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ABSTRACT

Measured thermal-conductivity data are summarized for 15 samples of the
Topopah Spring Member from Yucca Mountain. Modeling results for the
saturation history of thermal-conductivity-experiment samples are
presented; the saturation of these samples may be 0.5 or greater even
after an experiment is completed. Thus, only the data from low-
temperature measurements have been used to obtain estimates of matrix
thermal conductivities and then of in situ (rock mass) values for
thermal conductivity. The estimated in situ values for Units TSwl and
TSw2 are consistent with experiment data obtained by other
investigators.



This report was prepared for a QA Level III Task under WBS
1.2.4.2.1.3.S. The data used in the analyses in the report all have a QA
Level of TBD (to be determined) because they were collected before formal
institution of the system of QA Levels.
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1.0 INTRODUCTION

Yucca Mountain, located in and near the southwest corner of the

Nevada Test Site (TS) in southern Nye County, Nevada (Figure 1), has

been identified by the Department of Energy (DOE) as a potential site for

the disposal of radioactive waste. Responsibility for studying the

suitability of Yucca Mountain as a disposal site rests with the Yucca

Mountain Project (YMP), administered by the DOE offices in Las Vegas,

Nevada. Sandia National Laboratories (SNL) is one of the primary YMP

participants and has responsibilities for performance assessment,

repository design, and the measurement of the thermal and mechanical

properties of some of the tuff units from Yucca Mountain.

Figure 2 is a summary of the younger stratigraphic units present at

Yucca Mountain. All of the units shown in Figure 2 are tuffaceous, but

the lithologies vary from bedded, reworked tuffb through nonwelded vitric

or zeolitized ash-flow tuffs to densely welded devitrified or vitric ash

flows. The Topopah Spring Member of the Paintbrush Tuff (the proposed

horizon for waste emplacement) is largely composed of densely welded,

devitrified ash flows, the mineralogy of which is predominantly feldspar

(plagioclase and alkali feldspar) and silica minerals (quartz,

cristobalite, and tridymite).

One set of rock properties to be measured includes those involved in

heat transfer. Thermal conductivity is one of the heat transfer

properties for which a number of measurements have been made. Experiment

results have been presented in a summary of data obtained for all tuff
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Figure 1. Locations of the Nevada Test Site, Yucca Mountain, and Existing Deep Core Holes.
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units at Yucca Mountain (Nimick and Lappin, 1985); a revised set of data

for units above the static water level is presented in Nimick (1989).

Data for the welded, devitrified portion of the Topopah Spring Hember are

the basis for analysis in this report.

Calculation of the temperatures to be expected in the Topopah Spring

Member as a result of the presence of heat-producing waste requires

that the thermal conductivity of the rock be known or approximated.

Difficulties arise in the transfer of laboratory-measured thermal-

conductivity data to in situ conditions because of differences in

the states of saturation. Laboratory samples have been tested either

"saturated" or "dry" (the significance of the quotation marks is

discussed in more detail later in this report), whereas the in situ

thermal conductivity must be known for conditions of partial saturation.

To date, the following sequence of steps has been followed to obtain

an estimate of the in situ thermal conductivity (e.g., Nimick and Lappin,

1985):

(1) Measure the "saturated" (K ) and "dry" (K ) thermalm ,s m, d

conductivities of a number of samples of porous matrix material

in laboratory tests.

(2) Calculate matrix (zero-porosity) thermal conductivities (K )

for the "saturated" and "dry" conditions, using a rearranged

form of the geometric mean equation (Woodside and Messmer, 1961):

-4-



K
O,5

K
m.s 1-f

Kit
w

(1)

or

K 1
K = m.d 1-4
o,d Rip

a

(2)

where K is the thermal

thermal conductivity of

fraction.

conductivity of water, Ka is the

air, and * is the porosity in volume

(3) Use K S to calculate the in situ thermal conductivity below

the boiling temperature (Tb) and K d to calculate the

conductivity above Tb, using the following equations:

K I K (1) Ks (l-s)
in situ o,s w a

(TTb) (3)

or

K K(1-4 ) K
in situ o,d a (T>Tb) (4)

where s is the in situ saturation.

Results of neutron probe measurements in the vicinity of in situ

heater tests in G-Tunnel (Zimmerman et al., 1986a, 1986b) support two

preliminary conclusions:
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(1) pore water in welded tuff does not uniformly vaporize and leave

the rock at the normal boiling temperature (Tb), and

(2) even when the rock temperature exceeds Tb for extended periods

of time, the rock may retain a residual saturation.

These conclusions suggest at least the possibility that similar

pore-water behavior might have occurred during thermal-conductivity

experiments in the laboratory. If so, then thermal conductivities

measured on "dry" samples are actually representative of material with an

unknown level of partial saturation.

The possibility that erroneous assumptions may have been made during

the derivation of K and K is even more extensive than indicatedOS o,d

in the preceding paragraphs. At temperatures below the boiling tempera-

ture, samples have been assumed to be saturated (i.e., all of the void

spaces are filled with water). However, experimental data on different

saturation techniques indicate that vacuum saturation (the technique most

commonly used for the thermal conductivity samples) probably achieves an

average saturation value no higher than 0.95 in welded tuff (Nimick and

Schwartz, 1987). For earlier thermal conductivity experiments in which

samples were only immersed in water before testing, saturations at the

initiation of testing were probably even lower. For immersion times of a

week (168 hr) to a month (730 hr), a saturation of approximately 0.75

appears to be reasonable for welded tuff (Nimick and Schwartz, 1987).

