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IN SITU CHANGES IN THE MOISTURE CONTENT OF HEATED-
WELDED TUFF BASED ON THERMAL NEUTRON MEASUREMENTS 

Abelardo L. Ramirez, Richard C. Carlson and Thomas A. Buscheck 

UCRL-ID—104715 

Abstract D E 9 1 0 1 7 5 2 6 

Thermal neutron logs were collected to monitor changes in moisture content 
within a welded tuff rock mass heated from a borehole containing an electrical 
heater which remained energized for 195 days. Thermal neutron 
measurements were made in sampling boreholes before, during and after 
heating. For each sampling borehole, the differences between the "before" and 
"after" measurements were calculated. The possibility of changes in the 
moisture content of the grout column within the sampling boreholes introduces 
an unknown but probably significant error in the measured values. It is 
possible that grout moisture changes may be distorting the moisture content 
measurements of the rock adjacent to the grout column. 

The results generally corroborated our conceptual understanding of 
hydrothermal flow as well as most of the numerical modeling conducted for this 
study. Locations above the heater showed an initial small increase in liquid 
saturation as steam generated at locations closer to the heater is displaced 
radially outwards and condensed. As boiling proceeded, this zone of slightly 
increased saturation was displaced further out into the rock. The drying front 
penetrated further into the rock along fractures during full-power heating and 
the first half of the heater power ramp-down. Fractures were also associated 
with an enhanced rate of re-wetting (relative to unfractured regions) during the 
second half of the ramp down and cool down. Plots of moisture content versus 
radial distance show that changes during drying and re-wetting were not 
radially symmetric about the heater axis. 

Conceptual models have been developed in conjunction with the numerical 
model calculations to explain differences in the drying and re-wetting behavior 
above and below the heater. In general, water vapor generated in matrix blocks 
moved towards the closest fracture or the heater borehole. Upon reaching a 
fracture, most water vapor moved radially outward through the fracture network 
until it condensed. Water which condensed above the heater drained 
downward through fractures back towards the boiling zone and was 
subsequently re-boiled. The boiling zone effectively provided an umbrella, 
shielding the underlying rock from this downward flow of condensed water. 
Water which condensed below the heater drained downward through fractures, 
away from the boiling zone. Because matrix imbibition was slow relative to the 
flux of condensed watar through fractures, fracture flow carried this water away 
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flux of condensed water through fractures, fracture flow carried this water away 
before matrix imbibition could detectably increase matrix moisture content 
below the boiling zone. Numerical modeling indicated that the re-wetting of the 
dried-out zone was dominated by the binary diffusion of water vapor through 
fractures. Saturation gradients in the rock matrix resulted in relative numidity 
gradients which drove water vapor (primarily along fractures) back to the dried-
out zone where it condensed along the fracture walls and was imbibed by the 
matrix. 

Introduction 

The Engineered Barrier System Field Tests (EBSFT) will be conducted in the 
Exploratory Shaft facility at Yucca Mountain to provide information needed for 
waste package design and performance assessments required for license 
application. Information obtained will help define unperturbed environmental 
conditions in rock within a few tens of meters of the waste packages as well as 
the perturbations to those conditions caused by the emplacement of nuclear 
waste. Perhaps the most challenging aspect of waste package performance 
assessment is that, given only a few years of in situ testing, the hydrothermal 
response of the near-field must be sufficiently understood (and represented in 
numerical models) to allow performance to be reliably predicted for 10,000 
years. The design strategy relies on limited liquid water contact with the waste 
package during the first 1000 years after emplacement. Water that might 
subsequently contact the waste package must be characterized chemically, and 
preferably will be 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 cool-down phase 
resulting from the gradual decay of radioactivity. Therefore, the studies of the 
environmental conditions need to consider (1) the heating of the rock mass 
adjacent to the waste packages and the resulting perturbation on the 
environment and (2) the cooling of that same rock mass with its subsequent re-
wetting of the dried-out rock mass and readjustment of the rock mass 
deformations. 

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 limit 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 which would not allow liquid water to contact waste package 
containers. If this expected hydrothermal behavior can be confirmed, then 
performance objectives can be met and demonstrated for the first 100 years 
because container degradation modes involve contact by liquid water. 

From 100 to 1000 years after emplacement, rock mass temperatures are 
expected to drop, and liquid water might be able to return to the vicinity of 
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emplacement boreholes. Whether or not this return will take place, and at what 
rate, are open questions requiring an understanding of hydrothermal flow for 
resolution. Temperature response cannot be decoupled from fluid movement. 
The return of water may be expected to develop slowly under actual repository 
conditions. However, it will only be possible in the time available for testing 
before license application to monitor this process under accelerated time 
scales. It is very important to monitor trends in the migration of water so that 
projections can be made of the response under actual repository time scales. 

Prototype Testing 

A Prototype Engineered Barrier System Field Test (PEBSFT) was 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 was 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 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. 

Anticipated Hydrologic Environment 

The near-field hydrothermal response to thermal loading is shown 
schematically in Fig. 1. This concept is supported by the experimental work of 
Daily and others (1986) as well as the numerical modeling of Buscheck and 
Nitao (1988) and Nitao (1980). The primary mechanisms of heat and fluid flow 
are depicted for an idealized example of a horizontal heater which is 
intersected by a near vertical fracture. The actual heater borehole was 
intersected by more than a dozen fractures. The rock mass consists of matrix 
blocks which are bounded by fractures and the borehole wall (for blocks 
immediately adjacent to the heater). Under ambient conditions the matrix 
blocks are partially saturated and the fractures and borehole are essentially dry. 
The heater heats the borehole surface primarily via thermal radiation. As heat is 
conducted through the fractured rock mass, vaporization begins in matrix blocks 
closest to the heater borehole and then moving on to blocks farther from trie 
heater. Within individual matrix blocks, vaporization proceeds from outer 
surfaces of each matrix block in towards its center. Where temperatures are in 
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excess of saturation conditions, vigorous boiling occurs. In order for water vapor 
to flow out of the matrix blocks gas-phase pressures must increase from matrix 
block surfaces to their interiors, resulting in the elevation of the boiling 
temperature with distance into the matrix block. Water vapor which enters the 
fractures is subsequently driven by gas pressure gradients (including buoyancy 
effects) within the fracture network. In general, vapor flow in the fractures is 
directed away from the center of boiling, either radially outwards or inwards 
towards the heater hole. Vapor flow in the fractures will persist until 
condensation conditions are encountered. Condensed water in the fractures 
which is not immediately imbibed by the matrix flows under gravity and capillary 
forces in the fractures either (I) back towards the boiling zone where it re boils or 
(2) out into the condensation zone where it eventually is completely imbibed by 
the matrix. The width of the condensation zone is partly dependent on the 
mobility of the liquid within the fracture. Liquid mobility in the fracture is affected 
by the ratio of the volumetric liquid flux of water in the fracture divided by the 
product of the unsaturated porosity and the imbibition diffusivity of the matrix 
(Nitao and Buscheck, 1989). 

