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THERMAL PROPERTIES MEASUREMENTS ON ROCKSALT SAMPLES FROM THE SITE OF THE
PROPOSED WASTE ISOLATION PILOT PLANT

Je N. Sweet and J. E. McCreight
Thermophysical Properties Division

Abstract

Thermal conductivity, thermal expansion, and specific heat measurements have been
made on a number of specimens cut from core samples obtained from drill holes at

or near the site of the proposed Waste Isolation Pilot Plant (WIPP). The specific

heat measurements were made by differential scanning calorimetry and the results

showed that the specific heats of both clean rocksalt samples and of dirty samples
with /% insoluble impurities were essentially identical to the published specific
heat for pure NaCl. In the thermal expansion measurements, two distinct groups of

samples were identified. The first group had average expansion coefficients in

the temperature range 300-700 K close to that reported for pure NaCl. All the sam-

ples in this group were composed predominantly of halite, with only small amounts
of other minerals or materials present. A second group of samples had expansion
coefficients only ~0.3-0.5 that of NaCl. The samples in this group were com-
posed largely of polyhalite, anhydrite, or siltstone.

The measurements first reported by Acton on the thermal conductivity of samples
taken from a borehole at the site of the proposed nuclear waste isolation pilot
plant (WIPP) near Carlsbad, NM, have been extended to include additional samples
and higher temperature measurements. Samples for these measurements were taken
from several depths of three wells, including the well AEC 8 from which Acton
obtained his samples. These samples ranged from relatively pure rocksalt (NaCl)
with small amounts of interstitial anhydrite to essentially nonsalt samples com-
posed of gypsum or clay. The measurements in this latest series were conducted
at Sandia using the longitudinal heat flow apparatus described by Acton, at the
Los Alamos Scientific Laboratory (LASL) using a transient line source technique,
and at Dynatech Corp., Cambridge, MA using a linear heat flow comparative tech-
nique.

In general, the data from the three laboratories agreed reasonably well for
similar coarse grained translucent rock salt samples, with the LASL and Sandia
results typically being about 20% higher than those of Dynatech. The measured
rocksalt conductivities in the temperature range 300-700 K are described rela-
tively accurately by an expression of the form, A = A (300/T) , where A = con-
uctivity at 300 K, Y = 1,14, and T is the temperature in K. The Sandia and LASL

data are best described by Ao = 6 W/m-K, while for the Dynatech data, Ao = 5 W/m-K

yields the best fit. Slack has proposed that a two parameter expression of the
form given above for A is generally applicable to a wide variety of nonmetallic
solids, with the deviation of Y from one resulting from both thermal expansion
effects and optic-acoustic. phonon interactions which are not included in the
standard analysis of thermal conductivity caused by phonon transport. The data
in the range T > 500 K frequently dev1ates by ~*15% from that predicted by the
above functional form.
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This is not believed to be the result of the onset of radiative thermal transport
because the deviations are negative as well as positive. Infrared transmission
measurements on rocksalt samples from the proposed WIPP site show no transmission
in the 3-10 um wavelength range for samples » 5 cm thick. Use of the estimated
infrared absorption coefficient leads to the conclusion that there is little
radiative heat transport for T < 800 K.

For nonsalt samples from the proposed WIPP site, values of A_ fall in the range
0.5-3 W/m-K and frequently y values are in the range y < 1. All samples were
dense with little or no porosity evident. On the basis of these experiments, we
have concluded that the thermal conductivity of materials found at the site can
be predicted to an accuracy ~*30% from knowledge of the composition and grain
size of these materials.
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I. Introduction

The purpose of this report is to present and discuss thermal properties
measurements made in support of studies of the proposed Waste Isolation Pilot
Plant (WIPP). The properties measured were thermal expansion, thermal conduc-
tivity, and specific heat. In the case of the thermal conductivity measurements,
a brief description of the results and their use in repository thermal analysis
has already been given elsewhere.l This report contains a more complete descrip-
tion of the conductivity experiments than does Ref. 1 and also includes a section
reviewing the theory of salt thermal conductivity. The results of thermal expan-
sion and specific heat measurements are also presented and discussed.

Samples for all the measurements were taken from three drill holes which
were designated AEC#8, ERDA#9 and WIPP#19.2 ERDA#9 is located about 0.1 km from
the center of the proposed WIPP site ana in a square area approximately 0.6 km
on a side designated as zone I-surface facilities area. WIPP#19 is located
about 0.9 km north 6f ERDA#9 1in an area over the prospective undergound reposi-
tory, and AEC#8 is located about 6 km northeast of the center and outside the
WIPP site boundary. The precise locations of these drill holes are shown in
Fig. 2-10 of Ref. 2.

The thermal expansion measureéments and most of the conductivity measurements
were performed by Dynatech Corp. of Cambridge, Mass. The final Dynatech reports
are included as appendices to this report. Some of the thermal conductivity
measurements were performed at Sandia és were all of the specific heat measure-
ments. The various core samples were catalogued as to drill hole number and
depth, and all of the cores used in the conductivity and expansion experiments
were photographed and analyzed qualitatively as to composition by S. J. Lambert
of Sandia Laboratories. These photographs are presently maintained on file by

the authors of this report. The sample numbers along with the associated well



numbers, depths and descriptions are shown in Table I. An examination of this
table shows that most of the samples from the deeper depths were composed pri-
marily of rocksalt or halite (NaCl) and anhydrite (CaSO4) with polyhalite
(K,Ca,Mg(S0,) - 2H,0) and clay as the main additional constituents. Samples
from shallowef depths contained gypsum and various other materials. Detailed
geologic data on mineral comeosieion vs depth at or near the WIPP site is
presented in Ref. 2.

As a general result, we found that samples eomposed primarily of halite
and anhydrite had thermal conductivities characteristic of the pure materials.
The presence of.sighificant quantities of polyhalite, clay, or rock resulted in
a significant 1oﬁering of the conductivity. The specific heats of all samples
measured had essentially the same magnitude and temperature dependence.as that
reported for pure halite. 1In the case of thermal expansion, the samples com—-.
posed largely of halite had mean coefficients of expansion close.to that reported
for pure NaCl. The presence of significant amounts of anhydrite, polyhalite, or
gypsum resulted in a significant lowering of the expansion coefficient. |

In the next section, the specific heet measurements are discussed and in
Secs TIII the thermal expansion measurements are described. In Sec. IV the
thermal conductivity measurements are presented and the effect of conductivity
variation or uncertainty on repository thermal analysis is investigated in

Sec. V. Finally, the major conclusions, of this study are set forth in Sec. VI.