Thus, there is very little reason to expect that thermal-conductivity

samples from the welded, devitrified portion of the Topopah Spring Member

had initial saturations of 1.0.
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To determine whether previously published analyses of thermal

conductivity data (Lappin, 1980; Lappin et al., 1982; Lappin and imick,

1985a,b; imick and Lappin, 1985) are in error, saturation behavior

during the thermal-conductivity experiments was modeled using the com-

puter code PETROS (Hadley, 1985). PETROS is a one-dimensional, finite-

difference code that computes the transport of water, water vapor, an

inert gas (air), and heat through a partially saturated, porous medium.

Gas transport includes the effects of Knudsen and binary diffusion plus

Darcy flow of the gas mixture.

The results of calculations of the saturation behavior of samples

during thermal-conductivity experiments are presented in Section 2.0.

The calculations of matrix thermal conductivity of the Topopah Spring

Member and estimates of in situ thermal conductivity are discussed in

Section 3.0.
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2.0 SATURATION BEHAVIOR OF TEST SAMPLES

All of the thermal conductivity measurements on samples of the welded,

devitrified Topopah Spring Member have been made using the transient-

line-source technique on cylindrical samples (radius of 2.54 cm) with

a thermal probe (heater) inserted in an axial hole (heater radius is

appproximately 0.16 cm). Samples were jacketed to isolate them from

surrounding hydraulic fluid. A schematic of the sample configuration is

shown in Figure 3.

The general sequence of steps for testing of each sample was as

follows:

1. Application of confining pressure, then pore pressure, at ambient

temperature;

2. Application of power to thermal probe for 2 minutes or less;

3. Power turned off and temperature allowed to re-equilibrate at

orignial level;

4. Repeat of Step 2;

5. Temperature of system raised to new test temperature and allowed

to stabilize; and

6. Repeat of Steps 2 through 5.

-8-
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During each series of measurements, one of the temperature increases

(Step 5) crossed through the nominal boiling temperature (at the applied

pore pressure) of the pore water. When this temperature was reached, the

pore pressure was released, allowing the pore water to "flash" to steam.

In theory, all of the pore water would then have been removed from the

sample. Part of the reason for the modeling described in the following

pages was to determine whether all of the pore water leaves the sample at

the boiling temperature.

2.1 Model Input

As input, PETROS requires the geometry of the problem, the initial

and boundary conditions for saturation and temperature, and a defini-

tion of material properties (e.g., porosity, heat capacity, thermal

conductivity, permeability, etc.). Assumptions made to model a thermal-

conductivity experiment are described in the following subsections.

2.1.1 Geometry

Actual sample dimensions were assumed. Samples are right circular

cylinders with radius of 2.54 cm, each containing a hole of radius 0.5 cm

along the axis of the sample. In the model, the hole was assumed to have

a radius of 0.16 cm (the radius of the probe); in testing, the gap between

the probe and the rock was filled with a potting compound with a high

thermal conductivity. Because of the low permeability of the materials

and because negligible temperature gradients existed along the axis or

around the circumference of a sample, heat and mass transfer can be

assumed to be one-dimensional in a radial direction (the assumption of

unidimensionality is necessary to use PETROS).

-10-



2.1.2 Initial Conditions

The sample was assumed to be at ambient temperature (25C) at the

beginning of a test. The initial saturation was assumed to be 0.95; the

effect of assuming a lower initial saturation value is discussed later.

2.1.3 Boundary Conditions

Two types of boundary conditions must be specified--one set governing

heat flux (or temperature), and the other type governing mass flux (or

saturation). Because of symmetry, the temperature boundary condition

at the center of the sample was taken to be one of zero heat flux. At

the external boundary, a temperature-time history approximating those

actually experienced by thermal-conductivity samples was modeled as shown

in Figure 4. The temperature effects resulting from probe firings were

assumed to be relatively insignificant for these calculations. This

assumption is justified at least in part by the short time span and the

small average temperature increases (approximately 1VC) for each firing.

The saturation boundary condition at the external boundary was

assumed to be one of zero flux because of the jacketing of the samples.

The internal boundary condition reproduced test conditions; for center-

line temperatures below 135,C (Tb for the test conditions), a pore

pressure equivalent to the test pore pressure (0.3 Pa) was assumed.

When the centerline temperature exceeded 1351C, the saturation at the

internal boundary was assumed to be zero. Note that this boundary

condition is conservative (in terms of maximizing the flux of pore water)

because the thermal probe and associated potting compound are in the

-11-
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central hole during a thermal-conductivity experiment and would impede

drying of the sample.

2.1.4 Material Properties

The porosity of test samples of the Topopah Spring Member was assumed

to be 0.12, a value close to the average matrix porosity of 0.129 for the

welded, devitrified portion of the Member (imick and Schwartz, 1987).

The heat capacity-density product of the solid is a constant value in

3
PETROS and was assumed to be 2.142 J/cm K [based on a grain density of

2.55 /cm3 (Nimick and Schwartz, 1987) and a silicate heat capacity of

0.84 J/g-K (Tillerson and Nimick, 1984, p. 86)]. The thermal conductivity

of air (Ka) was assumed for all nonliquid material in pores, and its

temperature dependence was taken to be = (5.39 x 10 )T + 0.026,a

where T is absolute temperature and Ka is in W/m-K.

The thermal conductivity of water is a very complicated function of

pressure and temperature. Rather than using the complete expression of

Kestin (1978, p. 47), thermal conductivity as a function of temperature

was taken from Table 1 of estin (1978, p. 48) at pressures of 0.1 and

0.5 MPa, and an analytical approximation was obtained: Kw = 0.6988 -

13 6
6.284213 x 10 /T . This equation fits the tabulated data with a

2
correlation coefficient of r = 0.983.