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 prototype test was conducted in the Small Diameter Heater 
Alcove and the Rock Mechanics drifts. The test measured several parameters 
as a function of location and time in the near field (within a few meters) of a 
heater placed in welded tuff. The test included an accelerated thermal cycle to 
examine the effects of the heating and cooling sides of a thermal pulse. 

Figure 2 shows the thermal loading history for the test. The initial thermal 
loading for the 3-m (9.8-ft) heater is approximately 3.3 kW (1.1 kW/m). This 
initial loading is higher than the loading expected for the spent fuel canister (0.4 
to 0.7 kW/m) in order to increase the volume of rock disturbed in the relatively 
short period available for prototype testing and to create sufficiently high rock 
temperatures to result in boiling conditions. The duration of heating was 
chosen so that the boiling point isotherm would extend approximately 0.6-0.7 m 
(2.0-2.3 ft.) from the heater borehole wall. This provided a sufficiently large 
volume to include several fractures. 

This prototype test consisted of four measurement phases: 

1. The amb'ent temperature phase consists of the measurement of base 
line conditions prior to heating. 

2. The maximum power phase consisted of heating the rock according to 
the flat portion of thermal loading history shown in Fig. 2. This phase 
began when the heater was energized on September 7, 1988 at 
approximately 11:30 a. m. (dey 0 on Figure 2). 

3. The power ramp-down phase started after approximately 4 months oi 
heating at maximum power. This phase involves a stepped heater-ramp-
down period lasting about 10 weeks. 
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4. The post-heating phase involved monitoring the rock mass for a few 
months after the heater was de-energized. 

Figures 3 through 5 show the borehole layout and the measurement stations for 
the geophysical surveys described here. The test location within G-Tunnel is 
bounded by the Small Diameter Heater Alcove and the Rock Mechanics Incline, 
as shown in Fig. 3. 

The heater borehole is inclined slightly upward (elevation increases from the 
collar to the end of the borehole) from the Rock Mechanics Incline, as shown in 
Fig. 5. The diameter of the heater borehole is 12 in. (30.5 cm). 

fracture 

not to scale 

33 Heater 

Drier rock 

Wetter rock 

Rock at ambient 
conditions 

ass Condensation 

->• Steam flow 

~w Water flow 

Figure 1. Schematic representation ot a possible hydrologic scenario in 
partially saturated, welded tuff subjected to a thermal load. Orientation shown is 
side view of a heater placed horizontally. 
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The majority of the boreholes were orthogonal to the emplacement hole axis, 
which provides better coverage of spatial variations radial to the emplacement 
borehole. This arrangement al lowed measurements in the general direction of 
expected maximum thermal and hydrologic gradients. Three boreholes were 
dri l led parallel to the heater borehole axis to monitor rock response beyond the 
ends of the heater. 

In boreholes NE-1 , NE-2A, NE-3, NE-4, NE-5, NE-6, and NE-7 we used neutron 
probe measurements to monitor changes in moisture content. Those 
measurements were supplemented by gamma-gamma density surveys to 
detect the slight variations in bulk density caused by changes in moisture 
content. Other boreholes contained thermocouple psychrometers and 
microwave resonators to measure air humidity, pressure sensors to measure 
rock gas pressures, and thermocouples to measure rock mass temperature. 
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Figure 2. Thermal loading history for the test. 
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Figure 3. Plan view of the as-built borehole layout. Aiso shown are the 
ranges of depth sampled by the neutron surveys performed during the test. 

Experimental Procedure 

Data Collection 

A neutron logging probe is one of the measurement systems being used to 
detect changes in rock moisture content. The probe contains a source of high-
energy neutrons and a detector for slow (thermal) neutrons. The hydrogen 
present in the water in the rock slows down the neutrons for detection. Seven 
boreholes (NE-1 to NE-7) 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 
with the probe stationary for 16 seconds during each measurement every 10 cm 
(3.9 in.) along radial boreholes NE-1, NE-2A, NE-6, and NE-7; along the 
parallel boreholes NE-3, NE-4, and NE-5, measurements were made every 20 
cm (7.9 in.)(Figs. 3, 4, and 5 show the measurement locations). A paraffin 
shield included with the probe was sampled at Ihe beginning and end of each 
logging day to verify that the tool was functioning properly and to check and 
correct for slow drift in counting efficiency. 
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Neutron logging 

neutron surveys performed during the test. 

Probe Description 
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Borehole Construction 

The boreholes surveyed with this tool were constructed as shown in Figure 6. 
This figure shows the case for those boreholes to be 7.6 cm diameter (NE-1, 
NE-2A, NE-6, NE-7); other boreholes were drilled to a 6.1 cm diameter and 
cased with a liner having an O. D. of 4.45 cm (NE-3, NE-4, NE-5). Note that a 
grout annulus and 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. 

Figure 5. Side view of the as-built borehole layout as observed from the 
Small Diameter Heater Alcove. Also shown are the ranges of depth sampled by 
1he neutron surveys performed during the test. 

There are no data available to estimate this effect. Therefore, we have chosen 
to present the data as changes in moisture content rather as absolute values. 
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 changes in grout moisture content different from 
that of the immediately adjacent rock will impact the measured values, but in a 
qualitative sense, vis expect the measured vaiues to be representative of the 
moisture content of the rock mass. This not a severe limitation given that the 
data will only be used to propose mechanisms for fluid flow which explain the 
observations; we will not attempt to use the measurements presented here to 
quantify these mechanisms. Furthermore, for the samplinq conditions shown in 
Figure 6 and assuming a spherical volume of investigation with a diamete' of 15 
cm, it can be shown that approximately 70% of the satipled volume consists of 
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welded tuff; fortne 6.1 cm boreholes, approximately 85 % of the sampled 
volume consists of welded tuff. This suggests that the our expectation that 
measured values qualitatively represent the rock moisture content is 
reasonable. 