Table I. Composition of WIPP Core Samples

The following composite descriptions were given by S. J. Lambert = Div. 4511, Sandia

Laboratories.

Core No./
Well No.
1/AEC#8

2/AEC#8

3/ERDA#9
4 /ERDA#9
S/ERDA#9
6 /ERDA#9
7/ERDA#9
8/ERDA#9

9/AEC#8

10/AEC#8
11/AEC#8

12/AEC#8

13/AEC#8

14/WIPP#19

15/WIPP#19

Depth
(m)

825

627

869

589

590
503

336

607

RV

609
213

370

629

188

82

Description

Coarse grain rocksalt with white interstitial anhydrite (~7%)
with fine to coarse grain halite.

Medium coarse gray rocksalt; fine to very coarse halite with
small pockets of gray clay (~2%) and traces of polyhalite
("'1/2%) .

Gray very coarse crystalline rocksalt; medium to very coatse
grain halite with wisps of anhydrite (~3%) and interstitial
medium gray clay.

Contains marker bed number 133. About 2 inches of polyhalite
and very fine to coarse grain orange halite. Flesh colored
polyhalite.

Dense medium red fine grain polyhalite. Marker bed No. 133.
Marker bed number 124, Dense gray laminated anhydrite.
Medium to very coarse grain orange halite (~47%) with reddish
brown clay in wispy stringers (~1%). Polyhalite associated
with clay.

Coarse to very coarse grain halite with anhydrite (~4%) in

irregular eclats and stringers, interstitial up to 2 c¢cm long
(~3%). Medium gray clay occurring as anhydrite does.

About 8 inches of dense red pulyliallie cuuldiniug Leds of

coarse grain halite up to 2 cm thick and grading upward to
very coarse grain orange halite.

Light orange medium to very coarse grain halite with wispy
band of polyhalite (~407%) near one end.

Dense gray anhydrite about half converted to 50% gypsum at
one and. ’

Dark red medium grain halite (~60%) and red clay (~40%).

Very coarse grain rocksalt with minimal clay. Traces of
anhydrite and vety thin line of patchy polyhalltce.

Dark pink medium grain laminated gypsum.

Laminated cross bedded micaceous silt stone with a veinlet of
gypsum parallel to bedding near the 268' level about 4 mm Lhick.



II. Specific Heat Measurements

All of the samples for specific heat measurements were taken from the ERDA#9
drill hole. The measurements were made with a Perkin-Elmer model DSC-2 differen-—
tial scanning calorimeter (DSC) over a temperature range 298-700 K. This instru-
ment requiresha rather smal} Saﬁple (£50 mg);‘in order to obtain a sample represen-—
tative of the bulk, approximately 0.1 kg of each core sample was thoroughly ground
to a fine powder. A small sample (~50 mg) of each powder was then scanned on the
DSC over the temperature range 298-700 K. The precision of the DSC measurements
is estimated to be *57,

In the first series of measurements, no mineral or other geologic information
about the samples was recorded. Three core samples were analyzed and the results

are shown in Table II.

Table II

Specific Heat Results for Three Core Samples from ERDA#9
(in kJ/kg-K)

Sample Depth

(m) ‘
m | 673 785 794 Nac13

298 0.86 0.87 0.87 0.87
400 0.90 ' 0.90 0.91 0.90
500 0.94 0.95 0.95 0.93
600 0.95 0.95 0.95 | 0.95
700 0.96 0.97 0.96 0.98

The data in the last column of Table II are those reported for pure NaC13. It is

evident from inspection of Table II that the three samples used in this experiment



had specific ﬁeats very close to that of pure NaCl over the entire temperature
range investigated.

In a second series of measurements, the specific heat of a salt sample with
a relatively high impurity content (dirty salt) was compared to that of a rela-
tively low imﬁurity content (élean salt). The high impurity sample was selected
from a 631 m core section from ERDA#9 and the low impurity sample from a 799 m
core. The samples were characterized as follows:
Dirty Salt

Appearance: Inclusions of reddish-brown material in a matrix of coars

(~2 cm), clear crystals.
Composition: Soluble-major component of halite (NaCl) with trace of
polyhalite (KZCaZMg(SO4)4 . ZHQO). Insoluble (K7%) -
Hematite (Fe,03), quartz, clay, feldspar.

Clean Salt

Appearance: Medium grained (<U.b cm), white crystalline material. No

obvious inclusions of other material.
Composition: Major component of halite, traces of anhydrite (CaSO,),
! yudartz, feldspar.

The sample pr;paration and measurements were performed as previously described.
Two samples of each of the clean and dirty salts were run. The dirty salt
exhibited an endotherm between 605 and 645 K which is believed to be associated
with polyhalite dehydration. The scan of the clean salt did not show any
thermal anomalies. The results are shown in Table III.

Since the inaccuracy of the DSC specific heat determinations is estimated
to be no greater than #5%, it can be seen that the specific heats of the

clean and dirty salts were identical within the limits of experimental error,

and both were identical to the specific heat reported for pure NaCl.



Table III

Specific Heat Results for the Clean and Dirty Salt Samples from ERDA#9

(kJ/kg~K)
Sample Clean Salt Dirty Salt
No. ) A A

T(K) #no no #2 . nac®
298 0.85 0.85 - 0.86 0.86 0.87
400 0.90 0.90 0.90 0.90 0.90
500 0.94 0.93 0.93 0.93 0.93
600 0.96 0.96 0.96 0.96 0.95
700 0.98 0.98 0.98 0.98 0.98

Although the above results indicate that the specific heaf of samples coh;
posed largely of halite is ideﬁtical to that of pure NaCl, no measurements were
made on samples composed principally of-polyhalite or anhydrite, in cdntrast to
the expansion and conductivity measurements. It would be desirable to éxaminé the

specific heats of these minerals if future thermal properties studies are

conducted.