*Since the modeling was performed, it has been ascertained that this
expression is incorrect; 0.026 W/m-K is the value of Ka at ambient
temperature rather than 0.042. However, relative to the thermal conduc-
tivities of water and rock, the difference is insignificant, and the
conclusions drawn from the modeling are still considered to be valid.
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The overall thermal conductivity was assumed to be represented by

Equation 3 with Kw and Ka as defined above and K taken to be 2.43

W/m-K, the average value of K S from Nimick and Lappin (1985). The

effect of assuming different values for K is discussed later.

Hydrologic properties used in the calculations were taken to be

representative of the data for the Topopah Spring Member as reported

by Peters et al. (1984). The average pore radius was assumed to be

5 x 10 m, similar to the values reported by lavetter and Peters

(1987) for the Topopah Spring Member. The pore radius is used by PETROS

to calculate the Knudsen diffusion coefficient.

2.2 Results of Calculations

A baseline calculation was performed using the properties specified

previously. Following this calculation, four other cases were examined,

with different initial and/or boundary conditions:

* K = 3.21 W/m-K [maximum value of KS from Nimick and

Lappin (1985)],

* K = 2.15 W/m-K, [minimum value of K from Nimick and

Lappin (1985)],

* initial average saturation of 0.75, and

* initial average saturation of 0.75 and internal pore pressure

of 0.1 Pa for centerline temperatures less than 100C.

-14-



2.2.1 Results for Baseline Calculation

Output from PETROS includes the temperature and the saturation for

each mesh point for each time step for which output is requested. To

calculate an average sample saturation, the annular volume represented by

each mesh point must be considered. Thus, average saturation s) is

given by

1m1 I s V (5)
Y i=l i

where m is the number of annuli considered, s is the calculated

saturation of the ith mesh point, Vi is the pore volume at the ith mesh

point, and V is the total pore volume of the sample. (Note that for the

innermost mesh point, the pore volume is equivalent to the total volume

at that point.)

Table 1 and Figures 5 through 9 summarize the results of the baseline

calculation. Several conclusions should be highlighted:

(1) Although the initial average saturation is 0.95, the average

sample saturation is calculated to be 1.0 after approximately

6 hr, long before the sample temperature reaches Tb.

(2) Figure 8 shows that the sample saturation begins to decrease

from 1.0 before Tb is reached. Although this mimics behavior

observed in field tests (Zimmerman et al., 1986a, 1986b), the

-15-



Table 1

Calculated Temperatures, Average Saturations, and Net Fluxes
as a Function of Time for Baseline Calculation

Average Net Flux of
Time (hr) Temperature (K) Saturation Pore Water (cm3)

0 298.0 0.9500 0.000
0.2 298.0 0.9574 0.189
2.9 315.1 0.9956 1.161
6.2 347.8 0.9999 1.269

10.7 383.0 0.9998 1.267
13.3 409.5 0.9655 0.394
13.8 415.6 0.9281 -0.556
15.0 426.6 0.8758 -1.888
16.5 442.3 0.8237 -3.211
18.5 461.7 0.7758 -4.429
20.8 475.0 0.7328 -5.523
22.3 489.6 0.7097 -6.110
24.5 511.7 0.6778 -6.921
26.6 522.6 0.6570 -7.452
27.0 517.3 0.6561 -7.474
29.1 497.8 0.6453 -7.750
32.0 468.6 0.6297 -8.144
34.9 439.5 0.6150 -8.520
37.9 409.7 0.6012 -8.868
41.0 378.9 0.5894 -9.170
44.2 346.8 0.5801 -9.406
47.5 313.6 0.5736 -9.571
56.4 298.0 0.5636 -9.827

182.9 298.0 0.4781 -12.001
287.9 298.0 0.4401 -12.966
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result for this calculation may occur because the time steps at

which data were printed were too far apart.

(3) Figure 8 and Table 1 also indicate that significant average

saturations exist in the sample long after the test would be

complete (as shown on Figure 4, a test typically takes about

40 hr). Assuming that thermal conductivity measurements were

made at 25, 75, 200, 230 and again at 251C after cooling, aver-

age saturations would be approximately 0.95, 1.00, 0.75, 0.68,

and 0.56, respectively. Only one of these values--that at

75IC--is equivalent to average saturations assumed in previous

data reduction.

(4) Figure 6 shows that allowing the sample to sit at ambient

temperature after an experiment with the center hole dry reduces

the average sample saturation continuously but at a decreasing

rate. Although no conclusion can be reached as to whether a

residual saturation would exist, it is clear that the model

predicts that very large times would be necessary to completely

dry the sample (the last data point has an average saturation of

0.44 after approximately 10 days at ambient temperature).

(5) Figure 7 and Table 1 show the calculated net flex of pore water

into or out of the sample as a function of time. At the time

at which the sample is calculated to reach ambient temperature

after cooling (56.4 hr), the net efflux is calculated to be

39.8 cm . This compares to measured volumes of pore fluid

-22-



3
output of 20 to 30 cm , a significant discrepancy. In the

past, the larger value has been taken to indicate that sample

dehydration is essentially complete, because the pore volume in

these samples should be approximately 25 cm3 (for a porosity

of 0.12). However, the possibility exists that most of the 20

to 30 cm of water was actually contained in the pore pressure

tubing rather than in the sample. This possibility was not

checked during the testing and cannot be checked now because the

equipment was dismantled in 1986.

(6) Not shown in Figures 5 through 9 or in Table 1 is the result that

the thermal conductivity of the sample is sufficiently high that

temperature differences across the sample are on the order of

10C or less. Thus water migration results mainly from pressure

gradients rather than from temperature gradients.

2.2.2 Other Calculations

Changing K over the expected range of values and performing the

same PETROS calculations results in a negligible effect on saturations

calculated as a function of temperature or time. The range of values

used for K corresponds to the minimum and maximum values of K S for

the Topopah Spring Member calculated at ambient temperature (imick and

Lappin, 1985).

