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Executive Summary 
This progress report presents the interpretation of data obtained (up to November 1, 

1988) from the Prototype Engineered Barrier System Field Tests (PEBSFT) that are being 
performed for the Yucca Mountain Project (YMF) in G-Tunnel within the Nevada Test Site. The 
PEBSFTs are being conducted to evaluate the applicability of measurement techniques, 
numerical models, and procedures developed for the field tests for future investigations that 
will be conducted in the Exploratory Shaft Facilities, at a potential high-level radioactive 
waste repository site in Yucca Mountain. The primary objective of the tests is to provide the 
basis for determining whether tests planned for Yucca Mountain have the potential to be 
successful. The introduction discusses the evolution of hydrothermal behavior during the 
prototype tests, the expected hydrologic environment, the test concept, the borehole 
configuration, the parameters that are being measured, a subset of the data obtained, and 
preliminary interpretations based on the data. 

Chapter 1 on high frequency electromagnetic tomography attempts to map the 
electromagnetic permittivity and attenuation rate of the rock mass in the plane between 
boreholes so that, eventually, these maps can be interpreted in terms of moisture content 
changes in the region remote from the boreholes. Results suggest that the rock begins to dry as 
soon as the heater is turned on. Rock further from the heater shows an early wetting episode; 
then the rock begins to dry as temperatures and evaporation rate increase. Some fractures 
remain wetter than preheating conditions for several weeks after the rock matrix has begun 
dehydration; these fractures might be conduits for water movement during the heating process. 

Chapter 2 discusses the changes in moisture content detected by the neutron logging 
probe. The neutron data for the rock directly above the heater shows early wetting, followed 
by slight drying. The rock directly below the heater shows evidence of a higher degree of 
drying early and then continues to dry. Rock to the sides shows early wetting that later 
dissipates. For the rock farthest from the heater, continuing increases in moisture are observed. 

Chapter 3 on permeability tests discusses the characterization of the in-situ 
permeability of the fractured ruff around the heater borehole. There is a decrease in measured 
permeability with increasing test zone pressure, which is due to Klinkenberg slip. Equivalent 
porous medium permeabilities along the heater borehole are compared to mapped fracture 
locations. 

Chapter 4 describes the electrical resistance heater installed in a 30-cm borehole to 
thermally perturb the rock mass through a controlled heating and cooling cycle. The heater 
construction, temperature measurement, power supply, heater installation and operation, and 
wattage and temperature measurements are discussed. 

Chapter 5 describes relative humidity measurements made with the thermocouple 
psychrometer and capacitance sensors. Thermocouple psychrometer microvolt output and 
calculated water potential from the field data are presented. The water potentials indicate 
that the rock near the thermocouple psychrometer first became drier after the heater was 
turned on, then wetter and drier again. 

Chapter 6 describes the operation, design, construction, calibration, and installation of 
a microwave circuit that might provide partial pressure information at temperatures in excess 
of 200°C (392°F). Several environmental problems were encountered in the field; these 
problems are discussed and plans for the next set of experiments are presented. 
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Chapters 7 and 8 discuss pressure and temperature measurements, respectively, in the 
G-Tunnel. Chapter 7 describes the calibration and installation of gas pressure transducers. 
Measurements in one borehole show pressure increasing to a maximum before decreasing; this 
pressure increase is probably due to boiling of water in the rock. Chapter 8 describes the 
calibration and installation of thermocouples. Results show a thermal gradient region near the 
heater, which indicates a normal conductive type of heat transfer. 

Chapter 9 describes the moisture collection system, which attempts to collect steam 
that migrates into the heater borehole, and the results of water collection up to November 1, 
1988. Little water was collected the first two weeks of the experiment; after that, the rate of 
collection is approximately 0.1 liter per day, which is much less than that predicted by the 
scoping calculation. 

Chapter 10 addresses the borehole television and borescope surveys that were 
performed to map the location, orientation, and aperture of the fractures intersecting the 
boreholes. Thirteen boreholes were drilled and surveyed with a television camera. The 
television survey images were also recorded with a video cassette recorder. A computer code 
was developed to compute the dip direction of each fracture using the survey data. Dip angles 
of most fractures are more than 70 degrees (nearly vertical). There were two major broken zones 
and two less severe broken zones in the test area. A major fracture approximately perpendicular 
to the axes of the boreholes was found in the rib of one of the test alcoves. 

Chapter 11 provides preliminary scoping calculations of the hydrothermal conditions 
expected for this prototype test, using the integral finite difference code TOUGH. TOUGH is a 
multidimensional numerical simulator capable of modeling the coupled transport of water, 
vapor, air, and heat in fractured porous media. This chapter presents the matrix properties, 
fracture properties, model input parameters, conceptual model, boundary conditions, and 
numerical grid. Then, model results for the reference case are presented. 

Chapter 12 briefly describes the Data Acquisition System (DAS), which is designed to 
accommodate several types of sensors: thermocouples, pressure transducers, watt transducers, 
liquid level sensors, and barometers. The DAS uses a software program that runs continuously, 
taking readings from all the sensors once an hour. 

Chapter 13 discusses the results of the PEBSFT, preliminary interpretations of these 
results, and plans for the remainder of the test. Results showed that many of the 
environmental conditions expected to develop around a heater in welded tuff are as described in 
the Introduction. Also, results indicated which of the measurement techniques used performed 
adequately and which might need lobe modified or replaced. 
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Introduction 

Dale G. Wilder and Abelardo L. Ramirez 

The Engineered Barrier System Field Tests (EBSFT) will be conducted for the Yucca 
Mountain Project at a potential, high-level, radioactive waste repository site in the 
Exploratory Shaft facility at Yucca Mountain to assist in the waste package design and 
performance assessment needed for license application. Information obtained relates to the 
ambient environmental conditions to which the waste packages will be exposed as well as the 
perturbations to those conditions caused by the emplacement of nuclear waste. Because of the 
long time frame (10,000 years) of interest for performance assessment, the technical challenge of 
predicting the long-term hydrothermal properties of welded tuff needs to be solved. The 
performance strategy for the waste package relies on limited liquid water contact with the 
waste package during the first 1000 years of the package life and on a water chemistry for the 
water that might contact the waste package, which is at least character!zable, preferably 
benign, and compatible with the waste form release rate investigations that have been done. 

The environmental conditions of concern for the waste package include the conditions 
existing during the heating phase when rock temperatures increase after the waste is 
emplaced, and those in the subsequent cooldown phase caused by the gradual decay of 
radioactivity. Therefore, the studies of the environmental conditions need to consider (1) the 
heating-up of the rock mass adjacent to the waste packages and the resulting perturbation on 
the environment and (2) the cooling-down of that same rock mass with its subsequent rewetting 
of the dried-out rock mass and readjustment of the rock mass deformations. In this sense, these 
tests have a rather different focus than tests performed by other participant organizations 
working for the Yucca Mountain Project that are looking at: (1) the period of time from the 
emplacement of waste up to closure, which is a period of time of approximately 50-80 years, 
when the temperatures will be rising and remaining high; or (2) ambient conditions which are 
largely independent of the heat and radiation that will be generated by the waste and which 
are also independent of repository construction. 

The Engineered Barrier System must be appropriately designed (and its performance 
assessed) to meet performance objectives during two major periods. During the first 1000 years 
after emplacement substantially complete containment of radionuclides must be demonstrated. 
The strategy for providing a design that can be shown to meet the performance objectives during 
this period relies on the unsaturated conditions of the site to prevent contact by liquid water 
with the waste package. During the first 100 years, the temperatures of individual waste 
packages and associated boreholes are expected to be above the boiling point so that liquid 
water is not anticipated to contact waste package containers. If the expected temperature 
behavior can be confirmed, then performance can be properly assessed during the first 100 years 
because container degradation modes involve contact by liquid water. 

During the period of time extending from 100 to 1000 years, it is expected that rock mass 
temperatures will drop so that liquid water might be able to return to the area of emplacement 
boreholes. There are many issues relative to whether this return will take place, and at what 
rate. The EBSFTs are designed to monitor rock mass response (particularly hydrologic response) 
as the rock mass cools. The return of water is expected to be a slowly developing process and it 
will only be possible in the time available for testing to monitor this process under accelerated 
time scales. It will be very important to monitor trends in the migration of water so that 
projections can be made of the response under actual repository time scales. 
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After 1000 years, it is expected that rock temperatures will have returned to pre-
emplacement conditions. Rock parameters might be different from ambient if any of the near-
field perturbations that had taken place during the first 1000 years resulted in permanent or 
long-time frame modifications of the rock-mass/hydrologtc system. The EBSFT will monitor 
before and after test parameters to evaluate whether any processes occur which would result in 
permanent changes to the rock-mass/hydrologic system. A major portion of the assessments 
that will be necessary will be geochemical. These geochemical issues are not addressed in this 
progress report. 

Prototype Testing 

The Prototype Engineered Barrier System Field Tests (PEBSFT) are being performed in 
G-Tunnel, which is located within the Nevada Test Site (NTS). The G-Tunnel is physically 
removed from Yucca Mountain and is in the Grouse Canyon tuff rather than the Topopah 
Springs tuff; however, welded tuffs with properties believed to be similar to tuffs in Yucca 
Mountain are located in a portion of G-Tunnel (Zimmerman and Finley, 1986). Prototype testing 
has been initiated so that when the EBSFT is performed, the techniques, instrumentation, and 
procedures will provide the information needed to characterize the waste package 
environment. The three general objectives for the prototype testing are: 

1. Investigate the physical processes that should be incorporated into numerical 
models describing hydrologic and geochemical processes in fractured, porous, densely welded 
tuff. 

2. Evaluate the effectiveness of various measurement techniques and instrumentation 
for monitoring the hydrologic and thermomechanical response under realistic conditions. 

3. Develop procedures and evaluate their effectiveness for Quality Assurance (QA) 
Level I investigations that will be performed at Yucca Mountain. 

There is no intent to use the data from the prototype testing as conclusive evidence of what 
Yucca Mountain will be like; the intention is u<erely to use a similar rock mass so that the 
physical phenomena can be investigated with candidate techniques and models that might be 
used for the studies at Yucca Mountain. For this reason, the prototype testing work has been 
assigned a QA Level of III. However, in order to develop and realistically evaluate the QA 
procedures to be used at Yucca Mountain, we have treated the information and the tests as 
though they were QA Level I, to allow the testing of procedures, testing of the techniques, and 
validation (or invalidation) of various portions of the conceptual hydrologic model. This 
report focuses on the technical results, not on the technical procedures followed. 

Prototype testing was initiated with the writing of a Scientific Investigation Plan, test 
plan and procedures, submittal of criteria letters, and other administrative activities. Actual 
construction entailed the extension of an existing alcove to allow for the emplacement of a data 
acquisition system, the drilling of a heater hole [12-in. (305 cm) diameter], and the drilling of 
a series of instrumentation holes for monitoring the various physical parameters. The 
prototype test was designed to duplicate, to the extent possible, anticipated test conditions for 
EBSFT at Yucca Mountain; for this, the reader is referred to a paper by Yow (1985), in which 
the general concepts of a waste package environment test are described. 

Although the concept for these tests has evolved with time, the overall concept of 
what we will be measuring and why remains largely as described by Yow. However, one issue 
we will have to evaluate subsequently is whether or not a scaled heater test is adequate to 
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identify all of the relevant physical phenomena or whether tests conducted at various time 
and size scales will be required. Also, in the early planning it was recognized that significant 
environmental differences might exist between horizontal and vertical emplacement holes. 
Because of budget limitations and the desire to get started, only hydrologic aspects ars included 
in the first prototype test; geomechanics and geochemical aspects will be studied during the 
second, more complete prototype test. Since vertical emplacement is the reference case for the 
Project, the prototype testing of the vertical orientation will be conducted in the second, more 
complete prototype test. The horizontal orientation was constructed first and is the subject of 
this report. 

The horizontal prototype test schedule included baseline data acquisition prior to the 
turning-cm of the heater (still energized at time of this writing). This report includes the 
collection and analyses of the initial two months of data from baseline or ambient conditions as 
well as early phases of heating. The conclusions presented in the chapters that follow are 
presented on a preliminary basis until the test is completed and all results are analyzed. This 
progress report discusses observations made during the early portions of the heating when 
changes were occurring rapidly. Subsequent reports will provide results of the entire heating 
cycle and present final ronclusions on the test. A final report will be prepared that will include 
all phases of the PEBSFT, with emphasis on those portions of the test (i.e.. late cooldown) that 
are not reported in this progress report. In addition, the topics discussed in the chapters that 
follow will be described in greater detail in individual reports to be prepared after the test is 
completed. 

Expected Hydrologic Environment 

The hydroiogic environment expected to develop around a heater is shown 
schematically in Fig. 1. The heater will dry the partially saturated rock near the 
emplacement borehole. The water vapor formed will be driven by vapor pressure gradients 
through the matrix until it intersects a fracture; it will then move along the fracture. 
Laboratory work performed by Daily et al. (1987) suggests that this expected arying 
mechanism is valid at least at small scales. The water vapor will condense where the 
temperatures are sufficiently cool. Part of this water might move into the matrix due to 
capillary tension while the remainder might stay in the fracture held by capillarity or it 
might flow along the fracture under gravity. The percentage of water that moves into the 
matrix wilt depend on the degree of saturation, the relative volume of water, and time (since 
imbibition is a rate function). When the dried region is allowed to cool, it is expected to slowly 
rewet due to the pore pressure gradient and liquid saturation gradients that developed around 
the heater. 

Test Concept and Borehole Configuration 

An underground facility called the G-Tunnel Underground Facility (GTUF) has been 
constructed by the Sandia National Laboratories for the Yucca Mountain Project (YMP). The 
GTUF consists of drifts in the configuration as shown in Fig. 2. The prototype test was conducted 
in the Small Diameter Heater Alcove and the Rock Mechanics drifts. The prototype test 
includes scoping calculations, laboratory tests, and field testing efforts in GTUF. The test will 
measure several parameters as a function of location and time in the near field (within a few 
meters) of a heater emplaced in welded tuff. The test includes an accelerated thermal cycle to 
examine the effects of the heating and cooling sides of a thermal pulse. 

Figure 3 shows the planned thermal loading history for the test. The initial thermal 
loading for the 3-m (9.8-ft) heater is approximately 3 kW (1 kW/m). This initial loading is 
higher than the loading expected for the spent fuel canister (0.4 -0.7 kW/m) in an attempt to 
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increase the volume of rock to be disturbed in the relatively short period available for 
prototype testing and to create sufficiently high rock temperatures to result in two-phase fluid 
flow. The duration of heating is based on the criteria of heating the rock mass such that the 
boiling point isotherm extends approximately 0.6-0.7 m (2.0-2.3 ft) from the heater borehole 
wall. This will provide a sufficiently large volume to include several fractures. 

This prototype test consists of four measurement phases: 

1. The ambient temperature phase consists of the measurement of baseline conditions 
prior to heating. 

2. The heating phase consists of heating the rock according to the flat portion of 
thermal loading history shown in Fig. 3. This phase began when the heater was energized on 
September 7,1988 at approximately 1150 a.m. This report discusses data collected up to 
November 1,1988, when approximately one-half of the heating phase had transpired. The 
duration of this phase will be determined based on the extent of the boiling region as defined by 
temperature measurements. 

3. The cooldown phase will start after approximately 4 months of heating at full 
power. This phase involves a stepped heater-ramp-down period lasting about 10 weeks. Of 
particular interest will be the measurements obtained when the rock mass temperatures begin to 
drop below the boiling point of water. 

4. The post-thermal stage will involve monitoring the rock mass for 3-4 months after 
the heater is de-energized. 

Figures 4 through 9 show the borehole layout and the measurement stations for the 
various instruments used. The test location within G-Tunnel is bounded by the Small Diameter 
Heater Alcove and the Rock Mechanics Incline, as shown in Fig. 2. 

The heater borehole is inclined slightly upward (elevation increases from the collar to 
*he end of the borehole) from the Rock Mechanics Incline, as shown in Fig. 6. The diameter of 
the heater borehole is 12 in. (30.5 cm). 

The remaining 12 boreholes are used to monitor the rock response; all of these are 
inclined downward (collar elevation is greater than bottom elevation). The majority of the 
boreholes are orthogonal to the emplacement hole axis, which provides better coverage of the 
variations in response that occurs parallel to the radius of the emplacement borehole. This 
arrangement allows measurements in the direction of expected maximum thermal and 
hydrologic gradients. Three boreholes were drilled parallel to the heater borehole axis to 
monitor rock response beyond the ends of the heater. 

All boreholes, with the exception of the heater borehole, were sealed with grout to 
prevent them from being flow paths to gas or liquid phase water. The grout consisted of a 
Portland cement-sand-water mixture. It was installed in two stages. First, a very viscous grout 
was delivered to the borehole and allowed to cure for a few days; this mix was used to seal 
possible flow paths for the more fluid grout mix installed later. Second, the grout column was 
reamed out (leaving behind that grout that had penetrated the fractures to some degree). 
Third, the instrumentation packages or the borehole liners were inserted in the boreholes. 
Fourth, a more fluid grout mix (than the original one) was installed in each borehole. 
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Boreholes NE3, NE4, and NE5 were the first boreholes to be drilled. A diameter of 2.4 
in (6.1 cm) was chosen to minimize the volume of grout to be sampled by the geophysical logging 
probes. The diameter for the remaining boreholes (NE1, NE2, NE6, NE7, PI, P2, P3, TCI, and 
TC2) was increased to 3.0 in (7.6 cm) to alleviate the concerns that the grout would not flow 
through the smaller annular space (these concerns were later proved to be unfounded). There 
was also evidence showing that the 2.4-in. boreholes deviated from the planned alignment 
more than expected. Boreholes PI, P2, P3, TCI, and TC2 were backfilled with grout with their 
corresponding instrumentation packages in place. Boreholes NET to NE7 were completed with a 
grout/liner system that allowed access for the geophysical probes. The liner materials 
consisted of Teflon (where temperatures > 100°Cwere expected) and polycarbonate (where 
temperatures < 100°C were expected). The diameter of the liners in boreholes NE1, NE2, NE6, 
and NE7 was 2.0 in. (5.1 cm) O.D. and 1.75 in. (4.45 cm) I.D. The liner diameter in boreholes 
NE3, NE4, and NE5 was 1.75 in. (4.45 cm) O.D. and 1.63 in. (4.13 cm) I.D. 