. III. Thermal Expansion Measurements

The thermal expansion measurements were performed at the DynaFech Corp.,
Cambridge, MA with a Netzsch automatic recording quartz single pushrod dilatometer.
The dilatometer was operated in an ambient environment and in a temperature
range 293-700 K. A standard specimen of sapphire (A1203) was used to calibrate
the dilatometer. The net overall error limit associated with these measurements
is estimated to be *5%.

The specimens for the dilatometer were saw cut at Dynatech to a rectangular
parallelepiped shape with dimensions ~ 50 mm x 12 mm x 12 mm. Since 12 mm is
about the same size as a linear dimension of the larger crystallitec in thc core
samples, some breakage of samples along crystallite boundaries occurred during
the experiments. Out of a total of 15 samples, three samples broke after being
subjected to 400 K and six disintegrated after exposure to 600 K. Two cores (#2,
#3) could not be cut to yield a suitably sized sample. The initial length of each
sample was measured with a micrometer. The results from the Dynatech report
(Appendix A) are shown in Table IV. The mean coefficient of linear thérma]

expansion a is defined by the relation,

AL(Tmax)

1
L (T - 293 K) ’
(o] max

o =

where L, = initial length and AL(T ) is the sample elongation, at T , the

max max

highest temperature achieved in Table IV. Also shown in the last row of Table IV
are the I'PKU recommended expansion values and mean expansion coeffic;nt for NaCl.4
The Aata for the samples which survived to 600 C or above is shown graphically in
Fig. 1 along with the Thermophysical Properties Research Cénter (TPRC) recommended
expansion curve for Nall.

From inspection of Table IV and Fig. 1 it is evident that there are two dis-

tinct groups of samples with different thermal expansion characteristics. The
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Table IV

The Linear Thermal Expansion of Salt and Rock Core Specimens - Dynatech

Linear Thermal Expansion, AL/L,

Overall Coefficicnt

TPRC-NaCl (recommended)

Temp. Of Linear
\\\‘§S§ (10% AL/L,) Thermal xginsion
Sample Reference: 293 K 300K 400K 500K 600 K 700 K a(10 K )
2703.5-8 to 2704;7—8 0 2.6 44,3 85,9 127.6 (2) 41.6
2055.3-8 to 2056-8 (1)
ERDA 9/2840.7 to 2841.45 (1)
ERDA 9/1908 to 1908.75 0 2.5 46.3 90.2 134.1 (2) 43.7
. ERDA 9/1910.3 to 1910.9 0 1.3 29.7 58,2 86.6 115.1 28,3
ERDA 9/1631.4 to 1632 0 0.4 20.9 41.5 62.0 82.6 20.3
ERDA 9/1086.8 to 1087.55 0 1.3 44,0 _86.8 129.5 (2) 42,2
ERDA 9/1969.4 to 1970.1 0 2,3  49.6 96.8 1l44.1  (2) 46.9
AEC#8MB133/2001.9 to 2002.7 0 - 1.5 27.2 52.8 78.5 104.2 25.6
AEC#8/1995.6 to 1996.1 0 1.8 27.8 (2) (2) (2) 26;0
AEC#8/698 to 698.5 0 2.0 30.8 (2) (2) (2) 28.8
AEC#8/1212.25 to 1213.1 0 1.3 44.4 87.6 130.1 (2) 42.4
AEC#8/2062.6 to 2063.2 0 2.1° 47.2  92.2  137.3  (2) 44,7
WIPP#19/616 to 617 0 1.9 27.6 (2) (2) (2) 25.8
WIPr#19/267.35 to 268.35 U 0.1 12,7  25.6 38.4 51.2 12.6
0 2.8 44.8 89.6 137.1 --—- 44,7

(1) Samples suitable for measurement could not be obtained from the core material.

(2)

Sample decomposed.

10

first group, comprised of samples from cores #1, 4, 7, 8, 12 and 13, had expan-

sions close to that of pure NaCl,

Table I indicates that each of these cores

contained sizeable fractions of halite, and the dilatometer samples were in fact

cut from the halite portions of these cores.

A second group of samples taken fronm



corés #5, 6, 9, and 15 had much lower expansions, ~0.3-0.5 that of NaCl. . Cores
#5 and #9 were principally polyhalite, and Fig. 1 shows that they had very similar
expansion values. Core #6 was anhydrite and Core #15 siltstone'and gypsum.

Although the sample sizes used in this study were too small to be represen-
tative of large cores, they did provide some useful information. The expansion
of the halite in the core samples appears to be close to that oprure NaCl. The
largest deviation from thé‘published NaCl expansion at 600 K was about 8%. The
presence of some small cracks or joints in our samples does not appear to have.-
produced a noticable affect on the thermal expansion behavior. The expansion of
the other minerals in the core samples is lower, with anhydrite and polyhalite
having about half the expansion of halite. This information can be used to pre-
. dict the linear expansion of a region in the repository if the composition and

mineral arrangement in that region are known.

11



IV. Thermal Conductivity Measurements and Analysis

In this section, the thermal conductivity measurements are described and the
results analyzed. A preliminary discussion of these topics was given in Ref. 1.
In part A, the measurement techniques afe desc?ibed and the measurement results
are presented in part B. - In part C, the theory of salt thermal conductivity is
reviewed and past measurements are discussed, and in part D an analysis of the
sensitivity of repository temperatures to thermal conductivity variation is
presented. The conclusions of this part of the study are presented in part D.

A. Thermal Conductivity Measurement Techniques

The thermal conductivity of the salt specimens used in thioc astudy was measured
at three different laboratories, each of which used a different technique. At
Sandia Laboratories, Albuquerque, NM, the linear heat flow technique described by
Acton5 was used, while at the Los Alamos Scientific Laboratories (LASL), Los
Alamos, NM, a transient line source method was employed.6 Finally, in a recent
series of measurements performed at the Dynatech Corp.,, Cambridge, MA, a lincar
heat flow thermal comparator technique was utilized.7

The initial measurements in this program were made at Sandia using the
line r flow technique, in an extension of Acton's work,5 The samples were taken
from well FRDA#9 at the 630 m and 799 m level. 1In a later experiment, a samplec
of pure pressed granulated salt was measured both at Sandia and at Dynatech in
order to make a direct comparison of the results obtained by both laboratories
on samples obtained for the same piece of homogeneous material.