The combination of an initial saturation of 0.75 with an internal

pore pressure of 0.3 Pa affected only the pre-boiling saturation

history, as shown in Figure 10. Although the sample requires more time

-23-



1.0

z0

4C

U

2

r

-n
0

z
0
P

U)

0.6

0.4

0.2

0.0L

0 2 4 6 8 10 14 16 18 20

TIME (hr)

Figure 10. Comparison of Average Saturations as a Function of Time for Two Initial Values for Average
Saturation.



to become saturated, saturation is still achieved before boiling occurs

(at approximately 12 hr). In fact, the sample temperature at the time

that the saturation is greater then 0.999 is only 7C higher in the case

with lower initial saturation.

Calculations using an initial saturation of 0.75 and atmospheric

internal pore pressure slowed the saturation process in terms of com-

putation time (i.e., the number of time steps to reach a given total time

was greater), so that the arbitrary limit of 300 time steps was reached

after only 8.4 hr of a thermal-conductivity experiment had been modeled.

However, both the average saturation and the temperature of the sample

were equivalent to those for the calculation discussed in the preceding

paragraph. Thus, the major difference in tests run without applied pore

pressure should be that boiling in the central hole occurs at 95 to 1000C

rather than at 1350C. It is assumed that the post-boiling saturation

behavior for samples that are not subjected to pore pressure parallels

that of the samples tested with pore pressure, with the average satura-

tion at a given temperature taken to be equivalent to that for the

samples with pore pressure at a temperature 351C higher.

2.3 Discussion of Results

Admittedly, there are shortcomings to the analyses performed with

PETROS. The effect of temperature on the hydrologic properties, and the

possibility that heat transfer, mass transfer, or both are two- or three-

dimensional phenomena are two areas in which the validity of the approach

cannot be evaluated. Mass transfer probably was at least two-dimensional
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during portions of the experiments, because the applied pressure gradient

was parallel to the sample axis (see following paragraph), whereas the

temperature-induced pressure gradient was perpendicular to the sample

axis. However, the axial pressure gradient was applied at temperatures

below boiling, and should have been small enough (<0.3 Pa) that mass

transfer was negligible. When temperatures exceeded the nominal boiling

temperature, the applied pressure gradient was removed, so that any mass

transfer then was solely the result of temperature differences in the

sample and the resulting thermal and hydrologic response. Because the

temperature distribution should have been a function of radius only (to a

first approximation), mass transfer also should have been dominated by

radial movement.

Modeling of the boundary conditions for the experiments should have

been accurate with one exception. In the model, a hole was assumed to

exist in the sample, with a pore pressure applied within the hole for

temperatures at or below 135°C and ambient-pressure air in the hole for

temperatures above 1350C. In the actual experiments, the central hole

contained the thermal probe and a low-permeability potting compound.

Thus, the modeling assumpton was not accurate. However, the inaccuracy

should have resulted in conservatism in modeling results, in the sense

that less water would have left the samples in actual experiments than

was modeled to leave. This conclusion is made for two reasons. First,

the pore pressure would have been applied at the end of the sample rather

than along the axis, so that pore pressures within the sample would have

equilibrated more slowly (because of greater distances), and may have

been less than 0.3 Pa at the time 100°C was first reached in the

sample. Second, once the nominal boiling temperature of 1350C was
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reached, water vapor would have had to leave the sample via the interface

between the sample and the endeap at one end of the sample, rather than

through the axial hole.

The conclusion from the preceding paragraph is that the model should

provide an estimate of the maximum amount of water removed from a sample

during an experiment. Point 5 of Section 2.2.1 of this report provides

a comparison between the modeled amounts of water and the amount of

water collected from the sample. This comparison shows a significant

discrepancy which is a minimum value because of the conservatism of the

model and because only liquid water was collected during the experiment.

Any steam leaving the sample would have been collected only if it con-

densed in the pore-pressure line. Thus, the indications from considera-

tion of the modeling results and the underlying assumptions are tha

significant quantities of water may have remained in the samples after

experiments were deemed to be complete.

The actual test data (given in Table 2) for "dry" samples lend at

least empirical support for the general conclusion that the amount of

pore water is continually decreasing throughout the higher-temperature

measurements. The data are plotted in Figure 11. Without exception, for

samples on which measurements were made at two or more temperatures above

Tb, thermal conductivity decreases with increasing temperature. This

trend could be caused by decreasing saturation, by a decreasing thermal

conductivity in the matrix (i.e., the constituent minerals), or both.

Lappin (1980) summarized existing data for the temperature dependence of

thermal conductivities of the major minerals in Yucca Mountain tuffs;

only quartz showed a decreasing thermal conductivity with increasing
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Table 2

Measured Thermal Conductivities as a Function of Temperature

Saturation
Temperature (C) K(W/m-K) Statel

G1-406.42

25
50

100
165
200
230

Gl-795.0

23
100
165

G1-810.3

25
50

100
165
200
230
260

G1-1207.9

50
100
165
200
230
260

1.82
1.82
1.85
1.63
1.62
1.58

S
S
S
D
D
D

2.14
2.13
2.05

S
S
S

2.19
2.16
2.15
2.24
2.18
1.95
1.87

S
S
S
D
D
D
D

2.29
2.29
2.20
2.12
1.99
1.96

S
S
D
D
D
0

G1-1230.8

25
50

100

G2-860.4

23
50

100

2.37
2.36
2.33

S
S
S

1.88
1.86
1.92

S
S
S
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Table 2 (Continued)

Measured Thermal Conductivities as a Function of Temperature

Saturation
Temperature (C) K(W/m-K) Statel

G2-950.1

50
100
200
230
260

2.16
2.19
1.87
1.85
1.86

S
S
D
D
D

G2-1272.4

23
50

100

2.11
2.11
2.10

S
S
S

G2-1388.0

25
50

100
165
200
230
260

G2-1526.3

25

G2-1559.0

25
260

2.24
2.27
2.19
2.24
1.87
1.81
1.79

S
S
S
D
D
D
D

1.99 S

2.23
1.99

S
D

GU3-431.5.