Boreholes PI, P2r and P3 contain thermocouple psychrometers and one microwave 
resonator to measure air humidity in the borehole. Boreholes TCI and TC2 contain 
thermocouples to measure rock mass temperature. The remaining boreholes (NE1, NE2, NE3, 
NE4, NE5, NE6, and NE7) are used for electromagnetic and neutron probe measurements to 
monitor charges in moisture content. These measurements might, on occasion, be supplemented 
by gamma-gamma density surveys to detect the slight variations in bulk density caused by 
changes in moisture content. 

Measured Parameters 

The following parameters have been or are being measured during the test. The way in 
which each parameter is used to infer rock mass behavior and the time interval between 
measurements are also described. 

• Temperatures are used to reconstruct the thermal response of the rock and to 
evaluate the performance of measurement equipment emplaced in hot regions of 
the rock mass. Temperatures are measured automatically every 60 minutes. 

• Rock mass gas pressures and barometric pressure are needed to understand the 
flow of the gaseous phases in the rock mass. Both types of measurements are 
automatically recorded every 60 minutes. 

• Air humidity measurements in the rock mass around the heater are used to 
determine the pressure of the liquid phase in the rock matrix. This 
measurement is recorded automatically every 30 minutes. Air humidity within 
the heater borehole is used to monitor the changes in relative humidity of the 
vapor/air mixture. This measurement is automatically recorded every 
60 minutes. 

• Cross-hole measurements of the relative dielectric constant of the rock and 
single-borehole measurements of thermal neutron counts and gamma ray counts 
are used to infer the spatial and temporal changes in the moisture content of the 
rock mass. These measurements were repeated every two weeks 
(approximately). The inferred moisture content information is used to 
reconstruct the distribution of liquid water in the rock mass as a function of 
space and time. 
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• Air permeability measurements performed within the heater borehole before 
and after heating of the rock are used to detect any permeability changes 
caused by the heating cycle. 

• Heater wattage is recorded hourly to document the thermal loading history. 

• Time is used as a reference for all measurements. 

• Fracture locations and orientations are measured by borescope and/or borehole 
television surveys performed in all the boreholes before the heater was 
energized and along the emplacement borehole after test completion. This 
information is needed to understand the effects of heating on the stability of 
the emplacement borehole walls and to establish the changes in fracture 
permeability caused by the heating and cooling cycles. This information will 
also aid in the interpretation of the flow regime of vapor and liq >id water in 
the rock mass. 

• The volume of water vapor invadir.g the heater borehole is measured to obtain 
estimates of how much vapor flows toward the heater borehole. This 
information is recorded automatically on an hourly basis. 

Subsequent chapters discuss the measurements of these parameters rather than the results of all 
measurements (regardless of technique used in the measurements). The final chapter 
(Chapter 13) discusses key results and interpretation of the measurements and what they 
imply relative to the physical processes occurring in the rock. 
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Figure 1. Schematic representation of a possible hydrologic scenario in partially saturated, 
welded tuff subjected to a thermal load. (Processes are independent of view except ior those 
driven by gravity; orientation shown is plan viiw vf horizontal emplacement) 
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Figure 3. Thermal loading history for the test 
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Figure 4. Flan view of the as-built borehole layout The location of the Rock Mechanics 
Incline and the Small Diameter Heater Alcove in G-Tunnel are shown for reference. 
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ant. cross-hole measurement planes used for geophysical surveys performed during the test 
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Figure 7. Cross-section view of the as-built borehole layout as observed from the Rock 
Mechanics Incline. Also shown are the measurement stations and cross-hole measurement 
planes used for geophysical surveys during testing. 

15 



r^rsrsra Neutron/density logging 
HFEM measurement 
region 

ooooo Temperature measurements 
with removable thermocouples 

2 meters 
I I I 

Figure 8. Cross-section view of the as-built borehole layout as observed from the Small 
Diameter Heater Alcove. Also shown are the measurement locations and cross-hole 
measurement planes used for geophysical surveys during the test 
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Figure 9, Front view of the as-built borehole layout as observed from tie Rock Mechanics 
Incline. Also shown are tne locations of various sensors grouted in various boreholes. 
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Chapter 1 
High Frequency Electromagnetic Tomography 

William Daily, Abelardo Ramirez, and Tzou-Shin Ueng 

Introduction 

Central to understanding waste package perfo. mance is a thorough understanding of 
local hydrology over the package lifetime. Many techniques can be used to define this 
hydrology. Unfortunately, most of these techniques require perturbing the system by the 
drilling of many boreholes. Therefore, noninvasive methods are important. High Frequency 
Electromagnetic (HFEM) tomograrihy is one technique that can be used to characterize remotely 
near-field hydrology. By cross-hole transmission of 200-MHz electromagnetic signals and 
tomographic reconstruction of these data, we can map the electromagnetic permittivity and 
attenuation rate of the rock mass in the plane between the boreholes. These maps can then be 
interpreted in terms of moisture content changes in the region remote from the boreholes. 

Expeiimental Procedure 

Seven boreholes were available for HFEM measurements (refer to Figs. 4,6, and 7 in 
the Introduction). These same holes are used for neutron and gamma logging. Six different 
regions were chosen to be tomographically imaged using these holes. The regions were chosen to 
define flow paths and the drying and wetting zones around the heater. However, other 
considerations were important: 

1. The total number of holes was kept to a minimum to reduce the cost of drilling and to 
lessen the impact of drilling on the rock mass hydrology. 

2. Transmission between the boreholes at 200 MHz with adequate signal-to-noise ratio 
required holes separated less than about 2 m (6.6 ft). 

3. Interference from multiple path propagation and signal diffraction from anomalies 
needed to be reduced, which means that the transmission path needed to be kept far from the 
rock-air boundaries, the heater, and the thermocouples or other conductors. An exception was 
made for one HFEM plane that intercepted the heater so we could evaluate the effect of the 
heater on the measurements. 

The following is a tabulation of the HFEM measurement scheme, wiiii some comments 
about why these choices ware made. 

1. NE1 to NE2a measurements made at 10-an (3.9 in.) increments between 5 and 6 m (16.4 
and 19.7 ft) depth and NE3 to NE4 at 10-cm increments between 9.5 and 115 m (31.2 and 37.7 ft) 
depth. This scheme was intended to provide data for a tomograph for which data could be 
collected from all four sides of the rectangular 2-m by 1.5-m (6.6-ft by 4.9-ft) image area. 
Usually, cross-hole tomography allows for data collection from two sides only. Data from four 
sides of the image plane should significantly improve spatial resolution and decrease image 
artifacts. This image plane was located below the heater to delineate condensate that might 
move by gravity into the fracture system below the heater. Later in heating, the zone of 
dehydration might be detected in the plane. The plane was positioned to extend beyond the 
end of the heater to characterize end effects. 
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2. NE6 to NE2a at 10-cm (3.9-in.) increments between 4 and 6 m (13.1 and 19.7 ft) depth. 
The heater pierces almost orthogonally through the center of this image plane. Because the 
metallic heater is a high electromagnetic contrast with the rock and its diameter is roughly 
one wavelength in scale, the heater will produce interference effects with the HFEM wave. 
The importance of these effects in the data needs to be determined. Imaging of this plane would 
be important in characterizing the early stages of dehydration and in helping delineate 
hydrology of the rock adjacent to the emplacement hole. 

3. NE6 to NE7 atlO-cnt (3.9-in,) increments between 4 and 6 m (13.1 and 19.7) depth. 
This plane is above and nearly orthogonal to the heater. The signal scattered from the 
metallic heater should be at least 27 dB less than the signal propagating directly between the 
holes (based on calculated signal attenuation for the path length difference of the scattered 
wave in a medium of 05 m skin a. pth) but still might be measurable from these holes. Water 
vapor condensing above the hea'.er should be detected in this plane. During later heating 
times, the zone of dehydration might be delected in this plane. 

4. NE4 to NE5 at 10-cm (3.9-in,) increments between 93 and 11.5 m (31.2 and 37.7 ft) 
depth. This vertically oriented plane is about 1 m (3.3 ft) from and parallel to the heater axis. 
The plane extends beyond the end of the heater. In this plane, HEEM should image the zone of 
condensation and the zone of dehydration (later). 

5. NE4 to NE5 and NE3 to NE4, both with 50-ctn (19.7-in.) increments between 5.5 and 
93 m (18 and 31.2 ft) depth. Tomographic measurements of these planes were added to the 
experimental p'an when a shear zone was identified from the borehole television logs near the 
shallow end of the heater. We wanted to investigate the role of this shear zone as a potenti?1 

conduit for steam and liquid water. Ray coverage of these planes is sparse because we needed 
reasonable data acquisition times and yet enough coverage to image changes in the shear zone. 

We used the following measurement strategy so that alterant tomography could be used 
to follow the temporal history of the experiment. After the heater was emplaced and all 
instrumentation holes were grouted, but before the heater was turned on, KFEM tomographic 
measurements were made between each of the borehole pairs described in items 1-5. Each of 
these images represent the "before" conditions, which were subtracted from each "after" image 
from the same borehole pair to form alterant tomographs. The alterant tomographs delineate 
only changes in rock mass electromagnetic properties with respect to conditions prior to heating. 

For the first few weeks after heating began, each measurement plane was sampled in 
succession as quickly as was practical. This generally meant measurements in all borehole pairs 
from the alcove (holes NE1, NE2, NE6, and NE7) one week followed by a complete set of 
measurements in the boreholes on the incline (holes NE3, NE4, and NE5) the following week; at 
first, this sequence was repeated approximately every 2 weeks. Our goal was to obtain as 
complete a time history as practical during the relatively rapid changes early in the heating. 
Later, the same sequence was repeated less frequently—aveiy 3 to 4 weeks. 

t All measurements were made using an automatic network analyzer, controlled by a 
personal computer. A block diagram of the system is shov/n in Tig. 1-1. Electrically short, 
sleeve dipole antennas were used for transmitting and receiving. At each antenna position, the 
signal amplitude was measured at 200 MHz (CW), i'nd the phase change was measured as the 
frequency was swept from 190 to 210 MHz. Using 

Am (1-1) 
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where Ay = the measured phase change, 
AG) = the angular frequency change (20 MHz), 
r = the known ray path length, 
E, = the relative electromagnetic permittivity, and 
c = the speed of light, 3 x 10* m/s, 

we can obtain the line integral permittivity r£ r

1 ' ' 2, along each ray. At each antenna location 
(along each ray path), average permittivity, signal amplitude, and instrumentation 
information is written to floppy disc and hard copy. Image reconstruction is by an algorithm 
described by Dines and Lytle (1979). 

Data Interpretation 

The tomographs generated in this work are of electromagnetic attenuation rate and 
permittivity of the rock mass. Of course, images of this parameter by itself is of little help in 
determining the near-field environment. To be useful, these images must be interpreted in terms 
of properties having a bearing on the canister survivability. Fortunately, the electromagnetic 
properties of rock are a strong function of the rock water content since the electromagnetic 
permittivity of the silicate component is about 5 but for water the permittivity is about 80. The 
water content in the rock mass is important to canister design. Therefore, the objective of this 
work is interpretation of the HFEM date, to determine the distribution of water within a few 
meters of the heater as a function of time. 

This interpretation requires laboratory calibration of the electromagnetic properties of 
densely welded tuff; that is, measurement of the dielectric properties as a function of water 
content and temperature. This calibration will then allow inference of in-situ water content 
from tomographic dielectric properties. These laboratory measurements are now being made. 

Results and Discussion 

Tomographs between NE4 and NE5 (950 to 1150 cm (31.2 and 37.7 ft) depth] are shown in 
Figs. l-2{a-d). Both the baseline and subsequent alterant images are shown. The baseline 
image is subtracted (pixel by pixel) from subsequent images to produce the alterant tomographs. 
The image between NE4 and NE5 in Fig. l-2(a) reflects the heterogeneity in the rock mass 
permittivity before heating. The range of imaged relative permittivity was 4-17.6. The 
anomaly near NE4 at about 960-cm (31.5-ft) depth implies a void space because the measured 
permittivity is less than the laboratory measured value for dry tuff. This region might be a 
highly fractured zone with apertures too large to retain a significant amount of water by 
capillarity. The preheating borehole logging identified a highly fractured zone exactly at 
this location in NE4. Typically, fracture orientation was measured in these logs. At this 
location, however, orientation could not be determined because of the high fracture density. An 
interesting speculation is that this particularly high porosity was created during drilling as a 
washout in an intensely broken zone. Another possible explanation for the low permittivity 
detected along this fractured region is that the dry air injected along the heater borehole 
during air permeability testing (described in Chapter 3) might have evaporated water from 
the rock mass. The compressed air was air obtained above ground where air relative 
humidities are typically low. This dry air rushing through the fractures will tend to 
evaporate water within the fractures or surrounding rock because of its much lower relative 
humidity. One other fracture, the one at 1000-cm (323-ft) depth in NE5, correlates well with a 
linear image anomaly at that depth. Even the measured fracture orientation matches with the 
anomaly orientation. For this case, the measured relative permittivity is about 9, which is less 
than the surrounding rock but does not require a drained porosity. This value is consistent with 
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a moisture content of about 8 vol% (based on comparison with preliminary laboratory data 
relating moisture content to permittivity in densely welded tuff). 

The first alterant tomograph [Fig. l-2(b)] of September 16 indicates very little change 
in permittivity except for a definite increase along two lineations near the heater end of the 
image. One lineation is in the same area previously interpreted as a highly fractured zone. 
The second alterant tomograph [Fig. l-2(c)] of September 26, just 10 days later, displays an 
overall permittivity increase within the image plane. Then, on October 19, the image shows an 
overall decrease, with this trend continuing to November 19. These data are consistent with a 
zone of dehydration, preceded by a condensation halo, moving through the image plane as the 
zone expands from the heater. Note that the variation in E r

] / 2 introduced by measurement 
imprecision is ±0.04 (estimated by comparing two images when no changes were occurring in the 
rockmass). 

The data shown in Fig. 1-3 are the measured relative permittivity along rays for 
which the transmitter and receiver were at common depths in their respective boreholes. For 
example, the point at 4.0-m (13.1-ft) depth represents the average permittivity (as a function 
of time) for the rock along a line that connects the transmitter and receiver at 4.0-m depth. 

In Fig. 1-3, the data between NE6 and NE7 show an increase in permittivity above the 
heater between August 12 and September 21. (Note that the heater was turned on September 7.) 
The increased permittivity is interpreted as an increase in moisture content throughout this 
region, caused by condensation of steam generated from drying rock located below the plane and 
closer to the heater. By September 21, this zone had started dehydration but by October 11 still 
had not reached the initial water content (August 12). The baseline data (August 12) show a 
trough in permittivity at S.l-m (16.7-ft) depth, which might be caused by dehydration above 
the heater. 

Figure 1-4 compares permittivity values obtained above and below the heater prior to 
the start of heating. The figure compares data obtained along the NE6 to NE7 measurement 
plane (representing rook above the heater axis) with data from the NE4 to NE3 measurement 
plane (representing rock below the heater axis). The higher permittivity measured below the 
heater implies a higher saturation than above the heater. We speculate that this difference 
in saturation might result from drill water percolating downward through the fracture system. 
Rock fibove the heater (being higher in elevation) would be exposed to a smaller amount of 
percolating drilling water than for rock below the heater. Regardless of the cause for the 
differences in initial saturation, it is known that the temperature field that develops around 
the heater will depend upon the initial saturation of the rock mass, as indicated by results 
presented in Chapter 11. 

In summary, the data are consistent with the rock immediately around the heater 
beginning to dry as soon as the heater is turned on. The parallel scan data show that the rock 
further from the heater has an early wetting episode probably caused by condensation of steam 
along cooler portions of the rock. Following this wetting, the rock begins to dry as temperatures 
and evaporation rate increase. Some fractures and highly fractured zones remain wetter than 
preheating conditions for several weeks after the rock matrix has begun dehydration. Our data 
do not directly indicate whether this water is stationary or flowing in the apertures. However, 
since other parts of the rock mass in these image planes are drying and these fractures are not, it 
is likely that these fractures are conduits for water movement during the heating process. The 
data also implies that the initial saturation of the rock mass above the heater is generally less 
than for the rock mass below the heater. 
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Figure 1-1. Block diagram of the HFEM system. Not shown are reels nor the controi circuits 
for spooling the 20-m <65.6-ft) long cables to the antennas. 
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NE4-NE5 8/26/88 Baseline NE4-NE5 9/16/88 Difference 

r"' 

2.00 4.20 -1.50 1.50 

(a) (b) 
NE4-NE5 9/26/88 Difference NE4-NE5 10/19/88 Difference 

(c) (d) 
Figure 1-2. Tomographs between NB4 and NES from 950 to 1150 cm (312 and 37.7 Hi depth, 
(a) Baseline image taken August 26,1988 of (e,)"2. (b-d) Alterant image of Me,)™ for 
September 16, September 26, and October 19. The scale represents the change in (eT)V2 

calculated by subtracting the baseline tomograph from the pertinent image so that an inaease 
in permittivity is positive in the alterant image. Each image area is 2 m by 1.5 m (6.6 by 4.9 ft), 
contains 416 pixels [each about 9 cm by 8 cm (3.8 by 32 in.)], and is reconstructed from phase 
measurements along approximately 440 ray paths. 
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Figure 1-3. Average (t^)Vi along rays with transmitter and receiver antennas at the same 
depth in NE6 and NE7. Four deb sets taken between August 12 and October 11,1988 are 
compared. 
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NE 3 to NE 4 (below heater) 

NE 6 to NE 7 (above heater) 

Depth m 

Figure 1-4, Average iz,)m value obtained before heating along the NE4 to NE3 measurement 
plane (representing rock below the heater) and along NE6 to NE7 (representing rock above the 
heater). The higher permittivity measured below the heater is indicative of a higher degree 
of saturation at this location. 
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Chapter 2 
Changes in Moisture Content Detected 

by the Neutron Logging Probe 
Richard Carlson and Abelardo Ramirez 

Introduction 
A neutron logging probe is one of the measurement systems being used to detect changes 

in rock moisture content. Trie probe contains a source of high-energy neutrons and a slow 
(thermal) neutron detector. The hydrogen present in the water in the rock slows down the 
neutrons for detection. Seven boreholes (NE1 to NE7) were sampled before the heater was 
turned on; the measurements were repeated after the heater was energized to monitor temporal 
and spatial changes in moisture content. Measurements were made every 10 cm (3.9 in.) along 
boreholes NF1, NE2a, NE6, and NE7, with the probe stationary for 16 seconds during each 
measurement; along the remaining boreholes, measurements were made every 20 cm (7.9 in.), 
with the probe remaining stationary at each location for 16 seconds (Figs. 4,6, and 7 in the 
Introduction show the measurement locations). A paraffin shield included with the probe was 
sampled at the beginning and end of each logging day to verify that the tool was functioning 
properly. 