In the Sandia linear heat flow technique a system of the type shown in Fig. 2 (a)
is used with a cylindrical sample of nominal‘dimensions 10 cm high and 10 cm in
diameter. Heat 1s supplied from a bottom or main heater and flows axially up the sam-
ple and radially out the sides into a powder insulation. The system does not employ

guard heaters. The centerline temperature profile is determined from rhermocouples

12
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imbedded in radial holes drilled in the sample and the heat flux at the cold or
top end is determined with a heat flux transducer, as shown in Fig. 2(b). Tur-
ther details are given in Ref. 5. 'lhe thermal conductivity is determined from

the relation,

A = ¢,(L)/(dT/d2), (1)

where ¢Z(L) is the axial heat flux measured by the’transducer at z = L and the
derivative dT/dz is calculated from a least squares polynomial fit to the T(zi)
data, where the z; are thermocouple axial locations. The advantage of this
technique is that it uses a large sample which is relatively easy to machine and
install in the heater apparatus. The principal disadvantage is that it is most
sensitive to the conductivity at the cold end (z = L) and fairly insensitive to
the conductivity at the other end. Hence, it will not provide an -average con-
ductivity of inhomogeneous samples but rather a conductivity which is heavily
weighted by the conductivity in the region of z = L. Another disadvantage of the
method is that it relies on the heat flux transducer calibration data supplied by
the manufacturer for determination of the heat flux from the measured transducer
output voltage and temperature.

In the sample preparation process, core samples from the ERDA#9 drill hole
were machined to produce cylindrical samples 108 mm in diameter and 102 mm high.
Six equally spaced 1.6 mm diameter thermocouple holes were drilled radially to the
central axis of the sample. The holes were located symmetrically with respect to
the z axis midpoint. The sample rested on the main heater which consisted of a
nichrome wire wound heater sandwiched between zirconia tiles. A Pb foil was
located between the top of the sample and the heat flux transducer to improve
contact between the sample and transducer. ‘Lhe trénsducer was a Thermonetics
Corp. model no. H11-45-3-E with a square active area 50.8 mm on a side. The manu-

facturer's reported accuracy is 3%, with the heat flux being determined from the

14



transaucef output voltage via a calibration curve supplied by the manufacturer.-

-
The transducer functions by using a thermopile to convert the temperature drop
produced by the incident heat flu% to an output voltage. Asbestos paper strips
were blaced between the flux transducer and the-upper heat sink to protect the
transducer. A screw drive was utilized to bring the heat sink in contact with the
stack'and to apply stack pressure. Powdered silica inshlation was used around the
stack to reduce radial heat losses.

In the measurement process, a constant power was supplied to the main heater
and a 24 hhperiod was allowed for all sample temperatures to stabilize. The
thermocouple and transducer readings were then recorded and the conductivity cal-
culated from Eq. (1). The quantity (dT/dz)z=L was calculated from a second order
least squares polynomial fit to the T(z;) data, where the z; are the thermocouple
axial coordinates. The presence of a significant radial heat fiux results in a
decrease in ¢z as z + L, with the result that dT/dz decreases as z + L. 1In
practice, a second order bolyﬁomial was sufficient to accurately reproduce the
T(zi) data for all samples measured.

The transient ling source or probe method used at LASL is illustrated sche-
matically in Fig. 3. A cylindrical samplé is used with a heater probe installed in
an axial hole drilled along the sample centerline. A température sensor attached
to the probe measures the temperature near the probe surface. The sample is sur-
rounded with insulating powder and ﬁeated to a nearly uniform temperature with an
external cylindrical heater. At the time t = 0 the heater probe is energized with
a dc power supply, producing a constant radial heat flux characterized by a linear
power density ¢(W/m) along the probe. For times t satisfying t > a2/4a, where
a = probe radius and o = thermal diffusivity of sample, the temperature is given

approximately by,8

15
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T(a,t) = % [ln(éat/az) -yl (2)

where y is Euler's constant. A plot of f(a,t) vs &nt thus has a slope @/4nk

from which A may be derived. Although this technique appears to be absolute
since the determination of ¢ is from highly accurate measurements of the probe
voltage and current, in reality end effect losses and probe-sample contact resis-
tance make the calculation of ¢ somewhat indeterminant. As a result of this,

tbe system is usuaily calibrated with a quartz specimen of known conductivity.

In the LASL experiments, four samples were cut from two different cores taken
from the 631 m and 700 m levels of ERDA#9. The samples were cylindrical with a
diameter = 635 mm and height = 365 mm. A 1 mm diameter hole was drilled axially
through the center of the sample. A stainless steel pfobe containing a heater
and ; thermistor was inserted into the hole and a conductive graphite-glycerin
solution was poured into the hole around the probe in order to minimize the
thermal contact resistance. The sample was brought to thermal equilibrium at
the desired ambient temperature by circulating fluid from a control bath through
a coil system wound around the copper sample container. At the time t =0 a
constant electfical input power is supplied to the probe heater of a magnitude
sufficient to prpduce a 4-5 C temperature rise with a few seconds. After a
20 s time delay, thermistor readings were taken every 10 s. The conductivity was
then found froﬁ Eq. (2) as described above.

The comparative technique employed by Dynatech is illustrated in Fig. 4. A cylin-
drical sample of height 127 mm and diameter in the range 50-60 mm with thermocouple
~grooves machined on the top and bottom surfaces is sandwiched betwéen two reference or
standard disks of similar size and known conductivity with thermocouples plaéed in
grooves along the top and bottom surfaces of each reference disk. The stack composed

of sample and reference disks is sandwiched between a main and auxiliary heater and
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the tétal stack is loaded hydraulically to reduce thermal contact resistance
between various stack elements. Three cylindrical guard heaters are used to
minimize radial heat transport from the stack. The heat flux ¢, through the
sample is calculated as the average of the heag fluxes through the top and bottom

references,

_1
0, =5 8T /20 + A p8T H/z 5] (3)

where A = conductivity of the top (1) and bottom (2) references, AT
rl,2 rl,2

is the temperature drop across the reference and Z,1.2 is the reference thick-
2

ness. The sample conductivity is then given by

Ag = &, /(AT /2,) s n)

where ATy and zg are the temperature drop across the sample and sample-thick—
ness respectively. The reference materials used in this investigation were
Pyrex 7740 for conductivities in the range ~0.5-1.8 W/m-K and Pyroceram 9606
for conductivities in the range ~2.5-6 W/m-K. The conductivities of the
reference materials were assumed to be those published by the National Bureau
of Standards for these materials (see Appendix B).

