 10c Gas Divider

A Stec sgd-710c gas divider is used for prodticing dilutions of |
tracer gas. Since this unit is not directly traceable to the

-National Institute of Standards and Technology, the gas

divider must be calibrated using calibrated Mass Flow v
Controllers (MFCs). See appendix A for calibration of the Stec
sgd-710c.

3.1.4 Calibrated Mass Flow Coﬁtrollers (MFECs)

MECs in the ranges from 0-100 standard cubic centimeters per
minute (SCCM) to 0-10 standard liters per minute (SLPM) shall
be used to verify the calibration of the Stec sgd-710c gas
divider. They can also be used to produce dilutions of gas. The
serial number and calibration due date shall be entered in the
scientific notebook for each MFC utilized.

3.2 Preparing Bags to be Filled

A.

Verify by visual inspection that the integrity of the bag is not
compromised. Reject any damaged bags.

Evacuate the bag using a Mityvac Model 1d109 hand pump or
equivalent, which is attached to the reference bag using a Leur
fitting. Pump the bag until the vacuum gage reads greater than
20.0 cm Hg. (Note: this is a non-quality affecting measurement, .
which shall use the visual gage that is connected to the Mityvac
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hand pump. The gage should be checked so that there is no
visible zero shift and periodically its performance should be
verified by pulling a hard vacuum to ensure that its indicator
will go through its full scale range.) The bag should be able to
maintain this vacuum for 1 minute. Bags that cannot maintain a
vacuum for 1 minute shall be rejected.

Mark each bag with a permanent marker to identify tracer type
and concentration as well as date of filling.

Record the bag number, tracer type, concentration, source
cylinder(s), dilution, fill date and time, fill volume, and
personnel present into a scientific notebook.

3.3 Filling from a Cylinder with no Dilution.

A.

Identify the cylinder to be used and install the dedicated
pressure regulator for that compound.

Connect a length of 4" poly-flo or other similar plastic tubing.
to the regulator with a compression fitting.

- Close the regulator’s outlet valve and open the cylinder’s valve,

leak check all connections with a snoop or a soap solution.

Connect a 0-1 SLPM MFC to the poly-flo tubmg and set the
MFC to 300 SCCM.

Adjust the regulator on the gas cylinder #o deliver gas flow to
the MFEC.

Let the system purge itself for 5 minutes.

~ Connect a prepared bag to the outlet of the MFC using a poly- |

flo to Leur adapter.

Connect a prepared bag to the Leur adapter outlet for 4
minutes, for a total fill volume of 1.2 Standard Liters.

Record all fill data in a scientific notebook.
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J.

Close cylinder valve.

3.4 Making Gas Dilutions with the Stec sgd-710 Gas Divider

A.

Check the Calibration on the Stec sgd-710 using calibrated
MFCs as outlined in Attachment 1. Record the flow rates for
the Balance and Component gas streams in a scientific
notebook for all dilutions that will be used at the Component

- and Balance pressures that will be used during the generation
of the gas reference bags.

Identify the cylinder to be diluted and install the dedicated
pressure regulator for that compound.

‘Identify the zero air Cylinder and install the dedicated pressure

regulator.

Connect the cylinder to be diluted to a 4" compression fitting

at the rear of the gas divider marked COMP (component gas)
using poly-flo tubing.

Connect the zero air cylinder to the 4” compression fitting at
the rear of the gas divider marked Balance. Use %4” poly—ﬂo
tubing.

Connect a short length of %4” poly-flo tubing to the gas divider

fitting marked OUTLET. Install a barb to Leur adapter on the
other end.

Turn selection valve to the “0” position and open the
component cylinder valve and set the regulator to about 18

'PSIG. Note: no gas should flow from the cylinder at this time. If

gas does flow then dirt contamination of the gas divider should

~ be suspected and the instrument should be should be treated as

an out of calibration instrument as directed by YMP-LBNL-
QIP-12.0.

~ Open the zero air cylinder valve and set the regulator to about

10 PSI. Note: exact pressures are not critical but the zero air

pressure must be kept below the component gas pressure..
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O.

Leak check all connections with a snoop or a soap solution at
this time.

Set the selection valve to the desired dilution, wait twenty
seconds for the flow to stabilize and read the flow rate from the
visual indicator at the front of the gas divider. (Note: this is a
non-QQ measurement.)

Based on the flow rate observed, fill the bag for the amount of
time required to fill the bag to a volume of 1.2 liters. -

‘Record all fill data in a scientific notebook. -

. Repeat steps 3.4.] to 3.4.L for each different dilution required.

At the end of use, set selection valve to 90" and turn off the
component gas cylinder valve. Allow the pressure in the
component gas regulator to reach 0 PSI. Turn zero air cylinder

- valve off and allow its regulator to reach 0 psig. Disconnect
cylinders from the gas divider and store the divider in a clean

place.

Make sure cjrlinders are closed and not leaking.

3.5 Tuning the Mass Spectrometer

Two aspects of the Omnistar MS must be tuned, the ion source, and the
mass scale. Pull down menus, associated with the software that is used to
+ operate the MS are often referred to. An underscore will be used to '
indicate reference to a pull down menu.

The MS must be turned .on and pumped down, and the SEM & Emission
must be turned on for at least 1 hour before proceeding to the next step.

3.5.1 Tune Ion Source (filament)

Use the software Tuneup.exe that is provided with the Q5421 -
software package. From the Tune Menu choose IonSource.
The Tune Ion Source QMA200 window opens. Presently

~ there are three ranges which are enabled, #0 (mass range 80-
90), #1 (mass range 120-135), and #2 (mass range 24-32). To
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view the output from a channel click on Display, then select
MeasureData. Ion source parameters may be changed and the
effect on the output may be viewed in real time. Follow the
discussion of “Optimizing Ion Source Parameter” in the
Omnistar manual, section 2, page 21.