For each borehole, we have calculated the differences in water content between the 
"before" and "after" measurements ("after" heating minus "before" heating) to produce a 
difference log. Note that a grout annulus and a liner were used to seal the boreholes so that 
steam and liquid flow along the boreholes was minimized. The presence of the liner/grout 
system probably had an effect on the measured values of absolute moisture content. There is no 
data available to estimate this effect. V's have chosen to present the data as a change in 
moisture content rather as absolute values as will be discussed below. This should eliminate 
the effects of constant sources of hydrogen such as the liner material; however the grout (pre
heating) contained water trapped in its pore space as well as water of hydration which 
probably changed as a result of the heat imposed. In the discussions that follow, it is assumed 
that the changes in grout moisture content more or less parallel the moisture content changes of 
the rock. We recognize that the changes in grout moisture content will impact the measured 
values, but in a qualitative sense, we expect the measured values to be representative of the 
rock moisture content to the rock mass. This is not a severe limitation given that the data will 
only be used to propose mechanisms for fluid flow; we will not attempt to use the measurements 
to quantify these mechanisms. Furthermore, assuming a spherical volume of investigation with 
a diameter of 15 cm, it cna be shown that approximately 80% of the sampled volume consists of 
welded tuff; this suggests that our expectation that the measured values represent 
qualitatively the rock moisture content is reasonable. 

For a counting time of 16 seconds, the number of counts is approximately 9000 (typical of 
measurements before heating); assuming that a Poisson's distribution describes the counting 
process, we estimate that the precision of a single measurement (two standard deviations 
confidence level) is ±42 kg of water per m3. This number multiplied by V2~ gives us an estimate 
of the precision in a difference trace of ±0.006. A spatial filter was applied to each difference 
log to smooth the spikes in the trace and further improve precision. This spatial filter 
calculates a weighted average for each depth location using 5 points (i.e., the measurement 
made at the depth of interest and the two measurements on either side of it). The formula 
describing this filter is as follows: 
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W = wl(n-2) + w2<n-l) + w3(n) + w2<n+l) + wK n+2) (2-1) 

where: 
W = the weighted average at the location of interest, 
n s the measurement value at the location of interest, 
wl = 0.1 (arbitrarily chosen weight), 
w2 = 0.2 {arbitrarily chosen weight), and 
w3 = 0.4 (arbitrarily chosen weight). 

Each difference trace was smoothed using this filter to enhance spatial and temporal 
trends in the data and to improve the precision of each difference trace. Figure 2-1 illustrates 
the relationship between the filtered and unfiltered difference traces. The precision estimate 
for the filtered points is ±0.003. Filtering improves the precision of the data by a factor of 1.96 
over the unfiltered data. This precision estimate means that for any one point on a difference 
trace that equals or exceeds ±0.003, there is a 95% probability that the difference is caused by 
true changes in the measurement and a 5% probability that it is caused by random fluctuations. 

We can also look at an ensemble of points along a difference trace to define a trend (i.e., 
above or below zero). For an n-point average of data points which exhibit random, uncorrelated 
variation, the precision of the mean is smaller than the precision of the individual points by a 
factor of the square root of n. Thus, assuming the variation in our unfiltered data points is 
uncorrelated, the expected variation of a 16-point ensemble of them would be (±0.006)/4 or 
±0.0016. 

To estimate the precision of an n-point ensemble of already filtered, and thus 
correlated points, we can consider the effect of a two part process, filtering and averaging, on 
the unfilter<*i data. That process improves the precision of the unfiltered data by a factor 
n/Vn-1.96, or, for n = 16,4.27. Thus, the error estimate for a 16-point ensemble of filtered data 
points would be ±0-006/4.27 or ±0.0014 g/m3; for 32 points, it would be ±0.006/5.84 or ±0.0011 
g/m 3 . However, note that each day's data is interpreted as a ratio to a standard count (STD) 
made at the beginning and/or end of the day. The standard count consists of 32,8- second counts 
in a fixed environment that produces about 8000 counts in 16 seconds, so the precision of the STD 
is a factor of four better than a single data point, or, in terms of water content, ±0.001 g/m 3. 

In the interpretation that follows, we will define ensemble trends (where possible) to 
establish whether a statistically significant change has occurred along a borehole at a 
particular time and to determine the sense (i.e., increase or decrease) of the change. Based on 
these trends, we will infer whether the amount of liquid water around the borehole has 
increased or decreased relative to preheating conditions. 

Discussion 

Figures 2-1 through 2-6 show the difference traces calculated from data obtained prior 
to November 1,1988. Figure 2-2 shows the difference traces generated for borehole NE6. The 
orientation for this borehole is orthogonal to the heater and above it approximately 0.7 m 
(2.3 ft) at the closest point of approach. Note that the September 12 trace (heater was turned 
on September 7,1988) shows that the moisture content slightly increased above the heater for 
31 of the 32 points. The average value for the trace is approximately 0.002, with an 
approximate error of ±0.0011. Adding the STD error, in quadrature, we increase this to ±0.0014 
g/m 3. The odds against finding an average of 0.002 g/m 3 or more are roughly 200 to 1. The 
largest increases appear on rock that is above and to either side of the heater [the heater is 
located approximately below the 5-m (16.4 ft) mark], between the depths 3-4.1 m (9.8-13.4 ft) 
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and 5.7-63 m (18.7-20.7 ft). This zone of increased saturation then decreases with time while 
the rock directly above the heater shows a drying trend (negative changes). 

figure 2-3 shows that the difference traces for borehole NE7, positioned parallel to and 
0.7 m above NE6, has a temporal trend similar to the NE6 traces. NE7 results show first a 
genera] slight increase in saturation, which is statistically significant. This increase has 
largely dissipated by October 12. As expected, the changes in NE7 are smaller than those in 
NE6 because the latter is sampling rock at higher temperature where evaporation is occurring 
at a faster rate. 

Figure 2-4 shows that the difference traces for borehole NE2a tell a somewhat 
different story. This borehole is coplanar with boreholes NE6 and NE7 and is located 
approximately 0.55 m (1.8 ft) (at the closest point of approach) below the heater axis. Note 
that the September 12 trace does not show a general increase in moisture content like NE6 and 
NE7 showed. Instead, it shows an increase from 5.8 to 6.4 m (19 to 20 ft) and 5.3 to 5.4 m (17.4 to 
17.7 ft), and a general decrease elsewhere. This drier region develops much faster than the 
drying zone near NE6 but has approximately the same width. The drying observed at this 
location is greater than that observed in NJi6 by a factor of 4-5, and thus it is plotted at a 
smaller scale than the other figures. 

Figure 2-5 compares the changes in moisture content observed for rock above and below 
the heater. The data are unfiltered and plotted versus radial distance to the heater's center. 
This plot shows that during the early stages of heating (5 days after start of heating) rock at 
higher elevations generally shows a higher increase in moisture content than rock below the 
heater at the same radial distance. This assymmetry in reponse was unexpected and the reason 
for it is unclear at present. It might be due to a higher initial moisture content (from drifting 
water) below the heater. It might also be an indication of the tendency of the steam to move 
upward preferentially due to buoyancy. 

Figure 2-6 shows the difference traces for borehole NE1 as function of time. This 
borehole is oriented orthogonal to the heater borehole but is farthest removed from the heater 
of all boreholes shown. This borehole shows increases in moisture content from 3.7 to 4.3 m 
(12.1 to 14.1 ft) and from 5.3 to 6.3 m (17.4 to 20.7 ft). A zone of slight diying might be present 
between 4.6 and 4.9 m (15.1 to 16.1 ft) [at this location the closest point of approach to the 
heater borehole occurs at approximately 4.7 m (15.4 ft)J. There is another region of drying 
centered at about 3.3 m, but the trends are not very repeatable from one trace to the next. 

Summarizing, the neutron data for the rock directly above the heater shows an early 
wetting episode (i.e, increased moisture content), followed by slight drying episodes. The rock 
directly below the heater shows evidence of a higher degree of drying early and then continued 
to dry with time. Rock to either side of the heater borehole, whether higher or lower in 
elevation than the heater, showed an early wetting episode that later dissipated. For 
locations closer to the heater, a drying episode followed, and for the rock farthest from the 
heater, continuing increases in moisture were observed. 
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Figure 2-1. Relationship between the filtered and unfiltered difference traces. 
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Figure 2-2. Difference traces generated for borehole NE6. 
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Figure 2-3. Difference traces generated for borehole NE7. 
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Figure 2-4. Difference traces generated for borehole NE2a. 
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Figure 2-5. Comparison of changes in moisture content of rock above and below the heater 
5 days after the start of heating. 
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Figure 2-6. Difference traces generated for borehole NEl. 
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Chapter 3 
Permeability Tests 

Kenrick Lee and Tzou-Shin Ueng 

Introduction 
Air permeability testing is conducted along intervals of the heater emplacement 

borehole (HI). The objectives of these tests are to characterize the in-situ permeability of the 
fractured tuff around the HI borehole and to determine the effect of a heating and cooling cycle 
on the rock mass permeability. A number of permeability measurements were made along 
packed-off intervals of the borehole prior <*> heating the rock mass. These measurements will 
be repeated after the heating and cooling cycle. Preheating and postheating permeability 
values will later be compared to determine any effects on the rock mass permeability. 

Test Description 

Steady-state air injection testing (Montazer and Hustrulid, 1983) is the method used to 
measure permeability. Through the use of inflatable packers, preselected intervals of the 
borehole are isolated for testing. Compressed air is injected into the test interval, and the 
steady-state air flow rate, pressure, and temperature are measured. Permeability is computed 
from the constant air flow rate, pressure, and temperature. By relocating the packer assembly 
and repeating the tests, a permeability profile of the borehole is developed. 

The permeability of the rock mass is believed to be dominated by fractures; therefore, 
field measurements are also used to compute the equivalent pneumatic aperture of fractures 
intersecting the test zone. Fractures intersecting the borehole were mapped prior to 
permeability testing. Apertures are computed by assuming validity of the cubic law for gas 
flow through natural fractures (Schrauf, 1984). The length of a test zone for fracture aperture 
measurements is limited to 36 cm (14.2 in.) to minimize the number of discrete fractures 
intersecting the zone. However, tests are also done on the variable length zone behind the 
packer assembly. Since the length of this zone is as high as 3.7 m (12.1 ft), these data are used 
only to estimate equivalent porous medium permeability and are not used for fracture aperture 
computation. 

The straddle packer assembly, coupled to a compressed air flow and monitoring system 
located in the Rock Mechanics Incline, is shown in Fig. 3-1. Air is supplied from the G-Tunnel 
compressed air line at a pressure of up to 862 kPa (125 psi). The packer assembly, comprising 
three inflatable packers, isolates three zones in the borehole, including the zone behind the 
deepest packer (Zone 3). The other two zones are Zone 1 (between the central packer and the 
packer nearest the borehole collar) and Zone 2 (between the central packer and the deepest 
packer). Both Zones 1 and 2 have a fixed length of 36 cm (142 in.), while the length of Zone 3 
varies with the location of the packer assembly. Injection testing is conducted separately in 
Zones 2 and 3. Zone 1 functions only as an observation zone. When a tost zone is pressurized, the 
remaining two zones serve as observation zones in which pressures and temperatures are also 
measured. Pressures and temperatures monitored in observation zones might warn of air 
leakage around or through the packers. 

Air temperature and pressure in the borehole and manifold are recorded by a data 
acquisition system. Pressures are also displayed on gages located on the manifold and outside of 
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the borehole collar. Air flow rates are measured using gas flow meters and are recorded 
manually. 

Apparatus 

Compressed air, supplied from the G-Tunnel compressed air line, flows through an air 
filter and a pressure regulator before entering a four-branch manifold, with each branch 
containing a flow meter capable of measuring a different range of flow rate (Fig. 3-1). The 
manifold covers flow rates ranging from 0.5 to 6300 SLM (0.018 to 222 SCFM). In addition to the 
flow meters, the manifold contains flow- and pressure-regulating devices for controlling the test 
zone pressure. A pressure regulator allows the test zone pressure to be set at some predetermined 
nominal value, which essentially remains constant as the flow rate adjusts to the steady-state 
condition. To determine the mass flow rate of a highly compressible fluid such as air, the 
thermodynamic character of the fluid expansion must be considered. Temperature and pressure 
of air leaving the manifold are therefore measured by an in-line theiTnocouple and pressure 
transducer. 

The three-packer assembly is fitted to a 51-mm (2-in.) I.D. aluminum pipe. Each 
packer has a seal length of 43 cm (16.9 in.) and an uninflated O.D. of 27.9 cm (11 in.). A single 
6.35-mm (1/4-in.) line is used to inflate all three packers to about 689 KPa (100 psi) with 
nitrogen supplied from a cylinder. When the packers are inflated, air is injected into Zone 2 or 
Zone 3 through separate 25-mm (1-in.) lines. Each of the three borehole zones is fitted with a 
Type E thermocouple for temperature measurement. The air pressure in each zone is transmitted 
to a pressure transducer, located outside of the borehole collar, through plastic tubing. Placing 
the transducers outside of the borehole delays transmission of the pressure by only a few tens of 
milliseconds. Therefore, this delay does not affect the results for steady-state testir §. 

Procedure 

Permeability measurements begin with the deepest packer located about 30 cm (1 ft) 
from the bottom of the borehole and with all three packers inflated. Zone 2 is first tested at a 
number of different pressures, followed by Zone 3. For each measurement, air injection is 
continued until the observed flow rate and test zone pressure remain constant for at least 10 min. 
The assembly is then withdrawn about 25 cm (9.8 in.), and Zones 2 and 3 are tested again. This 
sequence is repeated until a length of about 45 m (14.8 ft), measured from the bottom of the 
borehole, is completely tested. Steady-state injection pressures are limited to a maximum 
value of about 207 kPa (30 psi) to minimize the effects of fracture deformation and turbulence. 
At higher pressures, fracture deformation and turbulence might introduce significant errors in 
the measured permeabilities (Maini et al., 1972). 

At each test zone location, permeability is generally measured at three to five 
different steady-state pressures so that the effect of injection pressure on the measured 
permeability can be determined. For borehole intervals that include highly fractured sections 
of substantially greater permeability, it is not possible to establish steady-state pressures of 
more than a few psi, and therefore, only one or two steady-state pressures arc used. In addition 
to fracture deformation and turbulence, changes (or apparent changes) in air permeability with 
pressure might be caused by such factors as leakage around packers, Klinkenberg slip effects, or 
increased moisture displacement at higher pressures. Permeability values might also be 
influenced by the "lubritition effect" investigated by Rose (Montazer and Hustrulid, 1983). 
When the permeability of a porous or fractured medium is measured using a gas at low pressure, 
Klinkenberg slip cause; a higher permeability value compared to that obtained using a liquid. 
This disparity between gas and liquid permeabilitiet decreases at higher gas pressures. The 
lubrication effect is a separate phenomenon, which causes the gas permeability c< a medium at 
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low water saturation to increase over the value for an essentially dry medium. Injection testing 
at different pressures might permit identification of some of these effects so that appropriate 
adjustments can be made in the data analyses. 

Data Reduction 

For steady-state, isothermal flow of an ideal gas through a single fracture intersecting 
a borehole, the cubic law and the ideal gas law can be used to derive the following equation for 
the fracture aperture, e {Evans, 1983): 

12uRTQm "ffl 
KM (Pg-Pfc. 

1/3 

(3-1) 

where: 
fi = gas viscosity, 
M = molecular weight of gas, 
R = universal gas constant, 
T = absolute gas temperature in the borehole, 
rt = radius of borehole, 
re = effective radius (or radius of influence). 
Pi, = absolute test zone pressure, 
P a = barometric pressure, and 
QD = mass flow rate. 

For n fractures of the same aperture intersecting the test zone, Eq. (3-1) becomes 

12nRTQm <M 1/3 

n«M (Pb-Pa) (3-2) 

The permeability of a single fracture is 

kf = e2/12 (3-3) 

and the equivalent porous medium permeability of a test zone of length L is approximately 
(Montazer and Hustmlid, 1983) 

ke = nekj/L. (3-4) 

The effective radius, r̂ , is not measured and must be estimated to reduce Eq. (3-2) to a 
single unknown e. Previous studies have shown that there is usually a high pressure gradient 
around the borehole, resulting in an effective radius of no more than a few feet (Zeigler, 1976). 
Moreover, the computed aperture is very insensitive to the effective radius used. For example, 
with the present borehole radius of 15.2 cm (6 in.), increasing the effective radius an order of 
magnitude from 1 to 10 m (33 to 32.8 ft) increases the computed aperture by only 31%. An re 

value of 3.05 m (10 ft) is used for this entire study. 
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Results 
A Fortran program was written to compute fracture and equivalent porous medium 

permeabilities from the test data. A sample of the preliminary results obtained from 
measurements conducted prior to heating :s shown in Table 3-1. All pressures shown are gage 
pressures. These results were obtained using Eqs. (3-2) through (3-4). The value of n for each 
test zone was obtained from the borehole fracture l.lapping. 

The decrease in measured permeability with increasing test zone pressure observed in 
Table 3-1 is probably due mainly to turbulence. For intervals having smaller aperture fractures, 
or no fractures at all, Klinkenberg slip might also contribute to this observation of decreasing 
permeability with pressure. Louis (1969) found that the cubic law (applied to fracture flow) 
was valid for a Reynold's number of less than 2300 and a surface roughness index of less than 
0.033. The surface roughness index, defined as the mean height of the surface asperities 
divided by twice the average aperture, is not evaluated in these tests. However, it is generally 
expected to be greater than 0.033 for natural fractures in tuff. This higher roughness index 
increases turbulence and might therefore cause deviations from the cubic law at a Reynold's 
number well below 2300. 

In Fig. 3-2, equivalent porous medium permeabilities along the heater borehole are 
compared with mapped fracture locations. The permeabilities shown here were measured at a 
nominal pressure of 34 KPa (5 psi). The permeability of a 36-cm (14.2-in.) long test zone varies 
from a minimum of 0.04 Darcy to a maximum of 150 Darcies. The higher permeability value 
ccnespc ids to a highl> fractured zone, a few inches thick, at a depth of about 7.7 m (253 ft) 
from the collar. 
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Table 3-1. Sample of G-Tunnel air permeability testing result* for measurement* made before 
heating the rock. 

Test 
No. 

Test 
Zone 
No. 

Test 
Interval 

(m) 

No.o! 
Fract. III

 III 

Pneumatic 
Aperture 
(micron) 

Fracture 
Perm. 