25
235

GU3-683.8

25
80

200
260

1.77
1.69

S
D

2.15
2.08
2.36
1.76

S
S
D
D
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Table 2 (Concluded)

Measured Thermal Conductivities as a Function of Temperature

Saturation
Temperature (CC) K(W/m-K) Statel

G4-1155.4

25
75

200
250

G4-1232.0

25
75

2.48
2.37
1.97
1.88

S
S
D
D

2.54
2.27

S
S

1: = saturated; D = "dry."
2: Sample ID is comprised of the core-hole designator (e.g., G1 or G4)

and the sample depth in feet.

-30-



2.501

2. 30 
GI-810.3 (4) 

*4

o 2.10 
"0 G4-11554 (160

O F ~~~~~~~~~~G2-950.1 
(23-30)_ 

-I lG, 

o U . 4 3 1 5 ( 0 )

1 p1406-4 (O-21
. 0 ' l ' 9 l l oo o 2 

2 0 2 6 0160 
T n0-PERAUR 

i.?aiity as a ctio nOf Temperature (ce)eE i ~ ~ ~~~~u r e~~~t a san a r e Q u r t c o t n s ( o u P e r e n ) E t U a d r m a a
1 4 e a u r e t h r apon u t a r e n t e s e s o e t s ( Q U min Bisw an Cpera (19B9)'



temperature. Estimation of the quartz contents (data in Bish and Chipera,

1989) of the seven thermal-conductivity samples for which lines are

plotted in Figure 11 shows that any correlation between slope of the

lines and quartz content is weak to nonexistent. This observation

strongly implies that the average saturation of the sample is decreasing

as the measurement temperature increases (for temperatures above the

nominal boiling temperature).

There are two major implications of this conclusion about average

sample saturation. First, the average saturation of thermal-conductivity

samples is unknown at any temperature above the boiling temperature.

Modeling with PETROS can provide estimates of the average saturation,

but the uncertainty in these estimates is probably sufficiently large

that calculation of reliable values of Ko d from the measured thermal

conductivities is not possible.

Second, and more important, is the implication about the distribution

of pore water in the samples at temperatures above the boiling tempera-

ture. Figure 12 plots the results of PETROS calculations for this dis-

tribution as a function of time. It is clear in this figure that there

is a steep gradient in the saturation profile in the central 10% of the

sample, with a gradual decrease in the gradient outward until relatively

constant values of saturation are attained at approximately 65% of the

distance to the sample boundary. Thus, the material cannot be considered

to be homogeneous in terms of either saturation or thermal conductivity

(the latter would be higher in the outer portions of the sample). The

existence of heterogeneity in a sample violates one of the initial

-32-



4 4 0 1

0.90

IwA
La)

0

II.
w

0

z
0
p4

"c

'C

0.85

0.80

0.75

0.70

0.65

0.60

0.0
0.0 0.285 0.536 0.786 1.037 1.287 1.538 1.788 2.039 2.289 2.540

DISTANCE FROM CENTER OF SAMPLE (cm)

Figure 12. Calculated Saturation as a Function of Radial Position at Various Times During a
Thermal-Conductivity Experiment.



assuptions that must be satisfied in order to use the transient-line-

source technique: the sample must be composed of material which is

homogeneous on the scale of measurement.

The combination of the unknown average saturation of the sample and

the heterogeneity of the material during high-temperature measurements

results in uncertainty regarding the usefulness of the high-temperature

data. Therefore, the decision has been made not to use thermal-

conductivity for any analyses that may lead to estimation of in situ

thermal conductivity.
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3.0 ESTIMATION OF MATRIX AND IN SITU THERMAL CONDUCTIVITIES

The main implications of the results of the calculations using PETROS

is that previous analyses of K (Lappin, 1980; Lappin et al., 1982;

Lappin and imick, 1985a,b; Nimick and Lappin, 1985) are incorrect,

and that measured thermal-conductivity data at temperatures above the

boiling temperature cannot be used to deduce K d. Therefore, thermal-

conductivity data from low-temperature measurements on samples from the

welded, devitrified portion of the Topopah Spring Member are the only

data reanalyzed in the remainder of this report.

3.1 Estimation of Matrix Thermal Conductivity

The first part of the new analysis is a change in the equation used

to calculate K S from measured data. The geometric-mean equation

(Equations 1 through 4) has been used to interpret all SL-generated

thermal-conductivity data in the past. In general, this method of

interpretation has been valid because it was applied predominantly to

data from saturated samples and the equation was used both to derive

K and to extrapolate K back to in situ thermal conductivities.
0,S 0,8

However, as pointed out by Woodside and Messmer (1961), the geometric-

mean equation may not be a good choice when the ratio of the thermal

conductivity of the solid to that of the pore fluid is greater than 20.

For the tuff samples containing only air in the pores, the ratio would be

greater than 50.