Minimum sampling - ; V N 

Figure 6. Details of borehole (7.6 cm diameter) construction compared to the 
sampling volume of the probe. Note that a portion ^ the sampled region is filied 
with a Portland cement grout. 

Data Reduction 

For each borehole, we calculated the differences in water content between the 
"before" and "after" measurements ("after" heating minus "before" heatir 3) to 
produce a difference log. We chose to use differences rather than absolute 
values of moisture content because we could not account for the effects of the 
borehole liners and grout within the survey boreholes. To account for these 
effects, a calibration exercise would have to be performed using the same liner, 
grout mix, hole sizes and sore present in the field. However, because the 
changes in moisture content probably parallel ihe changes in the surrounding 
rock mass, we propose that a difference log should reflect changes in rock mass 
moisture content in a qualitative sense. In a later section we will attempt to 
estimate the effect of the grout/liner system on the measured values. 
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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 (measurements made at a 
stationary point provided experimental confirmation that assumption is valid), 
we estimate that the precision of a single measurement (two standard 
deviations confidence level) is ±0.0042 g of water per cm 3 (or equivalents 
Megagrams per cubic meter, Mg/m3). This number multiplied by V5 gives us an 
estimate of the precision in a difference trace of ±0.006 Mg/m3. 

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: 

W = w1" F(n-2) + w2*F(n-1) + w3"F(n) + w2*F(n+i) + w1*F( n+2) (2-1) 

where: 
W = the weighted average at the location of interest, 
n = index value in the array of measurements for the location 

of interest, 
F = measurement value at the indexed location 
w1 = 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. 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 5% probability that it is caused by random 
fluctuations, rather than reflecting a true change in the measurement 

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 
expecteu variation of a 16-point ensemble of them would be (±0.006)/4 or 
±0.0015 Mg/m3. 

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 unfiltered data. That process improves the precision of the 
unfiltered data by a factor n/(n-1.96)0-5,0r, 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 Mg/m3; for 32 points, it would be ±0.006/5.84 or ±0.0011 Mg/m3. 
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 

1 1 



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 Mg/m3. 

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 or relative to the last day of the heating phase. 

wetter 
region 

Figure 7. Data collected along three coplanar boreholes near the middle of the 
heater (boreholes NE-2A, NE-6 and NE-7) can be plotted as a function of radial 
distance as illustrated above. 

Results and Discussion 

Radial profiles of changes in moisture content 

Boreholes NE-2A, NE-6 and NE-7 are three coplanar boreholes located near 
tho center of the heater as shown in Figures 3 and 4. The data collected along 
these boreholes can be combined and plotted as a function of radial distance to 
the center point of the heater assembly (see Figure 7). Figures 8 through 12 
show radial profiles of changes in moisture content during various stages of the 
test. Note that these radial profiles are not composed with data collected along 
a single radial traverse; instead the profiles represent borehole traverses that 
sampled many different radial distances along a non-radial route. The changes 
to be shown were calculated relative to pre-heating moisture measurements. 
Each figure consists of two plots which show the same data at two different 
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scales so that the smaller changes which occur at the more distant locations 
n n be observed. These radial profiles are used to evaluate the degree of 
rsdial symmetry for moisture distribution around the heater. 

Figure 8 shows a radial profile of moisture content change five days after the 
he"ater was energized. The changes detected at this time are smaller than the 
precision estimate of +/-.C03 Mg/m3 for an individual filtered difference as 
described previously. An ensemble of points can be identified for all the points 
in boreholes NE-6 and NE-7, and a second ensemble can be identified for 
borehole NE-2A. The ensemble average for the 69 points in the NE-6/NE-7 
ensemble is 0.002. The precision estimate for this ensemble average is . +/-
006/8.427 or +/- 0.0007. This means that there is a less than a 5% probability 
thai the increase in moisture content reflected by the ensemble average (0.002) 
could be caused by random fluctuations. In other words, the points within the 
ensemble show a small but statistically significant increase in moisture content. 
Note that the points in the ensemble are from boreholes NE-6 and NE-7 located 
above the heater. A similar ensemble can be identified for data collected along 
NE-2A (majority of measurement points have lower elevations than the heatar). 
The average for the 35 points in the NE-2A ensemble is -0.001. The precision 
estimate is 0.006/6.089 or +/- 0.001. This means that there is a 5% probability 
that the measured changes could be caused by random iiuctuaticns; therefore 
the decreases in moisture content along NE-2A are likely to represent valid 
changes in moisture content. These estimates provide strong indication that the 
measured values probably represent true changes in the rock. 

Summarizing, the rock, ahove the heater showed a small increase in moisture 
content after five days oi heating whereas the rock below trs heater shoved a 
small decrease. This may be due to several factors: 
1) The hotter temperatures measured on top of the heater container (Lee and 
Ueng, 1989) may have caused more evaporation and condensation above the 
region at this time. 2) The rock below the heater was wetter (Daily and others. 
1989) and may be have been close to full saturation when the test started an>j 
could not gained much more water. 3) The buoyancy of the hot vapor phase 
may have resulted in more vapor flow upward than downward. It may also be 
due to the way steam condensate drains in the fractures; once condensate 
forms in the fractures, water will start draining vertical!;' downward. Note in 
Figure 1 that, for the steam flow and condensate flow directions shown, U.e 
upward penetration of the dry region will bo retarded by the condensate that 
drains back to the boiling zone. Below the heater, the dry region can penetrate 
more because the condensate drains away from the boiling region. 

Figure 9 shows a radial profile of moisture content change seventy days after 
the heater was energized These data were collected near the mid-point of the 
maximum power phase of the test. As expected, the rock closest to the heater is 
losing substantial amounts of moisture. However, the rock near borehole NE-
2A is drying at a faster rate than the rock near NE-6. As explained above, 
condensate above the heater will drain towards the boiling region whereas 
below the heater it wNI drain away; this can explain the differences in the 
penetration of the drying front. 
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Figure 8 Changes in moisture content plotted against radial distance after 5 
days of heating ( very early maximum power phase). Changes are calculated 
relative to pre-heating moisture conditions. Note the exaggerated scale on the 
the right hand figure showing smaller changes occurring at longer distances. 