(Darcy) 

Equivalent 
Porous Medium 
Perm. (Darcy) 

1 
1 
1 
1 
1 

3 
3 
3 
3 
3 

10.48-10.73 
10.4E-iO.73 
10.48-10.73 
10.48-10.73 
10.48-10.73 

32.r 
68.2 
99.4 

140.9 
172.6 

.115E-02 

.23BE-02 

.363E-02 

.514E-02 

.647E-02 

147.3 
137.7 
133.9 
127.5 
124.5 

.1832E+04 

.1602E+O4 

.1514E+04 

.1373E404 

.1309E+04 

.7496E+00 

.6128E+00 

.5634E+00 

.4863E+00 

.4528E+00 

14 
14 
14 

2 
2 
2 

8.80-9.16 
8.80-9.16 
8.80-9.16 

38.1 
108.5 
174.0 

.143E-03 

.447E-03 

.771E-03 

68.7 
64.1 
61.1 

.3980E+O4 

.3472E+03 

.3154E+03 

.7591E-01 

.6186E-01 

.5355E-01 

15 
15 
15 

2 
2 
2 

8.55- 8.91 
8.55- 8.91 
8.55- 8.91 

32.8 
102.6 
170.1 

.117E-02 

.489E-02 

.808E-02 

168.4 
146.1 
135.3 

.2396E+04 
•1802E+04 
•1545E+04 

.1121E+01 

.7312E+00 

.5805E+00 

16 
16 
16 

2 
2 
2 

8.30- 8.66 
8.30- 8.66 
8.30- 8.66 

37.1 
102.5 
174.9 

.867E-03 

.253E-02 

.492E-02 

126.6 
117.3 
113.1 

.1353E+04 

.1162E+04 

.1080E+04 

.4755E+00 

.3786E+00 

.3391E+00 

17 
17 
17 

2 
2 
2 

8.05- 8.41 
8.05- 8.41 
8.05- 8.41 

31.4 
107.8 
182.0 

.436E-03 

.132E-02 

.217E-02 

107.4 
92.3 
84.3 

3747E+03 
.7196E+03 
.6000E+03 

.2909E+00 

.1845E+00 

.1405E+00 

18 
18 
18 

2 
2 
2 

7.80-8.16 
7.80-8.16 
7.80-8.16 

27.1 
100.9 
169.4 

.904E-O3 

.287E-02 
-476E-02 

145.0 
123.3 
113.7 

.1774E+04 
.1283E+4 
.1091E+04 

.7144E+00 

.4393E+00 

.3445E+00 

•19 2 7.55- 7.91 4 11.2 .706E-O1 537.3 .2437E+05 .1455E+03 

*20 2 7.30- 7.66 1 14.0 .684E-01 780.7 .5146E+05 .1116E+03 

21 
21 
21 

2 
2 
2 

7.05-7.41 
7.05- 7.41 
7.05- 7.41 

3 
3 
3 

34.3 
101-1 
168.2 

.270E-02 

.723E-02 

.117E-01 

132.1 
116.1 
106.6 

.1474E+04 

.1138E+04 

.9599E+03 

.1623E+01 

.1101E+01 

.8529E+00 

22 
•22 

2 
2 

6.80-7.16 
6.80-7.16 

3 
3 

25.6 
70.1 

.346E-01 

.705E-01 
346.0 
291.8 

.1011E+05 

.71B9E+04 
.2915E+02 
.1748E+02 

•23 2 6.55- 6.91 2 33.0 .697E-01 452.7 .1731E+05 .4353E+02 

24 
24 

•24 
"24 

2 
2 
2 
2 

6.25- 6.61 
6.25- 6.61 
6.25- 6.61 
6.25- 6.61 

3 
3 
3 
3 

16.9 
38.1 
64.9 

100.4 

.271E-01 

.490E-O1 

.743E-01 

.102E+00 

371.9 
332.9 
306.8 
280.8 

.1167E+05 

.9354E+04 

.7947E+04 

.6657E+04 

.3618E+02 

.2595E+02 
2032E+02 
.1558E+02 

* Reynold's number exceeds 2000. 
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Figure : Schematic of gas permeability measurement apparatus. 
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Figure 3-2. Equivalent porous medium permeabilities along heater borehole, compared with 
mapped fracture locations. The heater element in the heater package was later installed 
between the depths 6.92 to 9.92 m (22.7 to 32.5 ft). 
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Chapter 4 
Heater Assembly 

Kenrick Lee and Tzou-Shin Ueng 

Introduction 

An electrical resistance heater, installed in the HI borehole, is used to thermally 
perturb the rock mass through a controlled heating and cooling cycle. Heater power levels are 
controlled by a Variac power transformer and are measured by wattmeters. Temperatures are 
measured by thermocouples on the borehole wall and on the neater assembly. Power and 
temperature values are recorded by the DAS described in Chapter 12. 

The heater assembly consists of a 3.55-m (11.6-ft) long by 20.3-cm (8-in.) O.D., Type 304 
stainless steel pipe, containing a tubular hairpin heating element. The element has a heated 
length of 3 m (9.84 ft). The power rating of the element is 10 kW; however, we plan to operate 
the unit at a maximum power of only 3 kW. 

The heater is positioned with its midpoint directly below the axis of the P2 borehole, 
as shown in the borehole configuration diagram (see Fig. 3 in the Introduction). This heater 
midpoint position corresponds to a distance of appproximately 8.5 m (27.9 ft) from the HI 
borehole collar. A schematic of the heater assembly in the borehole is shown in Fig. 4-1. The 
distance from the borehole collar to the closest point on the assembly (the front end) is 65 m 
(21.3 ft). A high-temperature inflatable packer, used to seal the borehole for moisture 
collection, is positioned 50 cm (19.7 in.) ahead of the heater front end. The heater is supported 
and centralized within the borehole by two skids, fabricated from 25-mm O-in.) O.D. stainless 
steel pipe. Thermocouples are installed at a number of locations in the HI borehole. Four 
thermocouples that are attached to the heater skin monitor temperatures on the outer surface of 
the can, while three thermocouples that are held in place by rock sections monitor borehole 
wall temperatures beneath the heater. Temperatures are also monitored at the heater 
terminal and on the packer hardware. 

Heater Construction 

The heater assembly comprises a heated section 316-cm (124-in.) long, followed by an 
insulating section 5-cm (2-in.) long and a terminal secfion'22-cm (9-in.) long. A schematic of tbi 
heater assembly is shown in Fig. 4-2. Attached to the terminal section is a handling piece 
containing a slot that accommodates a key at the end of a handling rod. Three stainless steel 
spacers, mounted along the exis of the heated section, centralize the element within the can. 
The insulating section contains a slab of Aremcolox Grade 502-1250 machinable ceramic 
insulator, a silica foam ceramic manufactured by Aremco. Aremcolox 502-1250 offers very good 
thermal insulation to 1100°C (2012°F). The insulating section serves as a heat plug that 
minimizes heat loss through the borehole and protects the electrical connections and cables 
from the high temperatures generated in i/ie heated section. Tiie void in the terminal section is 
filled with RTV 630, a liquid silicone rubber compound that, with the addition of a curing 
agent, cures at room te—.perature to form a high-strength, waterproofing, silicone rubber that is 
stable up to about 300°C (572°F). RTV 630 (produced by General Electric) was poured into the 
terminal section and allowed to harden, offering excellent moisture protection and electrical 
insulation for the heater terminals. The compound also offers additional thermal insulation. 
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To minimize heat conduction from the heater can to the borehole v 1, each of the two 
skids supporting the heater is welded to the can at only three points. These -tlds occur at the 
ends and center of each skid. The orientation of the skids is shown in Fig. 4-J 

The heater element (supplied by Accutherm) is an 11-mm (0.43-in/ diar.ieter. incoloy-
sheathed, coiled central resistance wire in the form of a long tubular hairpin. The vc Li in the 
tube is filled with compacted magnesium oxide, which provides high thermal conductivity. 
The total length of the hairpin is 309 cm (121.7 in.), including a heated length of 300 cm 
(118 in.). A steel ring is crimped around each terminal to provide a strong mechanical joint 
between the element and power lead. 

Temperature Measurement 

Type K (chromel-alumel) thermocouples in stainless steel sheaths are used to monitor 
temperatures in the HI borehole. Temperatures are also monito'cd or. U« packer and close to 
the neater terminal within the RTV compound. Thermocouple locations are given in Table 4-1. 

Table 4-1. Thermocouple locations in heater borehole. 

Channel Temperature Distance from Collar 
Number Monitored (m) (ft) 

103 heater can - bottom 9.22 30.2 
104 borehole wall 8.57 28.1 
105 heater can — bottom 8.46 27.8 
106 boretult wall 9.32 39.6 
107 heater can — top B.48 27.8 
108 healer can - bottom 7.71 25.3 
109 borehole wall 7.80 2S.6 
110 terminal* 6.80 22.3 
111 packer 6.00 19.7 

To measure borehole wall temperatures, a slice was cut from a section of tuff core and a 
thermocouple was bonded into a smali groove cut on the curved surface (see Fig. 4-3). The core 
slice carrying the thermocouple was botided onto the underside of the heater can with a hot-
melt glue. Several minutes after the heater was energized, the high sKin temperature 7r.e!te«i 
the glue to release the core slice, placing the thermocouples in contact with the borehole wall 
beneath the heater. These core slices were machined from HI borehole cores so that their 
surface curvature approximately matches that of the borehole wall, resulting in fairly good 
contact between the thermocouple and borehole wall. Heater skin thermocouples are also held 
in place with steel clamps. 

Power Supply 

A Variac power transformer, receiving an input voltage of 220 V, delivers a 
predetermined power supply to the heater. A 10-gage, stranded, nickel-clad copper wire with 
Teflon-coated glass braid insulation was selected as the electrical lead wire. This high-
temperature lead wire (rated at 600 V) offers high resistance to moisture, abrasion, oils, and 
other fluids at temperatures up to 399°C (750°F). Moreover, the entire length of lead wire, from 
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the heater assembly to the borehole collar, is enclosed in a flexible Teflon conduit, offering 
additional protection against moisture and mechanical abuse. Power is measured at the exit of 
the transformer by two alternating-current watt transducers, each rated at 5 kW, manufactured 
by American Aerospace Controls, Inc. The use of two wattmeters provides redundancy in case of 
wattmeter failure. 

The thermocouples and wattmeters were calibrated in the laboratory prior to field 
application. 

Heater Installation 

The heater assembly, which weighs about 100 kg (220 lb), was installed manually. 
Prior to installation, the heater skin thermocouples were attached to the heater with steel 
clarrps. The core slices carrying the borehole wall thermocouples were glued to the underside 
of the can. The lead wire for each wall thermocouple was clamped to the heater can at a 
distance of at least 30.5 cm <1 ft) behind the core slice, permitting the slice to fall freely to the 
borehole wall and hold the thermocouple in contact with the rock surface (see Fig. 4-3). The 
assembly was manually lifted and pushed into the borehole. A key, fitted to a handling pipe, 
was inserted into the slot in the handling piece. The handling pipe was used to push the 
assembly to the required location in the borehole. Care was taken to maintain the slot in an 
approximate horizontal position so that the thermocouple!1 could be installed in correct 
orientations. Power leads and thermocouple extension wires were held taut while they were 
advanced with the heater. The heater was finally positioned with the midpoint of the 
element located directly below the axis of the P2 borehole. This position corresponds to a 
distance of 6.5 m (21.3 ft) from the borehole collar to the front end of the heater assembly. 

Operation 

The heater was energized to a power level of 3 kW at 11:28 a.m. on September 7,1988. 
The power was readjusted to 3 kW on a number of occasions when small fluctuations, usually less 
than 15 percent, were observed. 

Heating will continue at the 3-kW level until the boiling point isotherm has advanced 
a radial distance of 60 to 75 an (24 to 30 in.) from the heater borehole. The heating phase will 
be followed by a tooldown phase in which the power level is stepped-down to zero in 
decrements of about 0.15 kW over abou* 9.5 weeks. These rampAicwn details are not yet final, 
since calculations are being modified bast ' on data generated as the test progresses. Figure 2 in 
the Introduction shows the power schedule ilamed for the test. 

Wattage and Temperatures 

The thermal loading measured with two wattmeters and the temperatures measured 
with thermocouples at various locations on the Hester can arid the borehole wall were recorded 
bytVDAS. Figures 4-4 through 4-6 show the results of these measurements. The 
measurements indicate that the power wattage (Fig. 4-4) fluctuates at about 15 percent of the 
3-kW nominal power input for the heater. This fluctuation is related to power consumption 
patterns in the tunnel. The troughs in Fig. 4-4 correspond to working hours in the tunnel, when 
power usage was usually at a maximum. The temperatures at various locations increased 
rapidly at the beginning of the experiment, then increased at a slower rate thereafter. On 
November 1,1988, the temperatures on the heater can were about "40°C (644°F) at the top center 
(TC 107) and 300°C (572°F> at the bottom center (TC105) of the he =iter. However, it appeared 
that the temperatures also fluctuated in accordance with the fluci.iarion of the power driving 
the heater. The temperatures on the borehole wall beneath the hrjater increased to over 100°C 
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(212°F> within three days after the beginning of the experiment, and t n November 1,1988 
reached around 220°C (428°F) under the center of the heater and 200°C {392°F) near both ends of 
the heater. The temperature at the packer was about 70°C 'JK'-fl. The packer and its 
associated hardware might have acted as a heat sink, conducting quantities of heat along the 
atuminum pipe and out of the borehole. The wattage and temperatures will be monitored • 
continuously throughout the experiment. 
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Chapter 5 
Relative Humidity Measurements 

with Thermocouple Psychrometer and Capacitance Sensors 

Nai-hsien Mao 

Introduction 

The relative humidity is one of the important hydrological parameters affecting waste 
package performance. Water potential of a system is defined as the amount of work required to 
reversibly and isoiherrrmlly move an infinitesimal quantity of water from a pool of pure water 
to thst system at the same elevation. The relative humidity measurements are related to the 
water potential (WP) by 

Vo W (5-1) 

where: 
R = the universal gas constant, 
T = the temperature (K), 
V 0 = the partial molar volume of water, and 
e/eo = the relative humidity. 

The thermocouple psychrometer, which acts as a wet-dry bulb instrument based on the 
Peltier effect, i. used K> measure water potential. The thermocouple psychrometer works only 
for relative humidity greater than 94 percent. Other sensors must be used for drier conditions. 
Hence, we also use a Vaisala Humicap, which measures the capacitance change due to relative 
humidity change. The operation range of the Humicap (Model HMP135Y) is from 0 to 100 
percent relative humidity and up to 160°C (320°F) in temperature. 

A psychrometer has three thermocouple junctions. Two copper-constantan junctions 
serve as reference temperature junctions and the constantan-chromel junction is the sensing 
junction. Current is passed through the thermocouple causing cooling of the sensing junction by 
the Peltier effect. When the temperature of the junction is belc. the dew point, water will 
condense upon the junction from the air. The Peltier current is discontinued and the 
thermocouple output is recorded as the temperature of the thermocouple returns to ambient. 
The temperature changes rapidly toward the ambient temperature until it reaches the wet bulb 
depression temperature. At this point, evaporation of the water from the junction produces a 
cooling effect upon the junction that offsets the heat absorbed from the ambient surroundings. 
This continues until the water is depleted and the thermocouple temperature returns to the 
ambient temperature (Briscoe, 1984). The datalogger starts to take data roughly at the wet 
bulb depression temperature. 

Calibration of the Thermocouple Psychiometer 

Interpretation of thermocouple psychrometer measurements is based on calibration. 
Therefore, laboratory calibration of the individual thermocouple psychrometer under 
controlled conditions is indispensable. This calibration must be performed for the entire system 
which consists of a Wescor stainless steel cage thermocouple psychrometer (PST-55), a 
Campbell datalogger (CR7X), and related software to record all data on floppy discs using an 
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IBM PC- Calibrations were done at temperatures ranging from room temperature to 80°C 
(176°F), using standard NaCl solutions with osmolality from 100 to 1000 mmol/kg. These ranges 
of calibration conditions correspond to a relative humidity range of 98.15% to 99.8% at 20°C 
(68°F). A change in relative humidity of 1% is equivalent to a water potential change of about 
1.4 MPa or 14 bars. All calibrations were conducted under thermal and vapor equilibrium 
conditions. A typical set of calibration results is shown in Fig. 5-1, where voltage output from a 
thermocouple psychrometer with different solutions at the same temperature [40°C (104°F) in 
this case] is plotted as a function of successive data points with a time interval of about 60 ms. 
The drier the solution, the larger is the output. Figure 5-2 shows the effect of temperature on 
the thermocouple psychrometer output. Figure 5-3 shows that the psychrometer output with a 
constant solution is a linear function of temperature, at least within the temperature range 
studied. For a given solution under a specific temperature, the thermocouple psychrometer 
output can then be correlated with the water potentials of the same solution and temperature. 
Water potentials of sodium chloride solutions from 0 to 40°C (32 to 104°F) were reported by Lang 
(1967) and put into a model by Brown and Bartos (1982). These calibration curves can be used to 
separate the temperature effects from the humidity change effect for the field data. 

Field Setup 

Ten thermocouple psychrometers were installed in three holes (PI, P2, and P3). Table 
5-1 shows the locations of each thermocouple psychrometer. The locations of the three holes 
with respect to the heater hole are shown in Fig. 8 in the Introduction. One additional 

Table 5-1. Locations of thermocouple psychrometers. 

Serial 
Channel Number Hole Mode* 

1 29751 P i HT packer 
2 29763 PI HT packer 
3 29771 PI HT packer 
4 29772 Inst, room Thermos 
5 29760 P3 foam 
6 29769 P3 foam 
7 29759 P3 foam 
8 29764 P2 LT packer 
9 29773 P2 LT packer 
10 29768 P2 LT packer 
11 29756 P2 LT packer 

a HT is high temperature; LT is low temperature. 

thermocouple psychrometer (Channel 4) was sealed inside a testing tube filled with Nad 
solution of osmolality 1000 mmol/kg. The testing tube was installed inside a Thermos to keep 
the temperature constant. This channel serves as a reference channel to check the performance 
of the datalogger. All thermocouple psychrometers were installed near the end of the hole. In 
the case of PI and P2, three thermocouple psychrometers were installed in the sensor pockets of 
a rubber sleeve outside an inflatable packer (Fig. 5-4). By inflating the packer, the individual 
thermocouple psychrometer is isolated from the environment but exposed to the borehole wall. 
This arrangement assures local measurement and reduces the effect of fracture systems near the 
measurements. The packer also blocked the grout from invading the measurement area. In 
addition, another thermocouple psychrometer was installed in front of the packer in P2. For P3, 
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three thermocouple psychrometers were bundled together in an aluminum housing backed by 
foam to prevent the grout from getting into the housing. 