Thus a new equation has been selected for use in analyzing the

thermal-conductivity data. The equation is one of several proposed by
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Brailsford and Major (1964), and is based on a random mixture of two

phases. If the two phases are solid and fluid, then the equation is

written as follows:

K = 1 [3(1 - P)-1]K + 34 - 1)Kf+4 o

[3(1 - *)-1)K + (3 - 1)K 2+ /K 12 (6)
o f f

where is the porosity and Kf is the thermal conductivity of the

fluid. Solving for the thermal conductivity of the solid yields

2K - KK (3 - 1)
f ~~~~~~~~~~~~~~~(7)

o K(2 - 3) + Kf

If a sample is saturated, Kf is the thermal conductivity of water

(Kw ). If saturation is incomplete, the fluid is treated as a random

mixture of air and water; Equation 6 is used to calculate Kf as follows:

K = [3(1 - s)-1 K + (3s - 1) K +
f 4 a 

3(1- s)-1 K + (3s -1)K + 8KK1/2 (8)
a w a w

where K is the thermal conductivity of air.

It is appropriate to compare the values of thermal conductivity

predicted by the Brailsford and Major formulation with the values obtained

using the geometric-mean equation. Figure 13 shows the two sets of
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Figure 13. Calculated Thermal Conductivities of Units TSwl and TSw2 as a
Function of Saturation.
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calculated values as a function of saturation for Units TSw1 and TSw2.

[The curves in the figure were obtained using mean measured thermal

conductivities at 250C (from data in Table 2), unit-average values for

porosity (see following page), and an assumed saturation for the test

samples of 0.95.] It is appparent in Figure 13 that the choice of

extrapolating equation makes little difference at high saturations, but

is more important as the extent of extrapolation increases.

There are two reasons for selection of the Brailsford and Major (BM)

equation over the geometric-mean equation. As will be obvious later

in the discussion, neither reason can be construed as proof that one

equation is better than the other. Instead, the reasons suggest that the

BM equation is the better choice.

The first reason is that comparison of Figures 12 and 13 suggests

that, at low saturations, the geometric-mean equation estimates thermal

conductivities that are substantially lower than expected from experiment

results. This is particularly true for Unit TSwl (Figure 13a). Second,

the B equation was derived based on a physical model of materials,

whereas the geometric-mean equation is entirely empirical.

The eometric-mean equation originally was selected by Lappin (1980)

for use in tuffs because of ease of computation and successful use of the

equation in other rock types. Present selection of the B equation has

been made for somewhat less tenuous reasons; the validity of the selection

will need to be verified by obtaining reliable data for samples with low

or zero values of saturation.
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Table 3 lists the values of s, Ka and K used in calculating K0

from the thermal conductivities measured at temperatures at or below

1000C. Values for porosity () are not available for individual

samples. Rather then attempting to estimate the values, the following

steps have been followed:

(1) Calculate a mean value and standard deviation for the measured

thermal conductivity (Km) at each temperature for units TSwI

and TSw2 separately.

(2) Calculate a mean value and standard deviation for K using the

information from Step 1, the following matrix porosity data from

Nimick and Schwartz (1987):

TSwl: * = 0.142 + 0.038
m

TSw2: 4 = 0.113 + 0.026,

and Equations 7 and 8. [The method of propagating uncertainty

(e.g., standard deviations) during the calculations is outlined

in Appendix A.]

The results of these calculations are given in Table 4.

Statistical comparison (pair-wise t tests) of the mean values in

Table 4 indicates that the values of K at different temperatures are

indistinguishable. Thus, it has been assumed that K is independent

of temperature, and the mean values given in Table 4 have been averaged

(weighted by the number of samples) to give the following values of K :
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Table 3

Data for Thermal Conductivities of Air and Water
and for Average Saturation of Samples

Thermal Conductivity
Average (W/m-K)

Temperature (C) Saturation Water Air

23 0.95 0.6054 0.0259
25 0.95 0.6091 0.0261
30 0.97 0.6176 0.0265
50 1.00 0.6435 0.0280
60 1.00 0.6527 0.0288
75 1.00 0.6634 0.0299
80 1.00 0.6663 0.0303

100 1.00 0.6755 0.0317
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Table 4

Calculated Matrix Conductivities as a Function of Temperature

Matrix Conductivity (W/m-K)
Standard

Temperature (C) Mean Value Deviation n

Unit TSwl

25 2.07 0.10 2
so 2.24 0.25 3

100 2.28 0.24 3

Unit TSw2

23 2.40 0.08 2
25 2.58 0.23 8
50 2.52 0.14 5
75 2.61 0.11 2

100 2.46 0.13 6
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TSwl: 2.20 + 0.21 W/m-K (n = 8)

TSw2: 2.51 + 0.17 W/m-K (n = 23).

The two mean values above are statistically different based on a

pair-wise t test.

3.2 Estimation of In Situ (Rock Mass) Thermal Conductivity

The values obtained for the matrix thermal conductivities can be

combined with information on matrix porosity, lithophysal-cavity abun-

dance, fracture porosity, and in situ saturation to estimate the in situ

thermal conductivities of Units TSwl and TSw2. The estimation involves

several steps. First, the thermal conductivity of the fluid is estimated

using Equation 8. (This estimation is the same as that used in the

preceding section for the thermal conductivity of the pore fluid in

the laboratory samples.) Montazer and Wilson (1984) state that the

saturation of the matrix porosity in the Topopah Spring welded unit is

0.65 + 0.19. The thermal conductivity of the fluid at this saturation

level is given Table 5.

The second step is to use these values for Kfo the values of K ,

and Equation 6 to estimate the thermal conductivity of the material

without lithophysal cavities or fractures. The results of such an

estimation are given in Table 6. Note that it is assumed for the purpose

of making these estimations that all pore water is removed at temperatures

above 1000C. It is realized that the nominal boiling temperature at Yucca

Mountain probably is somewhat lower than 100*C, and that some pore water
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Table 5

Thermal Conductivity of Pore Fluid as a Function of Temperature

Kf(W/m-K)

T (C) Hean Value St. Dev.