Figure 10 shows a radial profile of moisture content change (frDm initial 
conditions)127 days after the heater was energized. These data were collected 
during the last day of the maximum power phase of the test. Note that the NE-
2A profile shows very little additional drying when compared to Figure 9 while 
the NE-6 profile shows significant additional drying. Both profiles in Figure 10 
are now closely matched with the caveat that the width of the drying region 
appears to be slightly wider near NE-2A. The closely matched profiles suggest 
that the rock near NE-2A and NE-6 is almost completely dry. Also, very little 
additional drying occurred near NE-2A (at radial distances less than 0.75 m) 
during the last 57 days while the heater continued operating at constant power. 
Note that the radius of the dry zone achieved is approximately 0.7 m; this is 
consistent with the test objective of achieving boiling conditions within a 0.6-0.7 
m radius. 

Figure 10 shows that a few points located between 1.75 and 2.25 m radii show 
an increased moisture content. Note that these changes are smaller that the 
precision estimate of +/- 0.003 Mg/m3. This means that the wetting halo 
postulated in the Introduction is largely undetectable. This may be an indication 
that the rate of imbibition for the condensate is slow relative to the velocity of 
liauid water draining down the fractures. Alternatively, it may mean that the 
pre-test rock saturation was near 100% (probably due in part to drilling water 
imbibition); therefore, the rock could only gain very modesi amounts of 
additional water. 

14 



0) 
Dl 
C 

a NE-7 
•* NE-6 
• NE-2A 

<"><>*, .'StffcttP 

'*&> °" 
*r 

^ 
A 0 
6-, , , , 1 

0.5 1.0 1.5 2.0 
radial distance (m) 

0.5 1.0 1.5 2.0 2 5 3.0 

radial distance (m) 

Figure 9. Changes in moisture content plotted against radial distance after 70 
days of heating (approximately midway through the maximum power phase). 
Changes are calculated relative to pre-heating moisture conditions. Note the 
exaggerated scale on the the right hand figure showing smaller changes 
occurring at longer distances. 

The data from NE-2A in Figure 10 show that, at radial distances less than 0.75 
m, the rock appears to have dried almost completely. This result can be used to 
establish a lower bound on the effect of the grout column on the changes in 
moisture content, if the porosity of the rock is known. Porosity measurements 
from 25 core samples taken around the test region indicate that the avenge 
porosity is 12.8 % with a standard deviation of +\- 2.3% (Lin, 1990). Supposing 
that the pre-test saturation of the rock was around 100 %, this would mean that 
the maximum change in moisture expected if the riick dried completely is 12.8 
volume % or 0.128 Mg/m 3 . The NE-2A data at distances less than 0.75 m 
shows a change in moisture content of 0.16 Mg/m3- (or 16 volume %). This 
means that the grout column may have added, as a minimum, approximately 3 
volume % to the changes that could be attributed to the rock. If the initial 
saturation of the rock mass were less than 100 % (it probably was because the 
site is above the water tal id and the boreholes were essentially dry), then the 
effect due to the grout would have to be larger. It is clear that for future 
investigations, the changes in moisture content of the grout column need to be 
characterized, so that corrections can be made to the measured values. 
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Figure 10. Changes in moisture content plotted against radial distance for the 
last day of full power heating. Changes are calculated relative to pre-heating 
moisture conditions. Note the exaggerated scale on the the right hand figure 
showing smaller changes occurring at longer distances. 
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Figure 11. Changes in moisture content plotted against radial distance after 
175 days of heating (near the end of the power ramp-down phase). Changes 
are calculated relative to pre-heating moisture conditions. Note the 
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exaggerated scale on the the right hand figure showing smaller changes 
occurring at longer distances. 

S 

! radial distance (m) radial distance (m) 
Figure 12 Changes in moisture content plotted against radial distance 237 
days after start of heating (45 days after heater was de-energized). Changes 
are calculated relative to pre-heating moisture conditions. Note the 
exaggerated scale on the the right hand figure showing smaller changes 
occurring at longer distances. 
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Figure 13. Changes in moisture content plotted against radial distance 301 
days after start of heating (106 days after heater was de-energized). Changes 
are calcinated relative to pre-heating moisture conditions. Note the 
exaggerated scale on the the right hand figure showing smaller changes 
occurring at longer distances. 

Figures 11,12 and 13 show the changes in moisture content measured during 
the power ramp-down and post heating phases of the test when the 
temperatures near the heater were decreasing. A comparisc of Figure 10, 11, 
and 12 shows that relatively small changes occurred during the power ramp-
down phase. Figure 13 shows a similar trend with the exception that the section 
of NE-6 at a radial distance of approximately 0.6 to 0.75 meters (this rock is 
directly above the heater location) is recovering more moisture than the rock 
along NE-2A at the same radial distance. This means that for a given radius 
from the heater centerline, the rock above the heater is regaining moisture at a 
relatively faster rate than the rock below the healer. Mechanisms that explain 
re-wetting behavior are proposed in an upcoming section. 

Radial profiles of moisture content changes relative to the last day 
of full power heating 

Further insights into the re-wetting process can be gained by calculating 
changes in moisture content relative to the last day of full power heating. These 
plots should only show the changes in moisture content that developed during 
the ramp-down and post-heating phases of the test. Figure 14 presents radial 
profiles of changes in moisture where "after" minus "before" changes are 
calculated relative to day 127 (i.e., the "before" data corresponds to day 127). 
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For example, the top plot in Figure 14 was constructed by substracting the data 
for day 146 from the data for day 127. Filtering was performed as explained 
previously. The three plots shown correspond to changes early (day 146) and 
late (day 175) in the power ramp-down phase, and late in the post-heating 
phase (day 301). Note that the data for day 146 show some additional drying 
near 0.8-0.9 meters in spite of reductions in heater power; for comparison, 
maximum heater and heater borehole wall temperatures wt re achieved on day 
128. Late in the ramp-down phase (day 175), boreholes NE-6 and NE-2A show 
increases in moisture content in the 0.7-1.0 meter region. )n the meantime, the 
rock beyond 1.2 meters shows no detectable change. The data for day 301 
provide additional confirmation that the rock beyond 1.2 m is not changing while 
the 0.7 -1.0 meter region continue! to gain moisture. 
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Figure 14. Changes in moisture content plotted against radial distance during 
the power ramp-down and post heating phases. Changes are calculated 
relative to the last day of heating at maximum power. 