A Humicap sensor was installed in the heater hole in front of the packer. The output of 
the Humicap was configured to be voltages, which were .'jctory-calibrated tr> be linearly 
proportional to both temperature and relative humidity. 

Results 

All thermocouple psychrometers were installed on July 27,1988, and the holes were 
grouted on July 28,1988. TheHumicap was installed on August 24,1988. The heater was turned 
on at 11:28 a.m. on September 7,1988. Data have been taken every 30 min. since July 27,1988. 
However, the sensing junction of Channel 11 was bad from the very beginning; this channel only 
provides temperature data. A leak occurred in the pressure system outside the hole on 
October 12,1988. Both packers were deflated and inflated again after the leak was fixed. 
Some channels went bad at that time. All channels in PI and P2 were aflacted by the leak. The 
data plotted in Figs. 5-15 through 5-8 are from 833 a.m. on September 7,1'. j to 7:33 a.m. on 
November 2,1988. The x-axis is in minutes. The lower zig-zag line plots the daily wall clock 
time, cycling between 0 and 24 hours. The near vertical line connects the two points between 
11:33 p.m. and 12:03 a.m. It serves two purposes for the plot. First, it is a check of any missing 
data. Second, it serves as a daily mark. 

All thermocouple psychrometers were calibrated under isothermal conditions. 
However, the heater test data indicate that the field condition has never been isothermal. 
The temperature increases with time monotonically (Fig. 5-5). The highest temperature is 
about 67°C (153°F). The zero offset (which is the microvolts diffei.ice between the reference 
and the sensing junctions before output voltage was recorded) increases with time or temperature 
(in an algebraic sense; see Fig. 5-6). A -60 microvolt offset indicates the sensing junction is 1°C 
(1.8°F) warmer and a 60 microvolt offset indicates the sensing junction is 1°C colder than the 
reference junction. All the psychrometers were installed with the sensing junction toward the 
bottom of the hole and the reference junction a few mm behind it. Hole PI is located at the left 
side of the heater hole (see Fig. 8 in the Introduction). Therefore, the sensing junctions of the 
psychromsters should be warmer than the reference junctions and, consequently, negative zero 
offset values are expected. On the other hand, for psychrometers in holes P2 and P3, positive 
zero offset values are expected. The measured offsets are consistent with expectation. The 
effects of the nonzero offset on the calculated water potential have to be corrected. Brown and 
Bartos (1982) did an extensive study of this effect for temperatures between 0 and 40°C (32 and 
104°F). We used their model to correct the temperature and offset effects on the calculated 
water potential from the field data. The thermocouple psychrometer microvolt output is 
shown in Fig. 5-7, and the calculated water potential is shown in Fig. 5-8. These results are 
preliminary since we have not yet correlated our calibration data with their model. We 
assumed that tha correlation coefficient between our calibration data and the model of Brown 
and Bartos is J. It serves as an indication of relative water potential change as a function of 
time or temperature. In future work, we will obtain the absolute water potential by 
determining the actual correlation coefficient between our calibration data and the model of 
Brown and Bartas and applying it to our relative water potential data. The water potentials 
shown in Fig, 5-8 indicate that the rock near this thermocouple psychrometer became drier first 
after the heater was turned on. The rock became wetter and drier again later. This d-y-wet-
dry cycle was also observed from neutron and HFEM data in some locations. 

The temperature and relative humidity from the Humicap in the heater hole are 
plotted in Figs. 5-9 and 5-10. The temperature increases monotonically to about 80°C (176°F), 
and the relative humidity decreases slowly to about 70 percent. 
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Legend 
• 107100 
+ 107290 
o 107500 
* 107750 
x 1071000 

Nth Data 

Figure 5-1. Thermocouple pfychrometer output for different solutions as a function of time 
(approximately 60 ms between data points). The first three digits of the label for each symbol 
is the thermocouple psychrometer channel, and the rest of the digits indicate the osmolality 
of the NaCl solution in mmol/kg. 
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Figure 5-Z Thciii.ocouple psychrometer output far the tame tolutioii at different 
temperature*. The symbol labels are shown in temperature <°C). 
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Figure 5-4. Packer thermocouple psychiometer sleeve assembly. 
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Figure 5-5. Temperature as a function of time for Channel 5 of the heater test in G-Tunnel at 
NTS. Each zig-zag at the bottom of the figure represents a 24-hr cycle. 
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Figure 5-6. Offset as a function of time for Channel 5 of the heater test in G-Tunnel at NTS. 
Each zig-zag at the bottom of the figure represents a 24-hr cycle. 
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Figure 5-7, Microvoltage output as a function of time for Channel 5 of the heater test in 
G-Tuiuiel at NTS. Each zig-zae at the bottom of the figure represents a 24-hr cycle. 
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Figure 54. Relative water potential as a function of time for Channel 5 of the heater test 
in G-Tunnel at NTS. Each zig-zag at the bottom of the figure zepresents a 24-hr cycle. 
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Figure 5-9. Measured temperature from Humicap in the heater hole. 
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Figure 5-10. Measured relative humidity from Humicap in the heater hole. 
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Chapter 6 
Microwave Measurements of Water Vapor Partial 

Pressure at High Temperatures 

Victor R. Latorre 

Introduction 

One of the desired parameters in the Yucca Mountain Project is the capillary pressure of the 
rock comprising the repository. This parameter is related to the partial pressure of water vapor in 
the air when in equilibrium with the rock mass. Although, there are a number of devices that will 
measure the relative humidity (directly related to the water vapor partial pressure), they 
generally will fail at temperatures on the order of 150°C. Since we have observed borehole 
temperatures considerably in excess of this value in G-Tunnel at the Nevada Test Site (NTS), a 
different scheme is required to obtain the desired partial pressure data at higher temperatures. 

This chapter presents a microwave technique that has been developed to measure water 
vapor partial pressure in boreholes at temperatures up to 250°C. The heart of the system is a 
microwave coaxial resonator whose resonant frequency is inversely proportional to the square root 
of the real part of the complex dielectric constant of the medium (air) filling the resonator. The 
real part of the dielectric constant of air is approximately equal to the square of the refractive 
index which, in tum. is proportional to the partial pressure of the water vapor in the air. Thus, a 
microwave resonant :.;vity can be used to measure changes in the relative humidity or partial 
pressure of water vapor in the air. 

Since this type of device is constructed of metal, it is able to withstand very high 
temperatures. The actual limitation is the temperature limit of the dielectric material in the 
cable connecting the resonator to its driving and monitoring equipment—an automatic network 
analyzer in our case. 

In the following sections, the theory of operation, design, construction, calibration and 
installation of the microwave diagnostics system is presented. The results and conclusions are alw 
presented, along with suggestions for future work. 

Theory of Operation 

When attempting to measure any physical quantity, one must know which parameters 
characterize that quantity, and how these parameters can be measured. For example, there are a 
number of ways to measure the length of an object directly. If, however, the object is located in an 
inaccessible region, direct methods are not available to us, and we must consider other 
characteristic(s) of the object that permit its length to be measured. If the object happens to be a 
conducting wire, we can measure its length by sending an electrical signal down the wire and 
measuring the rime the reflected wave takes to return. By knowing this time along with the 
propagation velocity of the electrical wave, we can determine the length of the conductor 
accurately. This is a well-known technique (time domain reflectrometry, TDR) and illustrates the 
use of an object's electrical characteristics to determine its length remotely. For the problem at 
hand, we do much the same thing; we examine the entity to be measured and focus on one or more of 
its electrical characteristics to measure it. In our case, the partial pressure of water vapor in air is 
related to the refractive index of the medium which, in tum, is related to the complex dielectric 
constant (permittivity) of the medium. As the water vapor partial pressure increases, the 
permittivity of the air also increases. Since the permittivity affects the propagation velocity of 
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electromagnetic (EM) waves, we now have ilie basis for our in situ measurement of the partial 
pressure of water vapor in air in a remote location. 

A block diagram of the microwave system used to measure water vapor partial pressure in 
air is shown in Figure 6-1. The network analyzer transmits a swept frequency signal to the input of 
I he microwave resonator. Frequencies away from the resonant frequency of the resonator are 
reflected back to the network analyzer while those very close to resonance find that they are 
"seeing" an approximately matched load and are therefore absorbed, and little or no signal is 
reflected. Typical network analyzer traces are shown in Figure 6-2, from which the resonant 
frequency of the resonator is determined for a particular dielectric "load" as the frequency of the 
minimum in the reflected signal trace corresponding to that load. 

The sensitivity of the resonant frequency, fr, to small changes in the real part (e') of the 
complex dielectric constant is best understood by analyzing the response just inside the resonator 
input. Resonance is due to the cumulative interference of multiple waves traveling between the two 
ends of the resonator. If the reflection coefficients as seen by the resonator at its input and output 
are T s and rr., respectively (Figure 6-3), then the total reflected wave traveling toward the left just 
inside the left end of the resonator is (Latorre and King, 1985) 

h ^ - h rLexp(-j2pC) 
i-rLr,exp(-j2pt) ( 6 .D 

where b s is the incident field launched by the input transformer (for example, a small coupling 
loop), fit (= coC/v) is the electrical length of the resonator, v is the propagation velocity, to is the 
angular frequency (= 2fflf), and p is the phase factor of the wave. 

"Tie reflection coefficient actually measured at the feed point just outside the resonator is 
proportional to Eq. (6-1), but inverted by the coupling arrangement so that its magnitude is small at 
resonance and near unity away from resonance. 

Resonance occurs when the denominator in Eq. (6-1) is minimum, or 

2P rt=2njt + argr 3 + argr L , (6-2) 

where n = C, 1,2,..., represents resonance mode number. The length of the resonator is determined by 
a number of factors, which are discussed in the section on design. Using Eq. (6-2) and assuming Ts = 
TL = -1 = exp (j7t), which corresponds to a resonator shorted at both ends, the resonator length is 
given by 

t = J2rut + 7t + Jt]X,/4?t = (n+l)V2 (6-3) 

where A* is the wavelength in the coaxial line at resonance. If, on the other hand, the far end of 
the resonator is left open, TL = +1 = exp(jO), then the resonator length is 

t = (2n + lU r /4- (6-4) 

At resonance, the resonant frequency, fr, is equal to the velocity, v, of the wave in the 
medium divided by the wavelength at resonance, X,. In addition, v is equal to the velocity of the 
wave in a vacuum divided by the square root of the real part of the dielectric constant, E', of the 
medium. Thus, for an open-ended coaxial resonator 
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f t = c(2ri + l) 
4DVF (6-5) 

For air, e" is equal to the square of the refractive index,T|, which is directly related to the partial 
pressure of the water vapor in the air (see Reference Data for Engineers, 1985). The resonant 
frequency, therefore, is given by 

f (2n + l)c 
4tV[ 1 + ;210<IVT)+ 58011 + (5580/T»IPw/T]} Iff6) ( ( - . 6 ) 

where PA is the partial pressure of air in mm of mercury, P\y is the partial pressure of the water 
vapor in the air in mm of mercury, and T is the temperature of the air in degrees Kelvin. 
Throughout the temperature range of interest (to 250°C), Eq. (6-6) can be simplified as (Buettner, 
1989; Chesnut, 1989) 

fr = fo[l-Pw/CT2] (6-7) 

where f0 is the resonant frequency for dry air and C = 1 /380. 

Equation (6-7) shows that, since fr varies directly with Pw and since the change in Pw for 
changes in relative humidity is more pronounced at higher temperatures (Figure 6-4), the resonator 
functions better at higher temperatures. 

Resonator Design and Construction 

As shown above, the physical length of a resonator is a major design parameter. There are, 
however, two major, compering constraints placed upon how long a resonator can be for use in dw 
Vucca Mountain Project (YMP). The first of these is the physical dimensions of the region in which 
the resonator is to be located. Since the boreholes have finite dimensions and there are other 
sensors located within them, the resonators cannot be too long. This is of particular importance 
with open-ended resonators because the evanescent fields radiating from the the open end will 
sense objects within a short distance. These objects will change the output reflection coefficient, T\, 
which will change the resonant frequency, thereby negating the system calibration. Because of the 
above factors, the resonator should be short enough to avoid this problem. 

Countering the desire for a very short resonator is the constraint imposed by the available 
equipment driving the resonator. A very short resonator will resonate at a very high frequency [see 
Eq. (6-5), for example]. This requires a very high frequency swept source (network analyzer) and 
very good high frequency coaxial cables. The network analyzers we chose have an upper frequency 
limit of 3 GHz, resulting in a minimum resonator length of 2.5 an (X/4). From our experience with 
coaxial resonators, however, it is desirable to have at least three transverse electromagnetic (TEM) 
modes with which to work (n = 0,1, and 2). Thus, the first resonators used on YMP were selected to 
be 15 cm in length, which corresponds to resonances in the vicinity of 0.5, 1.5, and 25 GHz. These 
resonators did not interfere with or "sde" other sensors, objects, or the walls of the boreholes 
themselves. 

The diameter of the resonator is another important design parameter. It is also constrained 
by the diameter of the borehole in which it is to be used. In addition, it is necessary to match its 
characteristic impedance, ZQ, with that of the coaxial cable driving it so that unwanted reflections 
and loss of power are avoided. For any coaxial line (which is what the resonator really is), the 
characteristic impedance is given by (Latorre and King, 1985) 
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Z o = 601n(b/a)/Ver <6-8) 

where b is the inside diameter of the outer conductor, a is the diameter of the inner conductor, and e' 
is the real part of the relative dielectric constant of the medium filling the resonator 
(approximately equal to 1.0 for our case, air). 

Since the coaxial cables used for this series of experiments in ihe Y W have a Z 0 of 50 ohms, 
the value of b/a is 23. The actual values used for the recent series of simulation experiments in G-
Tunnel at the Nevada Test Site (NTS) are b = 1.6 cm and a -= 0.7 cm. 

The resonators used for the horizontal emplacement experiments were made of Super Invar 
to minimize the amount of linear expansion due t^ increasing temperatures. Since this material is 
very hard to machine and it severely corroded in the test boreholes (even though the resonators 
were gold-plated), and since any thermal expansion effects can fc-s included in the calibrations 
described below. Super Invar will not be used in future resonators. 

The resonators for the next series of experiments (vertical emplacement) will be made of 
brass that is nickel and then gold plated. The nickel will be used to combat corrosion and the gold 
will be used to increase the electrical conductivity of the resonator surfaces, thereby increasing the 
quality factor, or Q, of the devices. The Q of a resonator is given by the center frequency divided by 
the 3 dB (half-power) bandwidth and is a measure of the sharpness of the response. The sharper 
the response, the more accurately we can measure the resonant frequency. 

System Calibration 

Our measurement system requires two separate calibrations. The first of these calibrations 
is that of the network analyzer itself, and is performed with the coaxial cables that are to be used 
in the field. It is performed so that the measurement plane (the position at which a device under 
test is located) is moved from the output terminals of the network analyze down to the output end 
of the cable. This calibration removes the effects of unwanted reflections and attenuation caused b> 
the cables and is absolutely essential for an accurate determination of the resonator's resonant 
frequency. Since this is a standard procedure with network analyzers (see Operator's Manual, 
1988), the details are not presented here. It is important to note, however, that approximately ten 
calibrations (one for each frequency range) are performed on each cable, and the pertinent data are 
stored on disk for recall and use in the field. This is done because each calibration is valid for only 
one frequency range. Thus, we use a frequency range sufficiently wide to locate the approximate 
resonance in the field, along with a number of smaller frequency ranges to increase the frequency 
resolution and hence the accuracy of the measurement. 

The second calibration required is that of the resonator itself. This calibration is 
performed after the network analyzer has been calibrated and is done on each resonator with its 
own coaxial cable (previously calibrated) driving it. The first portion of this calibration is 
accomplished in an environmental chamber whose temperature and humidity are controlled and 
measured by sensors traceable to the National Institute of Standards and Technology (N1ST). 

During the resonator calibration procedure, we recorded the resonant frequency for each 
resonator as a function of the relative humidity at various temperatures in the environmental 
chamber. In this manner, we are able to obtain calibration curves that include the effects of 
thermal expansion for each device that will be used in the field. Typical calibration curves for the 
resonators used in the horizontal emplacement experiment are shown in Figures 6-5 through 6-8. 
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Installation and Problems 

The first step in the installation of the microwave system is the final check-out in the field 
before actually placing the resonators in the boreholes. Although the system does not respond well 
to low values of water vapor partial pressure, such as encounter" J in the air in G-Tunnel, it was 
possible to obtain an approximate result that was checked against results from the other sensors 
(psychrometers and capacitance sensor). This was done in the horizontal emplacement portion of 
the YMP, and the results for the heater-hole resonator (approximately 80% relative humidity at 
17.7°C) were consiste.: t with those obtained by the other sensors. The system was checked again 
after placement in the appropriate boreholes. This check was performed before the heater 
borehole was sealed to ensure that the system was operating properly. Specifically, we checked to 
see that the relative humidity values determined from the resonant frequencies agreed with those 
obtained from the psychrometers and Humicaps. The system was checked after the sealing of the 
heater borehole and was ready to begin taking data. 

The resonator in the P-l borehole was not tested in G-Tunnel prior to installation because of 
time constraints. It had been operating properly in the environmental chamber before being 
shipped to NTS, but immediately after it was grouted-in, its behavior changed radically. 
Evidently, too much water was used in the grout mixture, resulting in flooding of the resonator. This 
condition was clearly indicated by the resonator's response (as indicated by the HP 8753A network 
analyzer). A similar response for a different resonator submerged in w-' • was seen in the 
laboratory, thereby confirming our conclusions. 

The resonator installed in the heater hole was at a lower temperature than the surrounding 
environment It was mounted facing upward so that, as the temperature in the heater hole 
increased, the moisture that condensed inside the resonator remained and submerged the coupling 
loop. The observed response was also simulated in the laboratory and confirmed our theory as to 
what happened in the field. 

Since we could not remove either Tesonator, we had to wait until the resonators dried out; 
their responses, hopefully, would then fall within the calibration ranges of the system. 
Unfortunately, the v.Mter in the resonators actually caused blistering and corrosion inside each 
resonator, which rendered them essentially inoperative. 