25 0.3152 0.1538
50 0.3334 0.1623
75 0.3446 0.1666

100 0.3521 0.1689
125 0.0335 NA
150 0.0355 NA
175 0.0370 NA
200 0.0387 NA
225 0.0403 NA
250 0.0419 NA
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Table 6

Estimated Thermal Conductivities of Nonlithophysal,
Unfractured Material

Thermal Conductivity (W/m-K)
Unit TSwI Unit TSw2

Mean Value St. Dev. Mean Value St. Dev.Temperature (C)

25 1.84 0.22 2.17 0.17
50 1.84 0.22 2.18 0.17
75 1.85 0.22 2.18 0.17

100 1.85 0.22 2.18 0.17
125 1.75 0.22 2.10 0.18
150 1.75 0.22 2.10 0.18
175 1.75 0.22 2.10 0.18
200 1.75 0.22 2.10 0.18
225 1.76 0.22 2.10 0.18
250 1.76 0.22 2.10 0.18
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may be retained to higher temperatures because of local increases in pore

pressure. However, the values given in Table 6 are believed to be close

to those that will pertain in the majority of cases. This is especially

true because of almost total absence of temperature dependence shown by

the values in Table 6. Because the estimated thermal conductivities do

not appear to be temperature dependent, the data in Table 6 have been

combined to give the following values:

In Situ Saturation Dry

TSw1 1.85 0.22 W/m-K 1.75 + 0.22 W/m-K

TSw2 2.18 + 0.17 W/m-K 2.10 0.18 W/m-K

These values can be combined with data on lithophysal-cavity

abundance and fracture porosity to obtain what are perhaps the most

relevant estimates of in situ thermal conductivity for units Tswl and

TSw2. imick and Schwartz (1987) provide the following values for

lithophysal-cavity abundance (LC):

TSwl: 0.045 + 0.061

TSw2: 0.010 + 0.019

Fracture porosities (f) for these two units have been estimated by

Klavetter and Peters (1986) to be 4.1 x 10 for TSwl and 18 x 10

for TSw2. The fluid in both the lithophysal cavities and the fractures

is assumed to be air because the units are partially saturated. Thus,

Equation 6 can be used once more, this time with ¢ = *f + OLC The

estimated values are as follows:
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In Situ Saturation Dry

TSwl 1.73 + 0.26 W/m-K 1.64 0.26 W/m-K

TSw2 2.14 + 0.18 Wm-K 2.07 + 0.18 W/m-K

These are the values that should be used in most thermal calculations

involving units TSwl and TSw2.

Some material in unit TSwl is distinctly different than the average

material because of a higher content of lithophysal cavities. For such

material (characteristic of the lower lithophysal zone that is immediately

above the TSwl-TSw2 contact), data from Nimick and Schwartz (1987) have

been used to estimte a lithophysal-cavity content of 0.095 + 0.035. Using

these values and K for unit TSwl, the following thermal conductivities

are estimated for material with a high lithophysal-cavity content:

In Situ Saturation: 1.59 + 0.21 W/m-K

Dry: 1.51 + 0.21 W/m-K

3.3 Comparison With Other Data

Sass et al. (1988) report numerous thermal-conductivity values for

samples which have been assumed to have retained in situ saturations.

These data have not been used in estimating in situ thermal conductivi-

ties because procedures for coring and sample handling contribute to

uncertainty about the comparability of the sample saturations and true

in situ saturations. However, the data in Sass et al. (1988) for sam-

ples from Units TSwl (n = 8) and TSw2 (n = 19) allows a check on the
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reasonableness of the values estimated in this report. The comparable

thermal conductivities are given below.

This Report Sass et al.

- TSwl 1.73 + 0.26 1.79 + 0.27
TSw2 2.15 + 0.18 2.05 + 0.18

Statistical comparisons (pair-wise t tests) indicate that the two mean

values for each unit cannot be differentiated. Clearly, the data for

in situ thermal conductivity obtained by the two different paths are

consistent.

3.4 Representativeness of Results

The thermal conductivity of a rock sample is a function of the thermal

conductivities of the constituents of the sample and the volume fractions

of the constituents. For Units TSwl and TSw2, the major constituents are

alkali feldspar, quartz, cristobalite, and tridymite in the solid portion

(Bish and Chipera, 1989) and water and air in the pores. For this report,

unit-wide averages have been used for porosity and saturation, so

fluid effects on estimated thermal conductivity should be uniform and

representative. In addition, the 11 samples from Unit TSw2 are from

various stratigraphic positions within the unit, and the measured thermal

conductivities should be representative of the unit as a whole.

However, only four samples from Unit TSwl were tested. It is

unlikely that such a small sampling of the unit could represent the
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entire variation in mineralogy expected for the 
unit. Examination of

mineralogic data in Bish and Chipera (1989) 
for samples close to the four

thermal-conductivity samples suggests that mineralogic 
variability in the

four samples is quite large. Thus, the mean value and standard deviation

for measured thermal conductivities of Unit 
TSwl may not be significantly

different than the values that would be obtained 
from a larger set of

samples. This supposition is supported by the good agreement 
between the

in situ thermal conductivities estimated for 
this report and the data

from Sass et al. (1988).
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4.0 CONCLUSIONS

Modeling of the saturation behavior of the thermal conductivity

samples during experiments suggests that the behavior is quite different

than that assumed previously. Samples may have saturations of 0.5 or

greater at the end of an experiment. In addition, the distribution of

pore water within a sample after dehydration begins appears to vary

radially, so that the assumption that the material is homogeneous cannot

be justified. These considerations have led to the decision not to use

thermal-conductivity data gathered at temperatures above the nominal

boiling temperature.