Eflects of fractures on moisture content changes during drying 

Fractures affected the hydrothermal environment which developed during the 
course of the test. The a priori conceptual model shown in Figure 1 shows that 
fractures were expected to serve as flowpaths for steam, serve as condensation 
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points where sufficiently cool temperatures exist, and may also serve as 
drainage flowpaths for condensate forming in the cooler regions. 

Fractures appear to increase the rate of drying of the rock mass. This can be 
observed in Figures 15 and 16 where the profiles for moisture content change 
are compared with fracture locations mapped with a borehole television camera 
(Ueng and Towse, 1989). Most of the fractures shown do not intercept the 
heater borehole. Note that regions showing higher degree of drying also occur 
where fractures are present. This trend is present where the fractures are closer 
to the heater and near boiling conditions (e.g. the fractures in borehole NE-2A 
at about 4.8 m where the temperature is approximately 90° C); and also in 
substantially cooler regions farther away from the heater (e.g., the fractures in 
borehole NE-6 at depths of 3.7 and 5.85 m where the approximate 
temperatures were 44° and 60° C respectively). It is suggested that fractures 
tend to dry rock because they act as relatively constant pressure boundaries at 
approximately ambient pressure. As boiling raises gas pressures in the matrix 
blocks, vapor will flow towards these constant pressure boundaries. This 
depressurization effect will allow more effective evaporation to occur near 
fractures relative tounfractured regions. Temperature measurements reported 
by Lin et al., 1990 indicate that some fractures along borehole P-3 appear to be 
related to somewhat lower local temperature near the fractures by a few 
degrees C. The cooler temperatures are due to the fact that higher fracture 
density results in lower gas pressures required to drive vapor out of the blocks; 
lower gas pressures result in lower saturation temperatures (i.e. boiling at lower 
temperature). In regions beyond the boiling front, lower temperatures in mor 
highly fractured regions are related to the increased latent heat transport whici-
slows the rise in temperatures. 

Similar behavior is shown in Figure 17 which shows profiles of moisture content 
differences detected in borehole NE-5. This borehole is parallel to and 
approximately 0.8 meters from the axis of the heater borehole (refer to borehole 
layout shown in Figures 3, 4, and 5). Figure 17 also shows fractures mapped 
along borehole NE-5. The region between depths 7.9 and 8.4 meters is 
bounded by two fractures and shows enhanced drying. Note that the 
unfractured rock between 8.75 and 9.9 m lags in drying when compared to the 
7.9 - 8.4 m region which is bounded by two fractures. However, the region 
between depths 6.9 and 7.8 m shows a general increase in moisture content. 
The rock in this region is substantially cooler because it is located off the end of 
the heater element. It is suggested that the rock in this cooler region may act as 
condensation (and imbibition) surfaces for steam moving in from hotter parts of 
the rock; most of the steam is probably moving to this region along fractures 
due to their higher permeability. Some fractures may also serve as drainage 
paths which carry condensate downward when sufficient condensate collects at 
higher elevations along the fracture as suggested by the conceptual model in 
Figure 1. 
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Figure 15. Changes in moisture content for borehole NE-2A, 21 days after the 
start of heating (early maximum power phase). Fractures mapped along NE-2A 
are shown for comparison. Also shown are the locations of the heater and of 
boreholes NE-6 and 7. 

-NE-7 

Figure 16. Changes in moisture content for borehole NE-6, 21 days 
after the start of heating (early maximum power phase). Fractures mapped 
along NE-6 are shown for comparison. Also shown are the locations of the 
heater and of boreholes NE-2A and 7. 
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Figure 17. Changes in moisture content mapped along borehole NE-5. 
Changes are calculated relative to pre-heating conditions. Fractures mapped 
and the projected location of the heater are shown for comparison. 

Borehole NE-3, located below and to the side of the heater borehole (refer to 
borehole layout in Figures 3, 4 and 5), samples a reg..:n where increases in 
moisture content would be expected if fractures served as drainage paths for 
condensate. Figure 18 shows the NE-3 results during the maximum power 
phase of the test. Changes are calculated relative to day 6 after the heater was 
energized; preheating data cannot be reliably used to calculate differences in 
this case because of an offset in sampling depths of several centimeters. This 
means that any changes which occurred during the first 6 days of the test are 
indeterminate; however, drying changes are likely to be very small because the 
maximum temperature at the NE-3 location was only 31 or 32° C during this 
time. Furthermore, the curves for days 14 and 21 show that the rock changed 
very little over a 7 day pe-iod during the early stages of heating; this suggests 
that this portion of the roc i mass was changing very little during the early stages 
of heating. The NE-3 data show that the rock closest lo the heater generally 
dries out with the exception of the region at 9.4 m; data for the 9.4 m region may 
be misleading because it coincides with the point of interception between NE-3 
and another borehole which was grouted shut prior to the start of heating; it is 
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prudent to disregard these data. Thus, the rock below the heater shows no 
evidence of increases in moisture content (if the 9.4 m data are disregarded). 
Therefore, there is little direct evidence of condensate drainage through this 
region from regions above; however, it is likely that imbibition is very slow 
compared to the velocity of liquid draining down fractures. Hence, no 
measurable change in saturation resulted from condensate drainage in this 
region. Small increases in moisture content were obsarved in the vicinity of 5.4 
m depth. This location approximately coincides with the location of a water drip 
observed to develop within the heater borehole after heating started; this 
circumstantial evidence suggests that the fractures in the 5.4 m region may 
hav.> served as drainage paths during a portion of the test. 

Borehole NE - 4 (figure 19) does show evidence that some of the fractures 
acted as pathways for condensate drainage. NE-4 is similar to NE - 3 because 
it is also located below and to the side of the heater axis and is parallel to the 
azimuth of the heater axis. It is different from NE - 3 in that in NE-4 the distance 
to the heater axis is approximately 1.4 m while the NE- 3 distance is 
approximately 1.0 m. The NE-4 data show trends similar to the NE - 3 data but 
the magnitude of the changes is substantially smaller. The NE - 4 data show 
that the region around 9.8 -10.0 m of depth gained moisture during the first 76 
days of the test. It also shows that this region coincides with a region of multiple 
fractures. Condensate generated above this location is probably draining 
through these fractures and imbibing into the surrounding matrix. 