We also experienced trouble with some of the electronics used in the tunnel. The calibration 
data from the resonators operating in the environmental chamber had been stored on floppy disks so 
that they could be recalled on demand from the Disk Drive unit. After installation, we started 
experiencing problems when using the wide-band calibration data from the disks. We spent 
considerable time in G-Tunnel attempting to isolate the actual source of the problem. Having had 
no success in identifying which portion of the electronics system was malfunctioning, we sent the 
equipment back to LLNL, where we were finally able to determine that the disk drive was the 
problem. Apparently, the environment in G-Tunnel (high humidity combined with a considerable 
amount of dust) v. as the culprit We have revised our procedures (discussed in the next section) to 
avoid these envi"onmental problems in the future. 

Conclusio is and Future Plans 

The major conclusion reached to date is that the microwave technique described in this 
chapter will measure the partial pressure of water vapor at high temperatures. From the problems 
experienced in the field (G-Tunnel at NTS), we learned that we must do the following in the 
vertical emplacement experiments: 
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1. Ensure that additional supervision and care are exercised during the actual grouting of 
boreholes. 

2. Mount all resonators in regions of sufficiently high temperature so that water will not 
collect in the bottoms of the resonators. 

3. Provide increased protection of the electronics equipment. All of the system units will be 
housed in the Instrument Room and will be stored in relatively air-tight containers when not in 
operation. They will not be operated in a continuous mode. 

4. Calibrate two network analyzers, so that we will have a reliable back-up source in the 
event the primary network analyzer fails. 

5. Mount resonators so dust or water will not collect in them. 

70 



Network analyzer 

RFout REF 
0 O 

i i — 

B 
O 

Power 
splitter 

Disc drive 

" Directional 
bridge 

Transmission/reflection test set 
- * * • Microwave 

resonator 

Figure 6-1. Microwave measurement system. 
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Figure 6-2. Resonator response to various standard dielectrics on the open end. 

72 



SMA 
connector 

:141 
Hi-temperature 
coaxial cable 

-jg-^-^rr-E—— ^ Coupling loop z 

Figure 6-3. Miuovave coartal resonator. 

73 



—i 1 1 1 1 1 1 1 1 1 r n r T r 

|RH=100% 

RH=80°/ST 

A RH=60%-

RH=40%-

.• RH=20% 

20 40 60 80 

Temperature (°C) 

100 120 

Figure 6-4. Fartia] pressure of water vapor at a function of temperature with relative 
humidity as the parameter. RH is relative humidity. 

74 



1453.1 

1453.0 

N 
X £ 

1452.9 

1452.8 

i ' i • r 
y = 1453.0508-5.041X 
R = 0.97 

U PP(b)31.2 

0.0e+0 1.0e-2 2.0e-2 3.0e-2 
Pw(bar) 

4.0e-2 5.0e-2 

Figure 6-5. Resonant frequency as a function of water vapor partial pressure at 312°C. 
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Chapter 7 
Pressure Measurements in G-Tunnel 

Wunan Lin 

Introduction 

Transport of water in an unsaturated medium such as the proposed study site at Yucca 
Mountain, Nevada is very likely to be two-phase: vapor (or steam) and liquid water. 
Determination of partial vapor pressure in the medium is therefore desired for a model study of 
the transport mechanism. In this prototype test in G-Tunnel, we commit to measure the relative 
humidity and moisture content of the rock around the heater. To determine the partial vapor 
pressure in the rock, we also need to determine the total pressure in the medium. For that 
purpose, we decided to measure the pore-air {include steam or vapor) pressure in the boreholes 
where relative humidity will be determined (PI, P2, and P3). The total pore-air pressure will 
be measured by using a strain-gaged pressure transducer. Other purposes of this test are to try 
the pressure measuring technique and to investigate the long-term stability of sensitive 
pressure transducers. We also measure the barometric pressure in the alcove, outside the 
boreholes where total pressure is measured. 

Calibration of Pressure Tranducers 

We have tried two types of pressure transducers in this test. The first type of 
transducer was a piezoresisti ve-gauged transducer made by Sensotron- This type of transducer 
was not stable enough for our purposes. Another piezoresistive-gauged transducer made by 
Foxboro has been used since the middle of October 1988. All of our pressure transducers were 
calibrated using a Ruska 100-psi calibration system. The calibrations gave us the voltage 
output of the transducers at zero pressure (zero-off-set) and the coefficient of voltage output 
versus pressure applied. The DAS measures the voltage output of the transducers, subtracts the 
voltage with the zero-off-set, then divides the net voltage by the efficient to obtain absolute 
pressure of the measuring point. 

A barometric pressure transducer manufactured by Rosemount is used to measure the 
ambient pressure in the alcove. The barometric transducer was calibrated in term of inches of 
mercury instead of pounds per square inch (psi). 

Installation of Pressure J/randucers 

As mentioned previously, the pore-air pressure is measured in fhe psychrometer 
boreholes PI, P2, and P3 (see Fig. 8 in the Introduction}. To be able to reuse the transducers and 
to calibrate the transducers during the test, we decided to place the transducers outside the 
boreholes and prctc the pressure at the measuring point, which is in the vicinity of the 
psychrometer, by a stainless steel high pressure tubing. In PI and P2, due to the restriction of 
the psychrometer packer, 1 /8-in. (3.2-mm) high-pressure tubing was used. In P3,1/4-in. (6.4-
mm) tubing was used. 

In PI and P2, the high-pressure tubing was embedded in the rubber sleeve of the 
psychrometer packer (see Fig. 5-4). The inner end of the tubing was open to a cavity within the 
rubber sleeve of the packer, which will be pushed against the borehole wall when the packer 
is inflated. The pressure tubing and a portion of the borehole wall was sealed within the port 
by the rubber sleeve on the packer. The pressure tubing was then grouted, along with the 
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thermocouple bundle and psychrometer packer assrrr.'jly, in the borehole. The outer en*i >f the 
pressure tubing was connected to the pressure transducer. The connections are designed so that 
the transducers can be isolated from the pressure tubing to allow for in-situ calibration and 
checks on the transducers. 

Results 

The results of the pressure measurement up to November 1,1988 are shown in Figs. 7-1 
and 7-2. Figure 7-1 shows the air pressure in PI as a function of time, from September 7 Jo 
November 1. The hours on the horizontal axis in Figs. 7-1 and 7-2 are the time since the 
beginning of data acquisition, which was about 4 weeks before the heater was turned on.. The 
heater was turned on at 11:28 a.m. on September 7,1988 (669-hour mark). The spike at about the 
1150-hour mark was due to in-situ testing of the transducer. The sudden drop in pressure at the 
1700 hour was due to a replumbing of the pressure lines. The step increase in pressure at the 
1500 hour cannot be explained at this moment, but the record of the watt transducer, which 
measures the power to the heater, also shows a disturbance at the same tinne. Also at that 
time, the traveling thermocouples were moved to a new location. The pressure transducer in PI 
might have been disturbed by those activities. It seems that the pressure in PI began to 
increase above the ambient level at about the 1525 hour, which is roughly on October 17,1988. 
The pressure port in PI is about 0.8 m (2.6 ft) from the heater. The pressure continued to increase 
to a maximum of about 60 psi at the 1900 hour, then began to decrease. This pressure increase is 
probably due to boiling of water in the rock. 

Figure 7-2 show? Lhe pressure in P2 and P3 as a function of time between October 20 and 
November 1, 1988. The data from September 7 to October 20,1988 are not included in this plot 
because some big amplitude spikes in that period make the upper limit of the vertical 
(pressure) scale so large that the variation in pressure is not visible. These big spikes were 
caused by malfunctioning and changing of transducers. The solid line in Fig. 7-2 is for the 
pressure in P2; the dotted line >s for the pressure in P3. The measuring points in P3 and P2 are 
about 1 m and 2 m from the center oi the heater hole, respectiveJy. P2 is above the heater; P3 is 
below the heater. The pressure in P3 only increases slightly; in P2, however, there has bern a 
steady increase since October 21,1988. In neither of these two holes has the pressure reached a 
maximum yet. The difference in pressure in these two holes is probably due to hydrological 
communication with the heated zone instead of distance alone, which would cause the pressure 
in P3 to be greater than that in P2, 
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Figure 7-1, Air pressure in PI as a function of time, from September? to November 1,1988. 
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Chapter 8 
Temperature Measurements in G-Tunnel 

Wunan Lin, Abelardo Ramirez, and Donald Watwood 

Introduction 

The purpose of the heater test is twofold: to test measurement and instrumentation 
methods and to stud} Jhe hydrological response of the medium around the heater. The primary 
purpose of measuring temperature in this test is to understand the thermal response of the 
medium around the heater. Temperature k' one of the primary variables measured in such a 
test. Temperature measurement techniques i.ave been well established. Thermocouples are 
usually very reliable. However, the installation of thermocouples requires further 
investigation. The thermocouples can be either grouted in a borehole or installed in a 
retrievable configuration. The effect of these installation techniques on the accuracy of the 
temperature measurements will be investigated in this test. 

iri this chapver, the calibration and installation of thermocouples are discussed. Some 
results of the temperature measurements (up to November 1,1988) are presented. The 
thermocouples used in this test were previously used in the Climax Spent Fuel Test. 

Calibration of Thermocouples 

There are a total of 132 thermocouples used in this test. All of these thermocouples are 
chromel-alumel (Type K), with a stainless steel sheath. The thermocouple wires are grounded 
to the sheath at the hot point. The diameter of the sheath is J.16 cm. The thermocouples were 
calibrated using a Rosemont constant temperature oil bath. Ten of the thermocouples were 
calibrated at temperatures of 0, 25,100,225,249,299, and 350°C (32,77,212,437,480,570, and 
662°R. The calibrations indicated that, at temperatures below 250°C (482°F), all the 
thermocouple readings were within 1°C (U°F) of the standard thermometer. At 250°C, 33 of 
the thermocouple readings differed from that of the standard thermometer by more than l°C 
(1.8°F). Among those, only three thermocouple readings differed by more than 2°C (3.6°F) from 
the thermometer readings. During the installation of the thermocouples, we made sure that 
those thermocouples with greater variance were installed in a cooler region where the 
temperature will probably not exceed 100°C (212°F). Therefore, the uncertainty of the 
temperature measurement will not exceed I°C (1.8aF) in this test. 

Thermocouple Installation 

The 10 thermocouples thai were calibrated to 350°C (662°F) were used in the heater 
hole (see Chapter 4 for the details). Twenty of the other thermocouples (none of these were 
among the 33 with greater variance mentioned above) YKK mounted into two Teflon brackets 
(10 in each bracket), with a 20-cm (7.9-in.) spacing between each thermocouple. These two 
strings of thermocouples were designed to be inserted into the NE holes (one to be used in NE3, 
NE4, and NE5; the ether to be used in the remaining NE holes). Th: temperature measurements 
in the NE holes are used directly to help interpret the high frequet cy electromagnetic 
tomography. 

The rest of the thermocouples (102 total) were in the thermocouple holes (TCI and TC2) 
and the psychrometer holes (PI, P2, and P3). Figure 8 in the Introduction shows the distribution 
of thermocouples in the thermocouple holes and psychrometer holes. The thermocouples in 
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each hole were bundled together with a spacing of either 20 cm (7.9 in.) or 30 cm (11.8 in.), 
depending on the distance from the heater; shorter spacing was used where the thermocouples 
were within 1.5 m (4.9 ft) from the heater. Because the decision to use psychronvter packers 
was made after the thermocouple bundles had been completed, the thermocouple spacing in PI 
and P2 holes is not consistent with the distance from the heater. 

In TC2, P2, and P3 holes, a thin-wall stainless steel tubing [0.32-cm (0.13 in.) ID. and 
3.66-m (12-ft) length] was bound together with the outer portion of the thermocouple bundle. 
The last thermocouple in each bundle was put inside the tubing, to be used as a traveling 
thermocouple; this Is to test the effect of the thin-wall tubing on the temperature measured 
from the thermocouple in it. To do that, the traveling thermocouple will be moved to the same 
location as one of the thermocouples outside the tubing, and the temperature readings from the 
traveling thermocouple and the thermocouple outside will be compared. When the 
thermocouple bundles were in place, the holes (TCI, TC2, PI, P2, and P3) were grouted. 

The thermocouple wires v.'zre connected to isothermal blocks. Special care was taken to 
make sure that the thermocouple polarity was correct. The temperature at the isothermal 
Mocks was measured by resistance thermistor, which was calibrated in the same manner as 
were t'.ie thermocouples. The DAS calculated the absolute temperature at each measuring spot, 
using the thermocouple and the thermistor readings. 

Results 

The results up to November 1,1988 are presented. The temperature distribution around 
the heater hole and its variation as a function of time are presented in Figs. 8-1 through 8-3. 
Figun 8-1 shows the temperature distribution on a plane perpendicular to the heater at its 
midpoint The contour lines are the interpolation of the temperature reading from the 
thermocouples shown as the symbols in the figure. The heavy circle represents the heater hole. 
This set of data was taken at 1 pjn. on October 28,1988. From Fig. 8-1, w.? see a greater thermal 
gradient region near the heater, which indicates a normal conductive type of heat transfer. 
The temperatures above the heater are greater than those below the heater, which might be 
due to the temperature on top of the heater can being greater than that at the bottom. One 
should bear in mind that the contour diagram is for qualitative interpretation only, due to the 
limited number of data points and their uneven spatial distribution. 

Figure 8-2 shows the temperature in the rock at a distance about 0.4 m (1.3 ft) from the 
heater as a function of lime. This thermocouple is in the rock and is closest to the heater. The 
temperature increased quickly at the beginning of heating, then became almost linear with 
time. At these later times, the temperature-time plot has no obvious increase of slope. A 
change in slope would indicate a change in the thermal conductivity and heat capacity of the 
rock. Changes in slope can be attributed to the latent heat capacity of the water as the water 
boils or condenses in the rock mass. The change of slope at a temperature just below 100°C (Fig. 
8-2) might be due to boiling of water in the rock. 

The comparison of temperatures from thermocouples inside and outside a thin-wall 
stainless steel tubing is shown in Fig. 6-3. The temperatures shown in this figure are from the P3 
hole. The dotted line is the temperature measured from the traveling thermocouple. The step-
t, •• a in the temperature curve reflects the pulling outward of the thermocouple one position. 
i..c solid lines in Fig. 8-3 are the temperatures from thermocouples outside the tubing (#94,95). 
Originally the traveling thermocouple was at the same location as the outside thermocouple 
(#95). The good match of these three curves in this period suggests that thin-wall tubing has no 
effect on the steady-state temperature. Later in this test, we will determin-! *'ie time required 
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for a temperature reading to become steady state when the thermocouple is moved to a new 
location. 

Another example of temperature evolution in time can be observed in Fig. S-4. This 
figure shows how temperatures change in tune and space. Temperatures in P3 (dotted lines) are 
consistently lower than those in P2 (solid lines). There are a few temperature values (in both 
P2 and P3) that plot cooler than the projection of the curve for values of the radial distance less 
than 1 m. At these locations, fractures were mapped in dose proximity (within a few 
centimeters) of the thermocouple locations. This close proximity suggests that the depressed 
temperature values near the heater borehole might be caused by fractures. Fractures can affect 
temperature in several ways. (1) Because fractures provide preferential pathways along 
which drilling water might flow, the matrix adjacent to fractures might have imbibed more 
drilling water than the matrix away from fractures. Increasing the matrix saturation increases 
both the thermal conductivity and the heat capacity. A larger heat capacity depresses the 
temperature during the transient period of heat flow- The larger thermal conductivity 
depresses temperatures during both transient and steady-state heat flow. (2) As boiling occurs, 
the fractures provide preferential pathways to vapor flow. During the scoping calculations of 
hydrothermal flow (Chapter 11), it was found that during boiling, matrix gas pressures 
increase with matrix block size. Because saturation temperature increases with gas pressure, 
matrix temperatures in less intensely fractured regions might be greater during boiling than in 
regions of higher fracture density. (3) The higher initial saturation in the more intensely 
fractured matrix (due to drilling water) will also cause those regions to remain in the two-
phase boiling regime for a longer period than regions of lower initial saturation. The result is 
that regions of higher initial saturation will remain on the boiling temperature "plateau" for a 
longer period of time. 

In addition to fractures affecting temperatures, there is an elevation effect. Because 
gravity drainage is likely to result in more drilling water being imbibed by the matrix below 
the heater than above the heater, initial matrix saturations are probably greater below the 
heater. Due to explanations I and 3, temperatures below the heater will be less than 
temperatures above the heater. The lower temperatures observed in borehole P3 (which is 
lower in elevation than borehole P2) are consistent with this observation. 

Figure 8-5 compares temperature profiles for all boreholes 41 days after the heater was 
energized. The temperatures along borehole TC2 are generally cooler than that in other 
boreholes at the same radial distance. The temperatures in P2 are the highest among the five 
boreholes. TCI, PI, and P3 registered about the same temperatures. Most of the differences in 
temperature are consistent with the elevation effect mentioned above. As already observed, 
the lower temperatures in borehole P3 (relative to borehole P2) are consistent with P3 being 
below the heater (and therefor: have a higher initial saturation than P2). The elevation 
effect is quite pronounced in borehole TC2, which lies further below the heater. The low 
temperatures and flatter temperature gradient in TC2 are consistent with the higher thermal 
conductivity that results from a higher initial saturation. The elevation effect is also 
corroborated by evidence presented in Chapter 1 where plots of rock permittivity indicate a 
higher initial saturation below the heater than above the heater. The near-linear portion of 
all the curves (in Figure 8-5) at small radial distances indicate that heat flow is dominated by 
steady-state conduction. Because the temperatures are below boiling, latent heat effects are 
probably not yet significant. 
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Figure 6-1. Temperature distribution on a plane perpendicular to the heater at its midpoint 
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Figure 8-2. Temperature in the rock at a dUtance of about 0A m (13 fii from the heater aince 
the beginning of the DAS operation. 
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Figure 8-5. Temperature in various boreholes on October 28,1988, as a function of radial 
distance from the heater. 
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Chapter 9 
Water Collection 

Tzou-Shin Ueng and Keiirick Lee 

Introduction 

The thermal loading exerted by the heater will dry the pa/Hally saturated rock 
surrounding the emplacement borehole. Vapor pressure gradients will drive water vapor into 
the emplacement borehole and fractures. The water vapor might also move along the fractures 
toward the emplacement hole or outward and condense where the temperatures are sufficiently 
cool. To improve our understanding of the hydrologjcal environment around the heater, we are 
collecting the moisture entering the heater emplacement borehole. 