For the comparative measurements, core samples from AEC#8, ERDA#9, and
WIPP#19 drill holes were shipped to Dyantech Corp., Cambridge, MA. The cores
were machined there to produce disk-shaped samples either 51 mm or 64 mm in
diameter by 12 mm in height. Thermocouple grooves were then machined in hoth
faces of the sample and the thermocouples were placed with the junction at the
sample axial centerline. These thermocouples were held in place with Astroceram
adhesive. The test stack shown schematically in Fig. 4 was then assembled and
loaded hydraulically to reduce contact resistance. The stack was surrounded by a

coaxial three element guard furnace in order to minimize radial heat flux in the
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top and bottom reference and sample elements. The top and bottom guard heaters
were controlled by temperature sensors to match the temperatures of the main and
auxiliary heater thermocouples respectively, while the central guard heater tem-

perature was matched to the sample average temperature. In this way, the axial

temperature distribution at the guard radius was maintained close to that existing

at the stack centerline, thus minimizing radial gradients. Dynatech experiments
have shown that this type of guarding together with a sample with a diameter/
height ratio 2 3 will result in a fairly uniform axial heat flux throughout the
stack; i.e., ¢Z(r,z) = coﬁstant in the stack.

Measurement erroré in fhe comparative technique are believed to occur prin-
cipally from two sources, thermal contact resistance between the reference disks
and the sample disk‘and thermal conductivity mismatch between reference and
sample which produces a nonlinear T(z) variation at the stack centerline.8 The
analysis by Laubitz in Ref. 8 indicates that the presence of contact resistance
will result in an overestimate of the true sample conductivity. The effect of
sample-reference conductivity mismatch is more complex, but generally, for Ar >
As’ AS is underestimated and for Ar < AS, AS is overestimated. In order
to make a quantitative estimate of these errors, a numerical heat transfer

analysis of the comparator system would be required.

In the Dynatech instrument calibration and verification program (Appendix B),

a Pyroceram 9606 reference disk was used as a sample and run against Pyrex 7740
references. The actual data is shown in Appendix B, p. 12. Measurements were
made at five temperatures in the range 309-712 K, with the largest observed
difference between the measurements and the NBS values being 6% at 309 K. This

calibration suggests that the instrument errors are probably not 1érge. In the
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absence of any other way to calibrate the system, we have estimated the error
associated with the comparative measurements as %67 of the measured value.

B. Thermal Conductivity Measurement Results

The results of the Dynatech and Sandia experiments are shown in Fig. 5. The
top curves show results of Sandia measurements on two samples from ERDA#9. The
hysteresis effect seen in the ERDA#9 630 m measurement is believed to be due to
water driveoff during the heating process. " The numbers on the othervcurves in
Fig. 5 correspond to the same numbers in the first column of Table I. The
majority of the samples measured had 300 K conductivities in the range ~4.5-5.5
W/m-K. For the samples with A(300 K) < 4.5 W/m—K (numbers 5, 9, 11, 12, 14),
Table I shows that each had a substantial amount of nonsalt material, either
polyhalite, clay, or gypsum. -The lowest conductivity measured (#14) was from a
near surface sample taken from WIPP#19 at the 188 m level. It was composed
entirely of laminated gypsum.

The LASL results are shown in Fig. 6 for samples from the 631 m and 799 m
levels of ERDA#9. 'These measurements were made up to only 335 K, the upper
limit of the LASL conductivity apparatus. Two samples 6ﬂ4 cm in diameter‘and
3.7 cm high were cut from each of the ~10 cm diameter x 20 cm high drilled
blocks from each well. It can be seen that the conductivity of all aof the
samples exhibited about the same temperature dependence but that the magnitude
of the conductivity of the two samples from the 631 m ERDA#9 core block differed
by about 15%. This is quite typical of the variation which can be found in
samples from nearby regions and it occurs because of local inhomogenieties in
the geologic material. Also shown in Fig. 6 is a line characterized by the
relation, A = 5(300/T)1'14 W/m~K, which represents a reasonably good fit to

the Dynatech data, as will be discussed in part IV-C.
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Fig. 5. Experimental conductivity vs temperature results from Dynatech (samples
1A-15) and Sandia (ERDA#9 forward (temp. increasing) and reverse (temp.
decreasing) - 630 m and ERDA#9 - 799 m). The sample numbers correspond
to the numbers in the first column of Table I.
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Fig. 6. Experimental conductivity results obtained by LASL for four different
samples from two different depths of well ERDA#9. Also shown is the
relation, A =5 (3OO/T)1'1 which characterizes the Dynatech data.
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For comparison purposeé conductivity measurements on samples of pure gran-
ulated salt cut from a salt block furnished by.the Morton Salt Co. were made at
both Dynatech and Sandia. The resuits are showﬂ in Fig. 7, where the Dynatech
results are shown (éolid line * data points) compared to the Sandia results
(dashed lines) for two different runs in which different heat flux transducers
were employed. Also shown are the rocksalt conductivity results of Birch and
Clark’ which have been used extensively in the past for thermal modeling of galt’

repositories, and a curve (dot-dash) represented by the relation,
A=A 00/1)Y (5)

where A =5 W/m-K and vy = 1.14; Eq. (5) represents a fit, accurate to =~*5%, to
most of the Dynatech data shown in Fige. 5 fo; samples composed primarily of halite
and anhydrite. The Birch and Clark data can also be characterized by Eq. (5); but
with Ao = 5,5 W/mK and vy = 1.20. The effecg of variation in heat flux trans-
ducers or uncertainty in their calibration in the Sandia experiments is indicated
by the shift in the Sandia data by about 25% produced by the transducer exchange.
The estimated *67% maximum error for the Dynatech data is represented by the

error bar at the 320 K point on the Dynatech X vs T graph in Fig. 7.