Effects of fractures on moisture content changes during re-wetting. 

As illustrated by the radial profiles shown in Figures 11, 12, 13, and 14, rock 
near the heater changed relatively little during the power ramp-down and post-
heating phase of the test when the rock was cooling and re-wetting. Figure '4 
shows that the rock above the heater (borehole NE-6) is re-wetting faster tht.; 
the rock below the heater (borehole NE-2A). One possible explanation for the 
differing rates of drying and re-wetting above and below the heater is that 
gravity - driven flow may be playing a role in these processes. Further insights 
into the re-wetting process can be gained by calculating changes in moisture 
content relative to the last day ' r maximum power heating. Figure 20 presents 
changes in moisture in borehr ie NE-2A, where "after" minus "before" changes 
are calculated relative to day 127 (i.e., the "before" data corresponds to day 
127-next to last day of the maximum power heating phase of the test). The data 
were obtained during the power ramp-down and post heating phases of the test 
when the rock was cooling and re-wetting. Also shown are fractures mapped 
along the boreholes. Note that the rock regions that show the largest re-wetting 
are clustered around the fractures in NE-2A. This is an indication that fractures 
may play a roie in the re-wetting process. 
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Figure 18. Changes in moisture content mapped along borehole NE-3. 
Changes are calculated relative to day 6 after the heater was energized. 
Fractures mapped and the projected location of the heater are shown for 
comparison. 

Numerical modeling conducted for this study indicates re-wetting behavior may 
be dominated by the movement of vapor, primarily by binary diffusion, along 
fractures (Buscheck and Nitao, 1990). Saturation gradients in the rock mass 
result in relative humidity gradients which drive water vapor back towards the 
dried-out zone. As this water vapor reaches the dried-out 2one, it condenses 
along the fracture walls and is imbibed by the matrix. Fractures uominale the 
bulk permeability of the rock mass (Lee and Ueng, 1989). Relative to an 
unfractured rock mass, the presence of fractures (and the very high mobility of 
vapor driven by birary diffusion) effectively shortens the distance over which 
water musi be imbibed in order to re-wet the dried-out region. 

Another mechanism that may be playing a role in the re-wetting process is 
water trickling along fractures from more highly saturated zones at higher 
elevations. Figure 21 shows changes in moisture content for horehole NE-6 
relative to the last day of maximum power heating. Figure 21 shows evidence 
consistent with this argument in that the increases in moisture along fractures 
above the heater (borehole NE-6) are larger than increases below the heater 
(NE-2A) measured at the same time. Matrix flow should be extremely slow 
given that the permeability of the rock is 1 x 10 - 6 darcies (Lin, 1990) and the 
pressure head is driven primarily by elevation differences of only 1 to 2 meters. 
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Note that the rock near NE-6 has regained approximately 25 % more water 
than rock near NE-2A. The NE-6 increases in moisture appear to be slightly 
larger near fractures; however, the NE-6 moisture increases near unfractured 
regions are much larger than any observed in boreholes NE-2A. This suggests 
tha* re wetting along fractures may be relatively more important below the 
heater than above. It may be that the dry region around the heater acts as a 
shield that intercepts most of the condensate draining downwards from higher 
regions; in this case, the most significant re-wetting mode would consist of 
diffusion driven flow of vapor along fractures, condensation along the fracture 
face, and matrix imbibition. 
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Figure 10. Changes in moisture content mapped along borehole NE-4. 
Changes are calculated relative to day 6 after the heater was energized. 
Fractures mapped and the projected location of the heater are shown for 
comparison. 
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evidence of re-wetting (if any) is observed. This behavior contrasts with the NE-
5 behavior closest to the heater (shown in Figure 21) where the rock re-gained 
water to a substantial degree. These data corroborate data from NE-2A and 
NE-6 which showed more re-wetting above the heater than below the heater. 

Day 145 
Day 174 
Day 202 
Day 2S0 
Day 301 

2 meters 

Figure 21. Changes in moisture content mapped along Dorehole 
NE-6. Changes are calculated relative to the last day of maximum power 
heating. Also shown are the locations of boreholes NE-7, NE-2A, fractures 
mapped along boreholes, and the heater location. 

Moisture content changes as a function of time 

Figure 24 shows how the moisture content changed as a function of time at 
three points approximately equidistant (0.78 m radially) from the center of the 
heater. The point above the heater corresponds to borehole NE-6 , depth 5.35 
m ; the point to the side of the heater corresponds to NE-5, depth 9.22 m; the 
point below the healer corresponds to NE-2A, depth 4.49 m. This figure shows 
that, for any given time, the rock above and to the side of the heater dried less 
than the rock below the heater. It also shows that the re-wetting process is slow 
in relation to the rate of drying. The rate of re-wetting remains approximately 
constant during the power ramp-down and post-heating (i.e., after heater was 
turned off) phases of the test as illustrated by the constant slope during this 
period. Note that during this time period (refer to Figure25) the temperature 
changes are very large. This suggests that during cooldown, the re-wetting rate 
was not limited by the rate of retreat of the temperature field; however, in the 
repository environment it is expected that the re-wetting front will follow the 
retreat of the temperature field because the re-wetting rates will be fast relative 
to the rate at which temperature will retreat. This difference between the test 
environment and the expected repository environment is probably caused by 
the highly accelerated power decay (note that the power ramp down phase 
shown in Figure 2 lasted c.'.ly 68 days); this contrasts with the duration of power 
decay for a true waste package lasting a several centuries. In the test 
environment, the rates of imbibition and capillary condensation are slow relative 
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to the accelerated decrease in temperature; however, in the repository the rates 
for these processes are fast relative to the rate of temperature decrease. 
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Figure 22. Changes in moisture content mapped along borehole NE-5. 
Changes are calculated relative to day 120, one week before the end of 
maximum power heating. Fractures mapped and the projected location of the 
heater are shown for comparison. 
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Figure 23. Changes in moisture content mapped along borehole NE-3. 
Changes are calculated relative to day 120, one week before the end of 
maximum power heating. Fractures mapped and the projected location of the 
heater are shown for comparison. 