3.5.2 Tune Mass Scale

The mass scale is tuned in several steps. First the overall scale
must be adjusted (Tune Mass Scale), then each compound
" must be fine tuned (Calibrate Mass Scale)

A.  Tune Mass Scale

With the MS pumped down and warmed up, start the
Tuneup.exe program. Choose Tune then choose QMS
200 Tune Mass Scale. The mass scale is tuned with a
high concentration (10PPM or greater) of the
compound of interest. Connect the gas to be tuned to
the inlet of the MS and using the mouse pointing to the
graph click to obtain a vertical line. Using the arrows
move the peak until it is as close as possible to the
correct peak location. The peak can be made sharper
by adjusting the Resolution parameter.

B. When the mass scale has been adjusted then each of
the compounds of interest must be fine tuned. Leave
the compound of interest connected to the inlet of the
MS, close the tuneup.exe window and execute
measure.exe. Choose. calibration. Then for mass scale
choose the compound connected f(e.g. SF,.msp).
Choose Coarse, then OK. Now the MS will adjust the
peaks. Repeat this again using the Fine adjustment. If
the program returns the indicator “calibration failed,”
rerun the mass scale calibration, several times if
necessary. If still unsuccessful choose parameter, and
under mass reduce the Resolution.

C. For each compound of interest, repeat the Mass Scale
Calibration but do not retune the mass scale.

- 3.6 Calibrating the Mass Spectrometer using Standard Bags-

191



Use the measure.exe program to record the data to the laptop
computer. Make sure that Save Cycle Data has been chosen
before starting the calibration. Record in a scientific. notebook
the name of the persohnel, data file name, and the time data
collection has started.

Using the Calibrated Standards Bags created in sections 3.3 and
3.4, sequentially attach the bags to the MS. Start with a zero air
reference bag and allow the ion current to reach a steady state
for the compound of interest. If the MS has been exposed to

‘high concentrations of the calibration compound, it may take

up to an hour to reach steady state.

Sequentially replace the bags, going from lower to higher
concentration. It will take between 5 to 15 minutes to reach a

steady state ion current for each concentration. Record the time,

cycle number, and concentration in the scientific notebook
when each gas standard bag is attached to the MS.

37 Scientific Notebook Requirements

A scientific notebook record log for calibrating the mass spectrometer
shall include at a minimum:

A.

B.

Calibrating personnel.

MEFC and Stec-sgd-710c serial numbers and calibration due
date. : '

Flow rates and pressures used for filling gas sample bags.

Tracer bag concentrations and identifiers for all reference bags

used or filled.

Time, cycle number, and sample bag identifier for each sample

~ bag attached to the MS.

When checking calibration of the Stec-sgd-710c according to

- attachment 1, include selection valve position and flow rates of
~ the mass flow controllers.
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Records

The data generated from calibrating and tuning the MS.is stored on the

hard disk of the computer attached to the MS. The data shall be backed up

- atleast daily. The data generated by following this procedure and the
scientific notebook used in MS calibration is used for converting tracer test

“data from ion current format, to qualified absolute concentration or
relative concentration units. The calibration data collected under this SOP
shall be submitted along with gas analysis test data, which is processed

using the calibrations generated by this SOP.

. ACRONYMS AND DEFINITIONS

51 Acronyms

DST  Dirift Scale Test

ESF  exploratory studies facility

Kpa  kilopascal - .

LBNL Lawrence Berkeley National Laboratory
MFC  mass flow controller '
MS Mass Spectrometer

PC  personal computer

PSIG  pounds per square inch, gage

'SCCM  standard cubic centimeters per minute-
SLPM standard liter per minute

SOP  Standard Operating Procedure |

YMP  Yucca Mountain Site Characterization Project

. REFERENCE

Omnistar Users Manual

. ATTACHMENTS Checking the calibration of the Stec sgd-710c

1.0 ‘Install the dedicated pressure regulator to the zero air cylinder and
using %" poly-flo tubing attach a 0 to 10 SLPM MFC. Attach the
outlet of the MFC to the BALANCE compression fitting on the back
of the Stec sgd-710c. '
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3.0

4.0

5.0

6.0

7.0

8.0

Install a pressure regulator to a component gas substitute, either

nitrogen or air. Attach a 0 to 10 SLPM MEC to the pressure regulator
using %4” poly-flo tubing, and connect the outlet of the MFC to the

COMP (component) compressmn fitting on the back of the Stec sgd-

710c.

Adjust the supply voltage to the MFCs to their full scale output
range (5V for Sierra Instruments model 840 MFCs) so that they will
only act in sensor mode and not in control mode.

'Adfust the pressure on the component gas to 18 PSIG. Adjust the

pressure on the zero air regulator to 10 PSIG.
Leak check all connections with a soap solution.

Set the selection valve on the Stec sgd-710c to the desired position
and allow the flow rate to stabilize for 20 seconds. Record the
selection valve position and the flow rates on the two MFCs in a
scientific notebook.

Repeat step 6.0 for all selection positions.. ‘

Switch the MFCs and repeat steps 3.0 through 7.0.

1. The flow rates should match the desired Component to Balance ratios. The
Stec sgd-710c is an extremely stable device, which has an inherent accuracy
greater than the +1% associated with MFCs under laboratory conditions. If
there is a systematic error between the component and balance gas ratios that

~isnotreversed by switching the flowmeters then malfunction of the Stec sgd-
710c, probably due to dirt contamination, should be suspected. The:Stec sgd-
710c should be treated as an out of calibration instrument.
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