In the case of the Sandia data, it is evident that the conductivity difference
observed with the two different flux transducers was much larger than the quoted
*37 accﬁracy of the transducers. In addition, the observed temperature depen-
dence of the Sandia A vs T curves in Fig. 7 is not the same as that observed in
the Dynatech experiments or that reported by Birch and Clark. The;e is, however
only a ~ 307% discrepancy between the SLA and the Dynatech results. In view of
the better calibration of the Dynatech experimental equipment and the substantial
agreement between the Dynatech results and those of Birch and Clark over a 1argé

temperature range, we have elected to use the Dynatech data as the primary results
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given by Eq. (5) which fits the Dynatech data for WIPP rocksalt.



of this investigation. The Sandia results.confirmAthe géneralmmagﬁitude and

trend of the conductivity data, but thgy cannot be relied upon as a primary data
source. In the following section we shall discuss the theory of inéuiator con-
ductivity and show that Eq. (5) rests on a reasonably sound theoretical founda-

tion.

C. Theory of Salt Thermal Conductivity and Review of Past Measurements

1. Review of Thermal Conductivity Theory. The basic theory of insulator

fhermal cénductivity is reasonably well established, although the complexity of
this theory makes it is difficult to achieve close numerical correspondence
between theory and experiment without use of adqutéble parémeters or simplifying
approximations. Tn the case of opaque insulators; heat is transported by acoustic
phonons, and scattering of these'phonons, éithér by other pﬁonons or by imper=
fections such as dislocations or grain'boundaries, produces a resistaﬁce to heat

transport. The theory of lattice thermal conductivity has been reviewed exten—

10,11 12

sively by Klemens and Ziman, and an exténsive list of references has
recently been compiled by Slack.13 The purpose of this review is to éiscuss those
aspects of the theory which pertgiﬁ to the‘conductivity of rocksalt and td discuss
the temperature dependence of tﬁis conductivity.

In a wmaterial such as rocksalt with reasonably large sized crysfals, boundary
and imperfection scattering is relatively unimportant, with the result that the
main source of thermal resistance is phonon-phonon scattering. The most. important
events are three phonon processes which have their baéis in the anharmonic terms
in the Hamiltonian which describes the oscillating crystal iattice.12 The
lowest order anharmonic term contains ali possible products of three atomic dis-
placements. When this term in the ﬁamiltonian.is transformed to its quantized

form, it describes three phonon processes in which either one phonon is destroyed

with two being created or the inverse process with two phonons interacting to form
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a third. In these interactions, energy is conserved and crystal momentum is con-

served up to a reciprocal lattice vector. In the case of an interaction in which
> I d . .

two phonons with wave vectors k' and k™ are destroyed with the creation of a

phonon with wave vector K, a process with,
'+ K" =K > (6)
is called a normal or N process, while a process with

> - > > ’

k' +k" =k +G , (7)

vhere € = reciprocal lattice vector is called an "umklapp” or U process. If

there is a nonequilibrium phonon distribution produced by a tempegature gradient,
N processes alone cannot restore equilibrium when the gfadient is removed because
N processes leave the -total phonon momentum unchanged, as indicated by Eq. (6).
Thus U processes are required for restoration of thermal equilibrium, even thbugh
the value of the thermal conductivity depends on bo;h types of processes.

At temperatutes 2 by, the Uebye temperature, all phonon modes are excited

and the conductivity is determined principally hy U pf&cesses. For NacCl, GD

is in the range ~ 250-300 K, with the exact value dependent on tbe way in which

eD is derived from experimentalldata. Thus, in situations of interest for

waste repository analysis, the medium will be above GD and hence in the U pro-
cess region. For this temperature region, there have been several transport
theory calculations of the thermal conductivity performed in an attempt to derive
the conductivity magnitude in terms of more fundamental constants and parameters.
Leibfreid and Schl®mann made the first definitive calculation in 1954.1% Since
that time, their calculation has been corrected and refined by a number of authors
as discussed by Parrott and Stuckes.15 Thé resulting high temperature phonon con-

ductivity for T >> 8p as quoted by Parrott and Stukes is,
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N3 w2
=B 1/3(.“&) P (32> , S ®
PS 5 h. (v + 1/2)2 T . | | .

where kB = Boltzménn's constant, h é,Planck'slconstant,'ﬁ = mean atomic mass,

8§ = cube root of mean atomic volume, and y = Griineisen parameter. In the Debye
model, Y is defined via the rélation,,Y = -B(QneD/B(an), where V = crystal
volume. Slack has proposed a slightly modified version of Eq. (3) as being more

consistent with experimental data for a range of different materials. The Slack

conductivity is given by the reiation,16

92 0 1 ex
_o.1/3%=. p{’D :
AS = Bn MS _§'<HT> , (9)

Y

where n = number of atoms in the lattice basis, B = 3.04 x 10_6, M = mean atomic

mass (grams), § = cube root of the mean atomic volume (X), and n_

is a small
positive number which arises as a result of both thermal expansion and acoustic-

17,

o is in units of W/m-K.

optic phonon intéractions.

Both Eq. (8) and Eq. (9) yield reasbnable values for A of NacCl. SD is not

uniquely defined, but its value falls in the range ~ 250-330 K, depending on how
it is extracted from experimental data. Using the paramefers sh&wn in Table VI,
the Debye temperature conductivities XPS(GD) = 13.88 W/m~K and AS(BD) = 8.11 W/ m-K
are derived. o

The TPRC data collection indicatés'that measured single crystal NaCl conduc-

20

tivities fall in the range, A p ° 6.5-8.5 W/m-K at T = 250 K. Thus both Eq.

ex
(8) and Eq. (9) predict the magnitude'of the salt thermal conductivity reasonably
well.

From a simple kinetic theory célculation, it can be shown that the conduc-

.

tivity is related to the U process mean free path £ by,
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Table VI
-Thermal Parameters for NaCl Used in the Conductivity Calculation

Parameter Value | ' Notes/(ref.)
®p 250 K Assumed
M 29.22 g Mean of Na and Cl atomic masses.
8 1.77 & FCC crystal, lattice parameter, a
= 5.63 &, 8 atoms/FCC cell. (18)
Y ‘ 1.56 High temp. limit (19)
n 2 2 atoms/unit cell
A= %'vasg ’ (10)

where Cv = gpecific heat (unit volume and vy = a representative sound velocity.
Using the representative values C, = 1.88 q/cm3-K, ve =5 x 10° cm/s, and A =

7 W/m—k,21

the mean free path is found to be, ZNaCl = 23 4. Thus, the thermal
conductivity should not be much affected by the polycrystalline nature of actual
dense rocksalt samples until the average grain size decreases to a very small
value. The salt data discussed in Sec. IV-B generally supports this hypothesis.
In many cases, fairly dirty salt specimens had room temperature conductivities
in the range 5-6 W/m-K, and in a large number of other cases, A (290 K) fell
in the range 4-5 W/m-K.