30 



0.1 
Above heater- 0.78m 
Below heater-0.78 
Side of heater-0.79m 

power ramp-down begins 

heater off 

Time (days 

Figure 24. Changes in moisture content as a function of time for 
three points approximately equidistant from the heater's center line. 
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Figure 25. Temperatures and rate of temperature change for a point within 
borehole P-3 located at a radial distance of 0.77 m from the heater. 

Conceptual models for dying and re-wetting behavior 

The models to be proposed below ere, to a large extent, similar to the starting 
conceptual mod9l shown in Figure 1; this indicates the results discussed above 
generally validate the starting conceptual model. The most significant 
modifications to the pre-test conceptual understanding concerned the 
contribution of the gas phase to re-wetting of the fractured rock mass. Test 
results showed re-wetting occuring along fractures which were considered to be 
dry. Re-examination of the re-wetting behavior predicted by our numerical 
models showed substantial vapor flux along fractures from wet to dry regions. 
Other important observations that can be made is that the distribution of 
changes in moisture was not radially symmetric relative to the heater axis. It 
has been shown that the rock above the heater dried slower but re-wetted faster 
than the rock below the heater. Fractures seem to have increased the rate of 
drying and re-wetting. 

The conceptual models shown in Figure 25 A and B propose explanations for 
these observations. The model in Figure 25 A proposes a conceptual model for 
the case of a vertical fracture striking parallel to the healer. As temperatures 
increase, the evaporation rate of pore water increases. As a result, the pressure 
of the vapor phase also increases and drives gas flow. Note that the pressure 
rise elevates the boiling point temperature. In unfractured rock, the vapor phase 
flow is primarily outward because gas pressure is greater towards the heater; 
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however, near a fracture vapor phase flow is preferentially towards the fracture 
because the fracture acts as a pressure sink. At a given temperature, rock near 
a low pressure, high permeability boundary will dry faster because vapor has a 
shorter distance to travel through a relatively low permeability matrix; therefore, 
rock near fractures dries faster than the surrounding rock as shown in the 
conceptual model. Once the hot gas is in the (approximately) vertical fracture it 
will tend to flow upwards (due to buoyancy) because fractures are at ambient 
pressure; the net result is that more steam is likely to condense above the dry 
zone than in other parts. This mechanism may be one reason why the rock 
above the heater dried slower and re-wetted faster than the rock below. 

The drainage of steam condensate also plays a role in the proposed model. 
Water condensing in the fractures will start draining vertically downward. Note 
in Figure 25 A that for the steam flow and condensate flow directions shown 
along the fracture, the upwards penetration of the dry region will be slowed by 
the condensate that drains back to the boiling zone. Below the heater, the dry 
region can penetrate more because the condensate drains away from the 
boiling region. The authors believe that the wetting region below the dry zone 
was not detectable during this test because imbibition was slow relative to the 
velocity of liquid water draining down the fractures; however, the lower wetting 
region is likely to extend farther below the heater than the wetting region above 
because of condensate drainage along longer paths. The net result of this 
conceptual flow system is that there is more imbibition of condensate above the 
dry zone because it stays in contact with the matrix for longer times than below 
the dry zone where it can escape; these two conditions favor more imbibition of 
condensate above the heater. Figure 25 B illustrates this effect better by 
depicting flow directions for the case of a fracture striking perpendicular to the 
heater axis. The net effect is that the hot dry rock zone intercepted by the 
fracture plane acts as an umbreiia that stops the downward flow of condensate 
and gradually sheds it to the sides. This model has also been used to explain 
temperatures wnich remained near the boiling point for long periods of time 
during the test (Lin and others, 1990; Ramirez and others, 1990). Drips of 
condensate along fractures are also shown in the conceptual model as an 
additional mechanism that could slow the penetration (upwards and sideways) 
of the dry region. 
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Figure 25 A. Conceptual model proposed for the flow above and 
below the heater for the case of a fracture striking parallel to the heater axis. A 
transect along a matrix block intersected by a fracture is shown. 

During the rampdown of power to the heater, temperatures around the heater 
responded quickly to the decline in heat load. Boiling became less vigorous 
and ceased roughly midway into the rampdown. During this time the moisture 
content of the dried-out zone began to slowly increase in moisture content with 
regions above and to the sides of the heater gaining moisture faster than 
regions below the heater. Figure 26 is a simplified schematic depicting the main 
re-wetting features which may have given rise to the differences in re-wetting 
rates. It should be noted that as the heater power was reduced, boiling 
continued even though at decreasing rates. Even after boiling ceased, heating 
of the rock around the heater continued to facilitate evaporation. Recall that 
above the heater the return flow of condensate in fractures slowed the progress 
of the boiling front away from the heater while below the heater condensate 
drainage in the fractures had little effect on the rate of drying of the matrix. If the 
region above the heater was being heated from a linear source of heat, there 
would be a critical heat flux rate at which the return flow of condensate would be 
balanced by the rate of boiling. For heat flux rates in excess of this critical rate, 

34 



the boiling front would move away from the heater. For heat flux rates less than 
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Figure 25 B. Proposed flow phenomena for the case of a fracture perpendicular 
to the heater axis. The view is along the fracture plane. 

critical rate, the boiling front would move toward the heater. For this test, radial 
heat flow from the heater complicates this relationship between heat flux and 
the velocity of the boiling front. However, it should be apparent that as the 
heating rate is reduced, the boiling front eventually begins to recede towards 
the heater. To the sides of the heater, the situation is somewhat more complex 
as condensate draining down fractures from regions above begins to re-wet the 
rock s' - rate faster than the boiling rate. Below the heater the rock is essentially 
shielded from condensate draining down fractures due to the presence of the 
umbrella provided by the overlying dried-out zone. Therefore, re-wetting of the 
rock below the heater occurs without the benefit of liquid water movement in 
fractures. Above the heater, liquid water movement along fractures does 
contribute to re-wetting because longer residence times for the condensate 
allow more imbibition, and condensate does not have to travel through a dried 
out zone to reach the matrix above the heater. 
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Figure 26. Proposed conceptual model ot the mechanisms which dominate the 
re-wetting process of the dry region during cool down of the rock mass. A 
transect along a matrix block intersected by a fracture is shown. 