Moisture Collection System 
The moisture migrating into ths heater emplacement borehole was collected as shown 

in Fig. 9-1, using a high-temperature inflatable packer fitted to a 51-mm (2-in.) I.D. aluminum 
pipe. The packer sealed the borehole 50 cm (19.7 in.) outward from the heater and allowed the 
steam to flow through the aluminum center pipe, condense, and flow to the borehole collar. The 
heater emplacement borehole is sloping 5 degrees downward to the collar to facilitate the 
collection of the condensed moisture. With a Tee joint at the collar, a 25-mm (1-in.) copper pipe 
of about 50 ft. in length took the moisture down the Rock Mechanics Incline to a 203-mm (8-in.) 
diameter stainless steel water collection tank fitted with an electronic liquid level sensor as 
shown in Fig. 9-2. 

The liquid level sensor (supplied by MTS Systems Corporation) is a linear displacement 
transducer based on the movement of a torsional strain pulse resulting from the interaction of 
magnetic fields of the interrogating pulse emitting from the gage head and the permanent 
magni-tt inside the float. The accuracy of measurement with this sensor is 0.05 mm (0.002 in.); 
the rep*o ibilily is 0.001% of full scale. Calibration of the liquid volume collected in the 
moisture c. 'Iictio'.i tank versus the voltage output of the liquid level sensor was performed at 
LLNL and in the field (after installation). Figure 9-3 shows the calibration results. The DAS 
recorded the output voltage of the transducer and calculated tl e collected water volume 
according to the calibration curve. 

Results 
Figure 9-4 presents the results of water collection up to November 1,1988, showing that 

an insignificant volume of water was collected within the first two weeks of the experiment. 
Thereafter, the rate of water collection is approximately 0.1 liter per day, which is less thin 
the value predicted by the scoping calculation (approximately 0.5 liter per day). 

The reasons for this discrepancy are unclear at present. One possible explanation is 
that the temperature at the intake point for the system is below the dew point. This might 
have caused some vapor to condense, pond, and possibly drain into fractures, instead of entering 
the center pipe at the packer. However, relative humidity measurements in the emplacement 
borehole using a Humicap sensor on the back surface of the packer (Figs. 5-9 and 5-10) show that 
the relative humidity remained below 100 percent, except during the first four days of heating. 
On the other hand, the temperatures measured directly on the packer near the borehole wall 
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are generally about 9°C lower than the Huinicap temperatures (Fig. 9-5). These results suggest 
that, following the first four days of heating, no condensation occurred at the Humicap 
location, yet temperatures at some points on the packer were below the dew point, and 
condensation might have occurred at those points. Another possible reason for the discrepancy 
is that the scoping calculations shown in Chapter 11 assume an infinitely long heater. This 
assumption would cause a substantial overestimate of the steam produced. Additional work is 
in progress to evaluate the impact of this assumption. 
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Figure 9-3. Liquid volume sensor calibration results. 
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Chapter 10 
Fracture Analysis 

Tzou-Shin Ueng and Donald Towse 

Introduction 
Fractures are not only the weak planes of a rock mass, but also the easy passages for the 

fluid flow. Their spacing, orientation, and aperture will affect the deformability, strength, 
heat transmittal, and fluid transporting properties of the rock mass. To understand the 
thermomechanical and hydrological behaviors of the rock surrounding the heater emplacement 
borehole, the location, orientation, and aperture of the fractures of the rock mass should be 
known. Borehole television and borescope surveys were performed to map the location, 
orientation, and aperture of the fractures intersecting the boreholes drilled in the PEBSFT at G-
Tunnel. Core logging was also performed during drilling. However, because the core was not 
oriented and the depth of the fracture cannot be accurately determined, the results of the core 
logging were only used as reference and will not be discussed here. 

Fracture Mapping with Television Borehole Camera and Borescope 

Fourteen boreholes were drilled: four (HI, NE3, NE4, and NE5) from the Rock 
Mechanics Incline and 10 (TCI, TC2, PI, P2, P3, NEl, NE2, NE2a, NE6, and NE7) from the Small 
Diameter HeateT Alcove. All the boreholes were surveyed with a television camera to map 
the fractures intersecting the boreholes. Because jf the length limitation [40 ft (122 m)] of the 
fiberoptic cable of the television camera, a borescope was used to map the fractures for the 
portions deeper than 10 m (33 ft) in NE3, NE4, and NE5. A 90-degree side view lens was used in 
both surveys to minimize the distortion of viewing. Prior to the surveys, the television camera 
and borescope were calibrated in a piece of pipe with an internal diameter equal to the 
borehole diameter, so that the location of fractures could be accurately determined and the 
aperture of the fracture could be estimated. During the survey, the depths of every fracture 
intersecting the top, right, bottom, and left sides of the borehole walls were recorded, and a 
range of the aperture of the fracture was also noted. The television survey images were also 
recorded with a video cassette recorder. A computet code was developed to compute the dip 
direction (including the dip azimuth and the dip angle) of each fracture using the survey data. 

Results of Borehole Fracture Survey 

Figures 10-1 and 10-2 are the stereo plots of the dip directions of the fracture planes 
intersecting the boreholes drilled from the Rock Mechanics Incline and from the Small 
Diameter Heater Alcove, respectively. These results depict that the fracture survey reflected 
the fracture planes that were more or less perpendicular to the borehole axis. The strike and 
dip direction of a fracture obtained based on the survey in a small-diameter borehole only 
represents the local strike and dip direction of a fracture at that location; it might not 
accurately represent the actual direction of the overall fracture system in the region. 

The strikes and dips of the i.dcrures intercepting each borehole drilled from the Rock 
Mechanics Incline are plotted in Figs. 10-3 through 10-5. The dip angles of most fractures are 
more than 70 degrees, which is close to a vertical fracture. The fractures observed in these 
boreholes indicated that there are two major broken zones at approximately 5.80 m (19 ft) and 
7.80 m (25.6 ft) from the northeastern wall of the Rock Mechanics Incline. Fractures with 
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apertures as wide as 60 mm were observed. Two less severely broken zones were also found at 
approximately 3.50 m (115 ft) and 115 m (37.7 ft) from that wall. 

Figures 10-6 through 10-9 show the strikes and dips of the fractures intercepting each 
borehole drilled from the Small Diameter Heater Alcove. Boreholes of about the same 
elevation are grouped together in one figure. The dip angles of these fractures are not as steep 
as those of fractures intersecting the boreholes drilled from the Rock Mechanics Incline. A 
major fracture, with an aperture up to 15 mm, approximately perpendicular to the axes of these 
boreholes was found at a distance around 2.0 m (6.6 ft) from the alcove wall. 

The continuity and extent of most fractures could not be determined based on the results 
of the fracture survey. 
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Figure 10-L Dip diiections of fractures intereecting boreholes drilled from the Rock Mechanics 
Undine (KE3, NE4, NE5, and HI). 
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Figure 10-2. Dip directions of fractures intersecting borehole drilled from the Small Diameter 
Heater Alcove (NE1, NE2a, NE6, and NE7). 
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Chapter 11 
Preliminary Scoping Calculations of Hydrothermal Flow 

Thomas A. Buscheck and John J. Nitao 

Introduction 

The Grouse Canyon member of the Belted Range tuff found in G-Tunnel consists of a 
highly fractured, densely welded tuff. These fractures have been observed to be major conduits 
for fluid flow and must therefore be accounted for in the near-field hydrothermal model. 
Because of the low surface recharge rate, the rock at the PEBSFT horizon is only partially 
saturated, and multiphase flow of air, water vapor, and liquid water is therefore possible. 
Heat generated by the waste package can lead to water vaporization and vapor flow in the 
matrix and fractures. Condensation of this vapor outside the boiling zone and capillary-driven 
flow of liquid water can result in the development of a "heat-pipe" (Pruess et al., 1984). To 
account for these conductive, convective, and latent heat transport mechanisms, we use the 
integral finite difference code TOUGH. 

We have conceptualized the physical medium as a discrete fracture/matrix system 
(Fig. 11-1). As such, our model utilizes what we consider to be the most appropriate available 
data for the fracture and matrix properties of Grouse Canyon tuff. Due to the lack of some of the 
matrix data for Grouse Canyon tuff (and due to its similarity to Topopah Springs tuff), we 
decided to apply some of the Topopah Springs tuff matrix data to our model. This approach is 
well suited to small-scale systems in which the fracture spacing is large in comparison to the 
scale of the simulation domain. Because our calculations are to be used in assuring that the 
instruments surrounding the heater are adequately sensitive to the range of pressures, 
temperatures, and saturations to be encountered, our model must be sufficiently resolved to 
indicate small-scale variations. 

Code Description 

All numerical calculations were done using LLNUs version of the TOUGH (transport of 
unsaturated groundwater and heat) code (Nitao, 1988; Buscheck and Niiao, 1987). TOUGH is a 
multidimensional numerical simulator capable of modeling the coupled transport of water, 
vapor, air, and heat in fractured porous media. 

The TOUGH code accounts for liquid- and gas-phase fluid flow under pressure, viscous, 
and gravity forces according to Darcy's Law, with interference between phases represented by 
relative permeability versus saturation curves for the respective phases. The code 
simultaneously solves three balance (continuum) equations for three components: air mass, 
water mass, and energy. The combined effects of capillarity and phase adsorption are 
accounted for in the moisture retention curves, which plot suction pressure versus saturation. 
Due to the absence of hysteretic characteristic curve data, hysteresis is not accounted for in 
either the moisture retention or relative permeability curves. Vapor pressure lowering due to 
capillarity is accounted for using Kelvin's equation (Edlefsen and Anderson, 1943). In addition 
to binary diffusion in the gas-phase, there is an option to include the effect of Knudsen 
diffusion, which is also called the Klinkenberg effect (Klinkenberg, 1941). An equation-of-
state table-look-up algorithm accurately determines the thermophysical properties of liquid 
water and vepor based on experimentally derived steam tables (International Formulation 
Committee, 1967). Air is treated as an ideal gas, and air dissolution in water is represented by 
Henry's Law. Heat transport mechanisms include conduction (with thermal conductivity 

109 



dependent on water saturation) and convection (which includes both sensible and latent heat). 
The code does not account for hydrodynamic dispersion in either the air or water component 
mass balance equations or in the energy balance equation. To handle the strongly coupled, 
highly nonlinear interdependence of mass and heat flow, TOUGH performs a completely 
simultaneous solution of the discretized governing equations, taking all coupling terms into 
account. The nonlinearities are handled by Newton/Raphson iteration, and in LLNL's version 
of TOUGH, the solution matrix is inverted using a block-banded Gaussian elimination scheme 
(Nitao, 1988; Buscheck and Nitao, 1987). Additional details of the TOUGH code can be found 
in Pruess (1985), Pruess et al. (1984), Buscheck and Nitao (1988). 

Matrix Properties 

The calculations in this study require a number of assumptions regarding the relevant 
hydrologic properties and initial and boundary conditions. For the Grouse Canyon densely 
welded tuff found in G-Tunnel, Zimmerman and Blanford (1986) reported an initial saturation 
greater than 60 percent and a matrix porosity, <!>„,, ranging from 15 to 46 percent. We repeated 
our calculations for <tm= 10 and 20 percent. 

There are no published data for the characteristic curves (relative permeability and 
suction pressure versus saturation) for Grouse Canyon densely welded tuff. The only available 
data for absolute matrix permeability kw were measured with air (Board et al., 1987). Because 
no attempt was made to isolate the effect of Knudsen diffusion (slip flow) in their 
measurements, their values for k m are likely to be greater than values that would have been 
obtained with water. Russo and Reda (1987) report that the effect of Knudsen diffusion can 
result in k m measured with gas being an order of magnitude greater than k m measured with 
water. Because our calculations are much more sensitive to liquid phase (than gas phase) 
permeability, we decided that the gas-measured k m data of Board et al. (1987) is not 
applicable. 

Zimmerman et al. (1984) determined that the welded tuffs in G-Tunnel have similar 
bulk, thermal and mechanical properties to those of Topopah Springs welded ruff in the 
repository horizon at Yucca Mountain. Accordingly, we decided to use the absolute matrix 
permeability and characteristic curve data obtained by Peters et al. (1984) for the Topopah 
Springs Sample G4-6. Although Peters et al. (1984) express their characteristic curves as 
functions of suction pressure, TOUGH requires that they be expressed in terms of saturation (see 
Buscheck and Nitao, 1988). 

It is important to recognize how Peters et a!. (1984) obtained their moisture retention 
data. Starting with a fully saturated sample, they desaturated it in small incremental steps 
by placing it in a microwave oven for 30 seconds, removing and allowing the sample to cool to 
room temperature before weighing it, and measuring the suction pressure with a thermocouple 
psychrometer. Microwave heahng enabled the samples to be dried more uniformly than drying 
in a conventional thermal oven. Assuming that the mass of pore vapor that recondenses during 
cooling is negligible in comparison with that which leaves the sample, this is effectively a 
drying process. Because data were not obtained under imbibition conditions, it is not possible to 
construct hysteretic moisture retention curves that apply to wetting as well as drying. 
Consequently, it was necessary to neglect the possible effects of hysteresis and to apply the 
drying curve to our calculations. 

Fracture Properties 

For this study, we assume that the cubic law is valid for saturated fracture flow. For a 
zone injection pressure of approximately 100 kPa (Table 3-1 of Chapter 3), we obtain an average 
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pneumatic fracture aperture of apprcxiniately 113 urn, with values ranging from 64 to 146 tun. 
For our scoping calculations, we assume a fracture aperture of 100 \ua for the reference case ar.d 
considered 200 (im in the parameter sensitivity study. Applying the cubic law to fracture 
apertures of 100 and 200 um, we obtain fracture permeabilities of 83 x 10"10 and 3.3 x 10"9 m 2 for 
a single, saturated fracture. The effects of partial saturation in the fracture are accounted for 
with the use of a fracture relative permeability curve used by Buscheck and Nitao (198Ca and 
1988b) to model a 100-jim fracture. There is no physical data upon which to base the 
characteristic curves in the fractures. The fracture relative permeability curve was estimated 
by Wang and Narasimhan {1986) based on a simple conceptual model of fracture flow. For both 
the fracture and matrix, the sum of the gas- and liquid-phase relative permeabilities always 
equals one. We apply the fracture moisture retention curve used by Buscheck and Nitao (1988a 
and 1988b) to model a 100-um fracture. The sharp cnntrast in the moisture retention curves for 
the fracture and matrix result in the initial fracture saturation being zero. The average fracture 
spacing of 0.3 m agrees reasonably well with the fracture mapped in the heater borehole (see 
Figure 10-3 of Chapter 10). 

Summary of Mode! Input Parameters 

The model input parameters used to model the reference case are summarized as 
follows. 

Rock Properties 
fracture permeability (b - 100 |im) 833 x 10 - 1 0 m 2 

fracture permeability 0> = 200 urn) 333 x 10"9 m 2 

matrix permeability l . ^ x l ^ m 2 

fracture ap ?rture 100 urn 
fracture spacing 0.3 m 
matrix porosity 20 percent 
thermal conductivity (linear in ; ituration between wet and dry values): 

wet thermal conductivity: 2.34 [W/m-K] 
dry thermal conductivity: 1.74 [W/nvKl 

density of rock: 2580.0 kg/m 3 

specific heat of rock: 840.0 J/kg-K 

Initial Conditions 
matrix saturation 65 percent 
fracture saturation 0 percent 
pressure 1.0 x 10s Pa 
temperature 18.0°C (64 °F) 

Binary Diffusion 
The binary diffusion coefficient is given in units of m 2 / s by the correlation: 
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D = 4.40 x 10* (T + 273.15)2-334 / p 
where T is in Kelvin and p is in Pascals. 

With the exception of the matrix porosity and fracture spacing, these property values 
are identical to those used by Buscheck and Nitao (1988a). Due to the uncertainty concerning 
the impact of drilling water on the saturatior. conditions at the beginning of the PEBSFT, it was 
decided to investigate the sensitivity ot the hydrothermal response to variations in initial 
matrix saturation by repeating the calculations for S^ = 65 and 85 percent. Due to the 
uncertainty concerning k m , we decided to investigate the sensitivity of the hydrothermal 
response to an order of magnitude variation by repeating our calculations for k m = 1.9 x 10"18 and 
1.9 x 10"17 m 2. During the course of the parameter sensitivity study, we varied five different 
rock properties and the initial matrix saturation. 

Conceptual Model, Boundary Conditions, and Numerical Grid 

For the horizontal PEBSFT, the 0.20-m (0.66-ft)-diameter, 3.55-m (11.6-ftHong, 
horizontal heater heats the bottom 4.2 m (13.8 ft) of the 0.3-m {0.98-ft)-diameter, 10.7-m (35.1-
ft)-long heater borehole. The heater is located 6.5 m (21.3 ft) from the closest drift to minimize 
the interference with the temperature and humidity conditions in the drifts. For this report, 
we considered a 0.25-m (0.82-ft)-diameter heater emplaced in a 0-3-m (0.98-ft)-diameter 
borehole. As will be shown in the following section, significant changes in the gas pressure, 
temperature, and saturation distributions occur within 2 to 3 m (6.6 to 9.8 ft) (radially) of the 
PEBSFT heater. Because the heater is 3.55-m (11.6-ft> long, the shape of the hydrothermally 
perturbed zone is reasonably slender. Therefore, within this zone and along the middle of the 
heater, conditions during (at least) the heating stage resemble those that would result from an 
infinitely long cylindrical heat source. Consequently, we assumed that the heater is infinitely 
long, thereby simplifying the domain of our numerical model. 

We have conceptualized our model to consist of an infinitely long heater (Fig. 11-1) 
that is orthogonally intersected by uniformly spaced fractures. We decided, for the purpose of 
scoping calculations, to neglect the effect of gravity, thereby allowing us to take advantage of 
axial symmetry about the heater axis. Based on the no-gravity assumption, our model applies 
either to the case of a vertically emplaced heater intersected by horizontal fractures or to the 
case of a horizontally emplaced heater intersectri by vertical fractures. 