The temperature dependenée of A ié iﬁportant for predicting repository tem—

perature distributions from heat transfer calculations. The classical theory

discussed by Parrott and Stuckes predicts A « T"1 when T >> eD, as indicated

~(1+n )

by Eq. (8). The theory proposed by Slack ieads to the prediction A « T ex’ s

where ng, ~ 0.1. For NaCl, Slack has found ng, ~ 0.24. The TPRC data indi-

cates that n,, = 0.16, Klemens22 has suggested that, for T 2 GD, the correct

form for the temperature dependenée of X is
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Ax=(T = abp)™L ~.an

’

where a ~ 1/3. No derivation is presented for this form, but it is suggested
that Eq. (11) would result from expandiﬁg the ﬁhohon distribution functions in
the general conductivity expression to second order in T ! ratﬁer than first order,
as in commdnly dgne to derive high teﬁéeraturé éxpressions like ﬁq. (8). .However,
an actual expansion of the general exbréssion leadé to the cancéliation of second
or%er terms as a regult of gnergy‘conservafion in three phonon U'processes.' As a
result of this, we feel that Eq; (11) must be regarded as striétly a pﬁenémeno?
logical relation. An equation of tﬁis type with &GD =‘lOO K was.used by Stephens

23 5

and Maimoni to analyze rocksalt conductivity data and also by Acton® in a pre-

>

liminary analysis of New Mexico rocksalt data. The logarithmic temperature deriva-

tives of the various conductivity expressions are shown in Table VII.

Table VII

Temperature Dependence of Conductivity Expressions for Various Models
Discussed in the Text

Conductivity Expression d(1n})/d(1nT) | d(1nx)/d(1nT) |y _ ¢
: D

S| - -

Apg = T S 1

Ag = 771024 ~1.24 -1.24

A = (T = 8y/3)71 S -1/ - 8y/31) -1.5

In addition to classical phonon heat conduction, heat can also be transferred
in semitransparent solids, such as rocksalt, by radiation. In situations where
radiant transfer from the boundaries can be ignored in calculating the heat flux
within a semitransparent solid, it can be shown that radiant transfer produces a

24

heat flux proportional to the local temperature gradient, with the constant of

proportionality or effective radiation conductivity being given by,
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X = lé_n2T3c : (12)
R 3 KR :

In Eq. (12) n = mean index of refraction, ¢ = Stefan—-Boltzmann constant, and

Kg is a mean absorption coefficient defined by Viskanta and Anderson.25

AR in
Eq. (12) is frequently referreﬂ to as the Rosseland radiative conductivity after
S. Rosseland who proposed the expression in 1931.

Using Eq. (12), it is possible to estimate values of Kp which will lead to
an appreciable value of AR' The Wien displacement law relating the fremperature
and the wavelength & corresponding to the:maximum in the blaékbody power

spectrum is,26

2.T = 2989 ym - K, (13)

when £ 1is in ym and T in K. At 600 X, L = 5 ym. Using the estimate n =

1.5 in Eq. (12) leads to the result,

1.47 x 10%
K

R

AR(GOOK) = W/m-K (14)

For AR to be non-negligible, say‘AR‘ZvO.S W/m=K,. requires,

¢ 300 m~L

Kg & . (15)

The limiting value of kp in Eq. (15) corresponds to a material with an optical
thickness, d, '~ 5/KR ~ 1.7 cm. Bulmer has recently completed measurements on
the infrared transmittance properties of rocksalt samples obtained from the pro-
posed WIPP site. Measurements were méde in the wavelength range ~ 3.5-12.5 um.27
The frequency averaged extinction coefficient which includes both absorption and

scattering is reported by Bulmer to fall in the range ~ 500-1000 n !l for 6.3 mm

thick samples and ~ 330-550 Ll for 12.7 mm thick samples. Essentially zero
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transﬁission was observed for 51 mm thick samples. If all the optical attenuation
in the Bulmer experiments was p%oduced'by absorption, then Eq. (14) predicts a
negligible radiative conductivity at 600 K. If some of the attenuatioﬁ is due to
scattering, then it 1s not possible a-priori to rule out a radiative contribution

to the conductivity at the level of Ag £ 0.5 um.

2. Review of Past Measurements
A large aﬁountlof data on the thermal conduéfivity of relatively pure rock-
salt samﬁles is'reported in the TPRC déta:series.zo Some of fhis data which is pre-
sented %ﬁ graphical fbrﬁ is reprédﬁced.in,Fig. 8. The reported measurements do not
extend to a high enough temperature to exhibit radiative‘conductivity effepts; i.é),
A« T3, 1In the fange'TdZ 200 K, the trend of the déta folibws.an eibfessian of
the Slack form, Eq. (5), with y = l.i6 and a 300 K conductivity A, = 6 W/m—K.

28

The thermai'conductivity used by Cheverton and Turner in an analysis of the pro-

[

posed Lyons, Kansas waste repositosy was of'ghe form given by Eq. (5) with Ao 5.5
W/ m~-K and'Y = 1l.21. They.obtained'their data from Bi;ch and Clark.9 In a recent
~analysis of temperatures iq élbedded~salt”feﬁository pfoduced.bylhigh level waste
canisters, Sisson29 used ; ¢onduétévity which, in the ragge,T‘= 325460 K, falls

in betwgen the TPRC and- the Birch'gndkCIark conductivities and which does'hot have
the form of Eq. (5). The Birch'and Clgrk, Siﬁéoﬁ; and TPRC éon&uctivities are shown
graphiéally in Fig. 9.A Also shown in Fig. 9 is some Oak Ridge National Laboratory