Also, a new empirical model was selected to calculate the thermal

conductivities of multi-phase materials. A model described by Brailsford

and Major (1964) is judged to be more applicable to the range of satura-

tion conditions in the tuffaceous samples than is the geometric-mean

model used in previous work. Combination of the new model with the

measured thermal conductivities and with data on matrix porosity,

lithophysal-cavity abundance, and fracture porosity has allowed esti-

mation of in situ thermal conductivities for units TSwl and TSw2. The

estimated values are provided in Table 7.

There remain several areas for future work on the thermal conductivity

of the welded, devitrified material. The porosities of the experiment

samples should be determined in order to enable better estimates of Ko

to be made. In addition, after making low-temperature measurements on

the saturated samples, the samples should be oven-dried to completely
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Table 7

Estimated Values of In Situ Thermal Conductivities
for the Welded, Devitrified Topopah Spring Member

Thermal Conductivity (W/m-K)

In Situ Saturation1 Dry

Thermal/Mechanical Unit Mean Value St. Dev. Mean Value St. Dev.

TSwl - Average
Lithophysae-Rich

TSw2 - Average

1.7
1.6

0.3
0.2

1.6
1.5

0.3
0.2

2.1 0.2 2.1 0.2

1: "In situ saturation" has been assumed to be 0.65+0.19 in the matrix
porosity, with lithophysal cavities and fractures assumed to be dry.
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remove the pore water and a series of thermal-conductivity measurements

should be made at all temperatures of interest. These measurements will

assist in verifying the tentative conclusion made in this document that

K0 is not temperature-dependent, and will provide reliable data for

estimation of in situ thermal conductivities at high temperatures.

One final area of investigation should be measurement of the thermal

conductivity of partially saturated samples. Pratt (1969) suggests the

possibility that, because of latent-heat effects, partial saturation may

result in higher thermal conductivities than those measured at full

saturation. If this possibility turns out to be true, the data given in

Table 7 would not be bounding values on the in situ thermal conductivity

of the welded, devitrified tuffs.
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APPENDIX A

Propagation of Uncertainty During Calculations

Abernethy et al. (1985) outline a standard method of combining

precisions or accuracies in measured parameters (e.g. temperature, length)

to estimate the precision or accuracy of a property (e.g., thermal con-

ductivity) calculated from the parameters. Assume that a property r is a

function of several parameters P. Then the precision (S ) and the

accuracy (A ) of r can be estimated using the following equations:

i 2 ~~1/2
S [ ar S. (A-1)

r ]= a 
and

1/2

A L 8 (ar AP ) ](A-2)

r iL 3(.½I)2

where Sp and Ap are the precision and accuracy, respectively, asso-
i i

ciated with measurement of the parameter P and the partial derivatives

are evaluated at the measured values of the P

This method also is applicable to propagation of uncertainty (in the

form of standard deviations in this report) associated with one or more

properties through an equation to obtain the uncertainty associated

with a calculated property. The generalized equation used to propagate

uncertainties for this report is the following:
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2-1/2

a0 = E( a a ) (A-3)
calc i=l ap. i

where Pcale is the property to be calculated and a represents standard

deviation. For example, Equation 7 in Section 3.1 expresses as a
0

function of K, K and . The uncertainty (standard deviation, a)

for K is calculated using:

[(aK 2, ~ 2 1/2

x + ( ° 0 (A-4)

where aK and a are the standard deviations for measured thermal

conductivity and matrix porosity, respectively. (Normally, aK would
f

also appear in the equation, but in this case aK = because
f

published values for the thermal conductivity of water are used in

calculating K .)

This method of uncertainty propagation assumes that the function

representing P Calc is approximately linear over the range P Cal 

lap .The validity of the assumpton of linearity was checked for
calc

each uncertainty propagation performed for this report. Checks were made

for the following cases:

* Calculation of Kf from data on s, K and Kf ~w a

* Calculation of KX from data on KfI , and measured thermal

conductivity;
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* Calculation of in situ thermal conductivity of nonlithophysal

material from data on K0, and Kf; and

* Calculation of in situ thermal conductivity for lithophysal

material from data on in situ thermal conductivity of

nonlithophysal material, Kf and lithophysal porosity.

As appropriate, each of the four cases above was subdivided to perform

equivalent calculations at different temperatures for each of the two

thermal/mechanical Units TSwl and TSw2.

In all, 65 calculations were performed to examine the assumption of

linearity. The departure from linearity, , is expressed as

6 = I line - functionl/line. (A-5)

Out of the 65 calculations, only four showed maximum values of 6 greater

than 0.002. These four all were calculations for Kf as a function of

in situ saturation at different temperatures. The maximum value of 

for each case was approximately 0.057, obtained at the minimum in situ

saturation of 0.46.

In some cases, such large deviations from linearity might present a

problem. However, the calculated standard deviations for f (Table 5

in the main text) are approximately 48% of the mean values, or a factor

of eight larger than the "error" introduced by assuming linearity for

uncertainty propagation. 'Thus, the conclusion is made that the assumption

of linearity is reasonable for this study.
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APPENDIX B

Applicability to Reference Information Bass and Site
and Engineering Property Data Base

Data presented in Table 7 are intended for submittal to the Reference

Information Base (RIB) (DOE, 1989). Saturation data for the welded

portion of the Topopah Spring Member have been referenced to Montazer and

Wilson (1984); the same values are listed in Section 1.4.2 (Revision 0)

of Version 4 of the RIB. Data for matrix porosity and lithophysal-cavity

abundance have been referenced to Nimick and Schwartz (1987); equivalent

data in the RIB are too generic to be used in the interpretation of

sample-specific thermal conductivity data.

No data in this document are intended for entry into the Site and

Engineering Property Data Base.
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