In the numerical modeling study it was found that simple matrix imbibition 
cannot adequately account for the moisture movement observed during the 
rampdown and post-heating phases. Moreover, below the heater, re-wetting 
rates were observed to be greater in regions of higher fracture density. The 
fractures appeared to be contributing significantly to re-wetting even though it is 
unlikely that liquid flow was occuring in the fractures below the heater. In the 
numerical modeling study it was noted that saturation gradients in the matrix are 
associated with relative humidity gradients in the gas phase in the fractures as 
well as the matrix. It was found that large mass flowrates of vapor occurred 
down the relative humidity gradient due to binary diffusion of water vapor and 
air. 

Darcy flow (i.e., driven by pressure gradients) of air through fractures may have 
also brought humidity to the dry region. As the hot, dry rock cooled and water 
vapor condensed, the gas-phase pressure dropped. These lower pressures 
would drive flow of vapor in the fractures. Capillary condensation of the water 
vapor occured along the fracture faces in the dried-out zone with subsequent 
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movemem of this condensate into the matrix due to imbibition. Relative to an 
unfractumd rock mass, the presence of fractures (and the very high effective 
mobility of vapor driven by binary diffusion) effectively shortens the distance 
over which water must be imbibed in order to re-wet the dried-out region. Vapor 
phase movement in fractures contributed to re-wetting behavior throughout the 
fractured rock mass. Therefore, even for regions above and to the sides of the 
heater where liquid movement in the fracture.- was re-wetting the rock, binary 
diffusion driven flow and Darcy flow in fractures were also contributing to re-
wetting behavior. 

Summary and conclusions 

Thermal neutron logs have been collected to monitor changes in moisture 
content within a welded tuff rock mass heated by an electrical heater. The 
heater remained energized for 196 days. The heater power for the first 128 
days was maintained at approximately 3.3 kW; the power was then gradually 
decreased to 0.0 kW during a 68 day period. Thermal neutron measurements 
were made before, during and after the heater was turned on. For each 
borehole, the differences between the "before" and "after" measurements have 
been calculated ("after" heating minus "before" heating, or "during ramp down" 
minus "last day of heating"). A spatial filter was applied to each difference log to 
reduce Poisson fluctuations in the number of neutrons detected by the probe. 
The imprecision estimate for the filtered points is +/-0.003 Mg. of water per m 3 

(95% confidence level). The possibility of changes in the moisture content of 
the grout column within the sampling boreholes introduces an unknown but 
possibly significant error in the measured values. It is possible that grout 
column changes may be distorting the moisture content measurements of the 
rock adjacent to the grout column. 

The difference traces show that the predicted conceptual model is valid in 
general terms. The data show that an arbitrary point in rock above the heater 
first increases its moisture content as steam generated closer to the heater 
condenses in cooler adjacent areas. Tlis "halo" of increased moisture 
subsequently subsides as the temperatures and evaporation rates at this point 
increase. The diameter of the drying region grows faster at first, and then at a 
progressively slower rate as the volume of rock to be heated increases. As the 
heater power decays the moisture content slowly increases. As expected, the 
drying front appears to have penetrated more rapidly along fractures during the 
maximum power stage. Also, re-wetting is more rapid near fractures during the 
cool-down and post-heating stages of the test. 

Plots of change in moisture content as a function of radial distance show that 
the changes are not always radially symmetric relative to the i sater borehole 
axis. The data show that there are significant differences in drying and re-
wetting behavior of rock above and below the heater. The rock below the 
heater dried out faster than the rock above the heater at equal radial distances. 
During the power ramp-down and post heating phases, the rock directly above 
the heater re-wetted at a slightly faster rate than the rock below. 

Conceptual models have been developed based on the results shown here and 
in conjunction with the numerical modeling study to explain differences in the 
drying and re-wetting behavior above and below the heater. In general, water 
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vapor generated in a matrix block moves towards the closest fracture face (or 
surface of the heater borehole if the block is adjacent the borehole). Upon 
entering the fracture, water "apor tends to move radially outward througl, the 
fracture system until encountering condensation conditions. Due to the heater 
borehole moisture collection system and condensation on the heater packer, 
some of the vapor in the fractures moves radially inward towards the heater 
hole. Water which condenses above the heater drains downward through the 
fractures. Much of this downward flow intersects the boiling zone and is re-
boiled, thereby slowing the upward progress of the boiling front. Some 
downward flow of condensate was observed to be re-boiled at the lower flank of 
the heater, thereby stabilizing the boiling front at that location. Water which 
condenses below the heater drains away from the boiling zone. Because matrix 
imbibition is slow relative to the condensate generation and drainage rates, 
most of the downward drainage of condensate bs'ofi the heater leaves the 
local system before it can be subsequently re-'oci!ed. It was also observed that 
the boiling zone effective acts as an "umbrella" shielding the rock below the 
heater from the downward drainage of condensate generated above the heater. 
Re-wetting of the rock above the heater and to one side of the heater was 
observed to be partially the result of condensate drainage in fractures. 
Throughout the fractured rock mass re-wetting also occued via binary diffusion 
of water vapor (driven by relative humidity gradients) and via Darcy flow (driven 
by pressure gradients). As this water vapor reaches drier rock, it condenses 
along the fracturs faces (by capillary condensation) and is imbibed by the 
matrix. 

Recommendations for future work 

As a result of the work described in this report, we can propose 
recommendations for the use of neutron logging tools in future tests of the near 
field environment around a heater. The effect of the grout/liner system needs to 
be better understood and/or minimized. It can be minimized by: 1) reducing the 
size of the annular space filled with grout, and 2) using a probe with a 
substantially bigger sampling volume. If a cement grout is used again, there is 
a need to establish quantitatively the influence that the grout column has on the 
measured values of moisture content; this can be done via a calibration process 
wherein the moisture content of large welded tuff cores (with grout sealed 
boreholes) is determined as a function of temperature by correlating weight 
changes vs thermal neutron counts. The test results suggest that there is an 
asymmetrical distribution of moisture content that develops around the heater 
To better characterize this distribution, we suggest that radial boreholes (i.e. 
parallel to heater borehole radii) be considered; in particular, a radial vertical 
borehole is strongly recommended. Moisture measurements also need to be 
made well below the boiling zone in order to track the vertical and lateral extent 
over which condensate drainage in fractures can occur. 
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