The assumption that the parallel fractures in an infinite array are uniformly spaced 
allows us to employ periodic boundaries in our model. Our model has two planes cf symmetry: 
(1) the plane of symmetry down the center of the fracture and (2) the plane of symmetry down 
the center of the matrix block separating neighboring fractures. In the numerical mesh, both 
planes are treated as impermeable, insulated boundaries. The outer radii/' boundary (located 
at r = 20 m) is a constant property boundary represented by a large computational boundary 
block. The heater is a 0.25-m (0.82-ft)-diameter heat generation eel! with a heat generation 
histoiy (Fig. 11-2) consisting of three stages: (1) the full-power heatinj-; stage (0 < t < 4 months), 
during which the heater is at full power (1000 W/m); (2) the ramp-down stage (4 < t < 6 
months), during which the heater power is linearly varied from full power to zero; and (3) the 
cooling stage (6 < t < 12 months), during which no heating occurs. Preliminary concepts of the 
waste package indicate that the waste package borehole will not be sealed from the drift. 
Therefore, it was decided to allow the horizontal PEBSFT heater to communicate with the 
drift. Accordingly, it is assumed in our model that the air gap between the heater and borehole 
wall communicates freely with the drift, which is represented by a large computational 
boundary block maintained at atmospheric pressure (see Fig. 11-1). 
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Model Results for the Reference Case 
Figure 11-3 plots the temperature history for seven different radial locations (including 

the borehole wall) that lie along the matrix block midplane for the reference case (case 1). At 
the end of each of the three stages (t = 4,6, and 12 months), temperature is plotted versus radial 
distance along the matrix block midplane (Fig. 11-4). Figure 11-5 is a contour plot of 
temperature within the fracture and matrix at the end of the full-power heating stage (1=4 
months). In Fig. 11-5 (as in all contour plots in this report), the fracture midplane lies along the 
left-hand margin (z = 0.0 m), the matrix block midplane lies along the right-hand side [z = 
0.15 m (0.49 ft)], and the axis of the heater is located along the bottom of the figure (r = 0.0 m). 
Because temperatures are essentially invariant with respect to axial position in Fig. 11-5 (i.e., 
distance from the fracture), we can assume that Figs. 11-4 and 11-5 apply to all axial positions, 
including the fracture midplane. Before discussing the physical interpretation of the thermal 
response of the rock to heating, we need to make several observations concerning the saturation 
and pressure changes. 

Figure 11-6 plots the saturation contours at the end of the full-power heating stage (t = 
4 months). Figure 11-7 plots the radial saturation profile, parallel to and 1 cm from the 
fracture midplane at the end of each of the three stages (t = 4,6, and 12 months). Based on the 
saturation distribution, we see at t = 4 months that the boiling zone lies within r < 15 m (4.9 ft) 
and that the rock is completely desarurated for r < 0.7 m (2.3 ft). At the end of the cooling 
period (t = 12 months), we see that for r < 1.5 m, S w £ Swi. The contour plot of gas-phase 
pressure (Fig. 11-8) indicates that water vapor in the -rjatrix is driven in three directions: (1) 
radially inward toward the heater borehole, (2) axially toward the fracture, and (3) radially 
outward in the matrix. The gas-phase pressure profile along the fracture midplane (Fig. 11-9) 
indicates that water vapor that has entered the fracture (after leaving the matrix) moves 
either radially inward toward the heater borehole or radially outward away from the boiling 
zone. The water vapor, which has not left the system via the borehole (to the drift), moves 
radially outward (within the matrix as well as along the fracture) until it cools and condenses, 
forming the condensation zone. At t = 4 months, this condensation zone is manifested by a hump 
in the saturation profile (Fig. 11-7), occurring in the range 1.6 < r < 3.0 m (5.2 < r <9.8 ft). 

In Fig. 11-4 we see the impact of saturation conditions on temperature. Because all of 
the water has been vaporized for r < 0.7 m, temperatures are no longer constrained to lie on the 
two-phase saturation pressure versus temperature curve (Reynolds and Perkins, 1977). 
Consequently, for r < 0.7 m (2.3 ft), the temperature profile is very steep, varying between 150 
and 258°C. For 1.3 < r < 1.7 m (45 < r < 5.6 ft), we see two related effects: (1) a flattening in the 
temperature profile, with T - 100°C (212°F) (Fig. 11-4), and (2) a very steep saturation profile, 
with 45 < S w < 90 percent (Fig. 11-7), indicating the existence of the heat-pipe effect. 
Although the heat-pipe effect might occur within a partially saturated, homogeneous porous 
medium, its occurrence is facilitated (and often more efficient) in situations where two parallel 
media exist: (Da coarse-grained porous medium or conduit (e.g., an open fracture) that serves as 
a conduit for vapor flow and (2) a fine-grained porous medium that serves as conduit for 
capillary-driven flow. A heat source located at one end of this system causes wati..' in the fine
grained medium to boil, thereby developing a saturation profile, with saturation increasing 
with distance from the heat source. Water vapor (leaving the fine-grained medium) enters the 
coarse-grained medium and is driven away from the heat source out to where it cools, condenses, 
and is imbibed by the fine-grained medium. Capillarity in the fine-grained medium then 
drives the water back toward the heat source where it re-boils and is driven away from the 
heat source, thereby repeating the cycle. Because this counterflow system of vapor and liquid 
flow provides an extremely efficient means of transporting heat away from the heat source, a 
very slight (almost flat) temperature gradient can exist in spite of a very large heat flux. We 
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observe in Fig. 11-7 that the condensation zone occurs just beyond the heat-pipe zone [r > 1.7 m 
(5.6 ft)], wherein temperatures gradually decline with distance from the heater (Fig. 11-4). 

It is apparent in Fig. 11-6 that the fracture significantly influences the shape of the 
boiling zone (manifested by fingering of the saturation contours), with boiling occurring more 
readily at locations closer to the fracture. Figure 11-10 is a saturation contour plot at the end of 
the ramp-down stage (t = 6 months). By the end of the ramp-down stage, it is apparent that 
the finger in the saturation contours in the vicinity of the fracture has relaxed due to capillary-
driven liquid flow. Vapor flow and condensation along the fracture also contribute to the 
relaxation of the finger in the saturation contours during ramp-down and cooling. By the end of 
the cooling stage, relaxation of the finger in the saturation contours is effectively complete, 
resulting in the radial saturation profile being invariant with axial distance from the fracture. 

In the contour plot of the gas-phase pressure at t = 4 months (Fig. 11-8) we see that, due 
to the very low matrix permeability, very large gas-phase pressure gradients (~ 10 atm/m) are 
required to drive vapor toward the heater borehole and fracture. In Fig. 11-9 we see the 
influence of the boiling zone moving radially outward (with time) on the- radial gas-phase 
pressure profile along the fracture midplane. We also see that, due to the very large fracture 
permeability, very small gas-phase pressure gradients are required to drive vapor flow 
radially inward toward the heater borehole (and out to the drift) and radially outward into 
the condensation zone. 

During the full-power heating stage, boiling and (the resultant) vapor flow displaces 
essentially all of the air out of the gas-phase within the boiling zone [r < 1.5 m (4.9 ft)]. 
Consequently, at the end of the full-power heating stage, the gas within the boiling zone is 100 
percent water vapoi. During the ramp-down stage, declining temperatures cause this water 
vapor within the matrix to condense, thereby causing pressures to drop below atmospheric. By 
the end of the ramp-down stage, this effect manifests itself as a very pronounced low-pressure 
region within the boiling zone in the matrix (Fig. 11-11). This low in the pressure distribution 
pulls in relatively humid air from the drift as well as from the condensation zone. The effect of 
vapor transport and condensation during the cooling stage is manifested by an increase in 
saturation immediately adjacent to the heater borehole at I = 12 months (Fig. 11-7). 

The maximum temperature change in the fractured rock mass occurs at the borehole 
wall at t = 4 months. Because temperatures are essentially invariant with respecl to axial 
location, the maximum temperature change is the same in the fracture and matrix. The 
maximum pressure change in the matrix occurs at the borehole wall at t = 30 days. The location 
of the maximum pressure change in the fracture moves out radially with time over the period 
90.0 < t < 120.0 days. The maximum change in matrix saturation occurs over the region that has 
been completely desaturated at t = 4 months Ir < 0.7 m (2.3 ft) in Fig. 11-9]. The maximum 
change in fracture saturation occurs at r = 1.65 m (5.41 ft) (within the condensation zor.?) at 
t = 4 month". 

Tables 11-1 and 11-2 summarize changes in temperatures and saturations at r = 6.0 and 
10.0 m (19.7 and 32.8 ft) at t = 4 and 12 months for the reference case. The significance of these 
two locations sterns from the early conceptual design of the engineered barrier design tests 
(Yow, 1985). Note that pressure changes at these radial locations and times aft negligible. 
Because the end effects of heating from a finite-length heater are not considered in our model, 
our estimates become increasingly conservative with time. For locations (axially) beyond the 
ends of the heater, our estimates are very conservative, particularly during the cooling stage. 
We see that for both r = 6.0 and 10.0 m (19.7 and 32.8 ft), changes in saturation are relatively 
minor (and are probably comparable to the measurement error). For r = 6.0 m (19.7 ft), the 
temperature change never exceeds 5.3 percent of the maximum temperature change, ATm a x , over 
the entire fractured rock mass. Temperature changes at r = 10.0 m (32.8 ft) never exceed 2.6 

114 



percent of A T m „ at t = 12 months (and 0.6 percent of AT m m x at t = 6 months). Based on the modest 
thermal response at these locations, boundary effects caused by the drift being located 6.5 m 
(21.3 ft) from the heater are probably negligible. 
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Table 11-1. Property changes at the end of the full-power 
heating phase (t * 4 months) for the reference case. 

Temperature Change, AT°C 

r = 6.0 m 9.9 

r = 10.0 m 1.6 

Saturation Change, ASW percent 

r = 6.0 m 0.2 

r = 10.0 in 0.1 

Table 11-2. Froperty changes at the end of the cooling 
phase (t = 12 months) for the reference case. 

Temperature Change, AT°C 

r = 6.0 m 13.S 

r = 10.0 m 6.S 

Saturation Change, AS„ percent 

r = 6.0 m 0.2 

r = 10.0 m 0.1 
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Figure 11-Z Specific heat generation rate for the PEBSFT heater. 
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Figure 11-3. Temperature history for seven different radial locations that lie along the 
mldplane of the matrix block for the reference case. 
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Figure 11-4. Temperature versus rat -U distance from the healer axis at the end of each of the 
three stages (t« 4,6, and 12 months) «r the reference case. The temperature profiles are 
plotted along the midplane of the matrix block. 
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Figure 11-5. Contour plot of temperature within the fracture and matrix at the end of the full-
power heating stage (t * 4 months) for the reference case. Axial distances are exaggerated by a 
factor of 10. 
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Figure 11-6. Contour plot of saturation within the fracture and matrix at the end of the full-
power heating stage (t = 4 months) for the reference case. Axial distances are exaggerated by a 
factor of 10. 
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Figure 11-7. Liquid saturation versus radial distance from the heater axis at the end of each 
of the three stages <t« 4,6, and 12 months) for the reference case. Saturation profiles are 
plotted in the matrix block at an axial distance of z - 1 Jb cm (2.5 in.) from the fracture 
oiidplane. 
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Figure 11-8. Contour plct of gas-phase pressure (abn) within the fracture and matrix at the 
end of the full-power heating stage (t * 4 months) for the reference case. Axial distances are 
exaggerated by a factor of 10. 
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Figure 11-9. Gas-phase pressure pn Hie along the midplane of the fracture at four different 
times during the full-power heating stage (t • 30.0,60.0,904), and 120.0 days) for the reference 
case. 
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Figure 11-10. Contour p .ot of saturation within the fracture and matrix at the end of the ramp-
down stage (t = 6 months) for the reference case. Axial distances are exaggerated by a factor 
of 10. 
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Figure 11-11. Contour plot of gas-phase pressure (arm) within the fracture and matrix at the 
end of the ramp-down stage (t« 6 month,) for the reference case. Axial distances are 
exaggerated by a factor of 10. 
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Chapter 12 
Data Acquisition System 

Donald Watwood and Jane Beatty 

Introduction 

The Data Acquisition System (DAS) is comprised of a Hewlett-Packard (HP) model 
9816, Series 200 Computer System with the appropriate software to acquire, control, and 
archive data from a Data Acquisition/Control Unit, models HP3497A and HP3498A. The 
primary storage medium is an HP9153 16-megabyte hard disc. The data is backed-up on three 
floppy discs. One floppy disc drive is contained in the HP9153 chassis; the other two comprise 
an HP9122 dual disc drive. An HP82906A line printer supplies hard copy backup. A block 
diagram of the hardware setup is shown in Fig. 12-1. 

The HF3497A/3498A Data Acquisition/Control Units read each input channel and 
transmit the raw voltage reading to the HP9816 CPU via the HPIB bus. The HP9816 converts 
this voltage to the appropriate engineering units using the calibration curves for the sensor 
being read. The HP9816 archives both the raw and processed data along with the time and the 
readings were taken to hard and floppy discs. The processed values and reading time are 
printed on the line printer. 

This system is designed to accommodate several types of sensors; each type is discussed 
in the following sections. 

Thermocouples and RTDs 

Thermocouples are located in all the boreholes to monitor the temperature of the rock. 
Data from the thermocouples are routed through one of three zone boxes where they are 
connected to isothermal blocks that provide a reference junction. The HP3497A outputs a 
constant current excitation to tho resistance thermal devices (RTDs) used to monitor 
temperatures of these isothermal blocks. The temperature of the isothermal blocks is read 
each time data are taken. This junction temperature is used by the software when converting 
the thermocouple voltages to degrees Celsius. Both the RTD and thermocouple voltages are 
routed via shielded twisted pairs of wires into the data input channels of the 
HP3497A/HP3498A Data Acquisition/Control Units. 

Pressure Transducers, Watt Transducers, Liquid Level Sensor, and Barometer 

Pressure transducers are used to measure pore-air pressure. Watt transducers monitor 
the heater power supply. A liquid level sensor keeps track of the volume of water condensed 
from vapor entering the heater hole. A barometer tracks the barometric pressure in the tunnel. 
These devices are powered by a regulated uninterruptable power system in the DAS rack. 
Sensor output is routed via shielded twisted pairs to the HP3497A/HP3498A Data 
Acquisition/Control Units. 

Software 

The DAS is cc-.trolled by a program, "G-whiz," running under the HP Basic 4.1 
Operating System. This program uses routines from the HP DACQ/300 Data Acquisition 
Manager software package. The program runs continuously, taking readings from all the sensors 
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once an hour. Softkeys have been programmed to allow the scientists to examine the data, 
check the space left in the archive,, initialize floppies tor backup, or change the timing 
between data readings without disturbing the scheduled data taking. 

When taking a data set, the program first reads the voltages from the HP3497A/3498A 
Data Acquisition/Control Units. Then it converts these voltages to engineering units. The RTD 
and thermocouple readings are converted using routines in the DACQ/300 package. Voltages 
from the other sensors are converted using calibration curves. The processed values are stored in 
an archive on the hard disc. This archive is closed between readings to avoid damage in case of 
a power failure. Both the voltages and engineering unit values are output to the floppy drives. 
These data sets are brought back to LLNL to be archived and analyzed. The time the readings 
were taken is stored in both iha hard disc archive and the floppy disc files. 
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Chapter 13 
Discussion of Results and Preliminary Interpretations 

Abelardo Ramirez 

The PEBSFT described in this report has provided valuable experience that improves 
our ability to conduct the Engineered Barrier System Field Tests planned for the Exploratory 
Shaft Facility in Yucca Mountain. The results to date from the PEBSFT have shown that many 
environmental conditions expected to develop around a heater in welded tuff are as described in 
the Introduction. This means that a priori conceptual model described in the Introduction 
appears to be valid. The test has also shown which of the measurement techniques used 
performed adequately under realistic environmental conditions and which techniques might 
need to be modified or replaced. The test has also realistically evaluated the effectiveness of 
Quality Assurance Procedures to be used in the ESF. 

Waste Package Environment 

The test confirmed elements of environmental conditions predicted by the conceptual 
model [assumed for the scoping calculations (Chapter 11)]. Test results confirm that a dry zone 
develops around the heater borehole, and the degree of drying increases with proximity to the 
heater's center. A "halo" of increased saturation develops adjacent to the dry region and 
migrates away from the heater as rock temperatures increase. Some of the fractures 
intercepting the heater borehole increase the penetration of hot-dry conditions into the rock 
mass. A build-up of pore gas pressure develops in rock regions where vigorous evaporation is 
occurring. The air permeability of the fracture system exhibits a strong heterogeneity. 

The test also yielded some surprises in terms of environmental conditions. The 
temperature at the top of the heater canister is approximately 30°C (54°F) higher than below 
the canister (as shown in Chapter 4). This condition might be partially caused by air 
convection within the heater container (not accounted for by the scoping calculations). The 
amount of steam entering the moisture collection device was much less than predicted by scoping 
calculations; however, the observed and predicted flow rates wsre qualitatively similar. The 
reason(s) for this discrepancy is not known at present; it might be a consequence of an inadequate 
system used to collect and condense the steam or a result of the calculation's assumption that 
the heater was infinitely long. 

Instrumentation Performance to Date 

The instrumentation performai.ee for the various sensors used exhibits considerable 
variability. As expected, temperature measurements made with thermocouples and RTDs show 
that both types of sensors are sufficiently rugged and accurate. Similarly, the neutron and 
gamma ray logging tools were demonstrated to be sufficiently rugged to withstand temperatures 
up to 70°C (manufacturer's specification); in borehole locations where temperatures above 70°C 
exist, the probe was removed periodically to allow probe temperatures to drop below 70°C. 
Another sensor exhibiting reliable performance is the "Humicap" capacitance sensor used to 
measure air humidity in the heater borehole. 

The network analyzer used for HFEM measurements failed, apparently as a result of 
the dusty environment in the tunnel. This system will have to be well protected from the dusty 
conditions expected for the ESF. Laboratory measurements of air humidity made with the 
microwave resonator showed that, in principle, the technique is sufficiently sensitive. 
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However, field results to date suggest that its calibration curves have shifted- The reason for 
these shifts is not well understood. These resonators will be recovered upon completion of the 
test for further evaluation and testing. Air humidity measurements made with thermocouple 
psychrometers appear to imply a hvdrologic scenario consistent, in a qualitative sense, with 
that expected a priori. However, at present, it has not been demonstrated that these sensors 
can provide absolute measurements of relative humidity over the range of relevant temperature 
conditions. Gas pressure transd-Jcers used during the early part of the test showed a significant 
change in their calibration chart acristics as the pressures changed. These sensors have since 
been replaced with those from a different manufacturer and the problem appears to have been 
solved. 

Future Flans 

The test will continue at maximum heater output until rock temperatures 0.7 m (2.3 ft) 
radially from the heater canister have reached approximately 120°C (248°F). At that time, 
the heater output will be gradually decreased to create "cooldown" conditions. Measurements 
will continue for approximately 2-3 months after the heater has been turned off. After that, a 
few of the test boreholes will be overcored to recover sensors, grout/liner seals, and rock samples 
which might have been perturbed by the test for post-test examinations. 
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Appendix A 

This report does not use any information from the Reference Information Base nor 
contains any candidate information for the Reference Information Base or the Site 
and Engineering Properties Data Base (SEPDB). 
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