5 for

data on single crystal rocksalt from Lyons, Kansas.30 Data reported by'Acton
a rocksalt‘sample taken from a Mississippi Chemical Co. potash mine in southeast
New Me#ico is also shown in Fig. 9. Tﬁis data 1is characterizéd by Aé = 8 W/mK
and ¥ = 1.02. Acton also measured some rocksalt samples from the site ot the

proposed Waste Isolation Pilot Plant (WIPP) near Carlsbad, NM. The sample were

taken from a well designated AEC-8 and are shown in Fig. 10.
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Fig. 8. Thermal conductivity vs temperature of rocksalt as reported in the TPRC
Data Series (Ref. 20).
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Some measurements on rocksg}t conductivity which include radiative effects
were reported by Sfephens and Maimoni.23 They used a radial heat flow technique
on rocksalt samples frém the.Cargy Mine, Winfield, LA. The samples we?e reported
to be 99+% NaCl with small amounts of anhydrite (CaSOA) and were said to:be trans- -
lucent with many large crystals and aggregates of small crystals, some Z 4 in.
in size. The smooth curve used by Stephens and Maimoni to represent their data
is shown in Fig. 9, It is evident that the Stephens and Maimoni conductivity is
higher than mosﬁ of%£ﬁe data.previOusly reported for rocksalt although it is less
than that reported by Acton for the NM potash mine sample in the temperature region
where both measurements bverlap.

In summary of this review of past rocksalt thermal conductivity measurements,
it may be noted that most of the reported data in the temperature range ~ 300-

600 K is consistent with thg form given by Eq. (5) and parameters A, = 5-6 W/m-K
.and Yy = 1.0-1.2 The exceptions are one set of Acton data which has the Eq. (5)
form but Ao = 8 W/m-K and the Stephens and Maimoni data which exhibits radiative
. traﬁsport effects at temperatures above 600 K.

The major constituent present in'most of the samples listéd in Table I is
halite and the second most preyalent mineral is anhydrite. Measurements of an-
hydrite/conductivity asba function of temperature have not been previously re-
ported. A number of 293 K conductivity measurements on anhydrite samples obtained
from four different locations show conductivity values in the range 4.9-5.6
W/m—K.31 Sincé the temperature dependence of the conductivity is similar for
most minerals which are eiectrical insulators, it is reasonable to assume ﬁhat
A(T) for anhydrite is Qery similar to that of halite. In any future experiﬁental
thermal conductivity analysis of WIPP materials,¢it would be useful to determine
the conductivity of anhydrite more precisely than was done in the experiments

reported here, since anhydrite appears to be the predominate nonhalite mineral
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present at typical WIPP site burial depths. It would also be useful to reexamine
some polyhalite samples and to study the effect of water driveoff in more detail.

D. Conclusions on Thermal Conductivity Measurements

-

The major experimental result of this study is shown in the A vs T graph of
the Dynatech data, Fig. 5. For samples composed predominately of halite and/or
anhydrite, the conductivity is described by Eq. (5) with. A in the range 4.5-5.5
W/m-K and Y = 1.14. The presence of other minerals or materials such as poly-
halite or clay will result in a decrease in AO and a change in the temperature
dependence of A. The data is not extensive enough to allow any more detailed
conclueionc to be drawﬁ.

The Sandia and Los Alamos conductivity measurements generally support the
Dynatech results, although the Los Alamos measurements were made only over a
limited temperature range and the Sahdia measuremeﬁts were subject to rather large
sources of error. However, in no measurements in the present series were values
of Ao > 6 W/m~K observed. This is in contrast to the previous results of Acton5
in which Ao values as high as 8 W/m-K were reported.

The theory of insulator ?hermal conductivity generally supports the use 6f
an expression of the form of Eq. (5) for describing the conductivity temperature
dependence. The theoretical expressions given in Eq. (8) and Eq. (9) can predict
the 300 K halite conductivity to within ~ 50%. The small deviation of y from
unity in Eq. (5) is consistent with the presehce of thermal expansion and optical
phonon effects which are not included in the basic theory. Although déviations
from the behavior predicted by Eq. (5) frequently were observed at temperatures
T’Z 500 K, they were both positive and negative with respect to Eq. (5). Thus
the measurements in this series do not positively confirm the predicted onset

of radiative conductivity. This result is consistent with the infrared trans-

mission measurements made by Bulmer on similar samples.
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V. Discussion of Thermal Conductivity Variation and its
Effect on Repository Thermal Analysis

In a repository in which high level power producing waste is stored, the
thermal conductivity of the material surrounding the waste will play a major role
in determining the temperature in the vicinity of the waste containers. B. W.
Bulmer has performed a'seﬁsitivity analysis using a one-dimensional transient
numerical heat conduction analysis in order to determine the uncertainty in the
maximum salt temperature as a function of the relative conductivity uncer-

32,33

tainty. This maximum temperature, Tmax(s)’ occurs at the container-salt

interface. Bulmer presents results showing 3T )/BAS Vs AS and AT

max(s max(s)

VS, AAS/AS, where As = salt conductivity and AT ) is the variation in T

max(s max(s)

produced by an uncertainty 8ig in A . In the transient case the temperature also

depends on the thermal diffusivity, o

s = AS/pCp. Bulmer also gives results

of calculating AT .. g5y VS. ACP/CP.

It is possible to demonstrate analytically the dependence of ATmax(s) on As
using representative solutions of the heat conduction equation for simplified model
problems. In the situation modeled by Bulmer,.the waste is considered as a dis-
-tributed medium in a slab geometry. For a very simplified'analysis, we considér
the steady state problem in which a waste slab of thickness L and conductivity Ay
produces heat atba rate p per unit volume, with the heat being conducted to sinks
on either side at a temperature 0°C and located a diétance 6 from the waste slab
edge as shown in Fig. 11. The one dimensional steady staté heat conduction
equation, for temperature independent AS and A is,

2
d—TT(zl PPN, =0 . (16)

dz ’

The solution of Eq. (16) which satisfies the boundary conditions is,
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(ﬁL(ZAW){[LM + (AW/AS)(G - L/2)] - zz} 30 < z < L/2
T(z) = (17)
(15L/2)\s)(<5 -2z) 3L/2 <z<§

From the second of Eq. (17), T = T(L/2), or,

max(s)

K = (PL/22_)(§ - L/2)
max(s) s _ (18)

s PLE/2A,

for § >> L/2. Although the expression for Tmax(s) in Eq. (18) contains the

arbitrary length §, it does show that T )4is inversely proportional to Agy OF

max(s

aTmax(s)/“s = -Tmax(s)/xs (19)

29 1

Using the results of Sisson's analysis, ) 5'100 C and thus,

max(s

ATmax(s)

(c) S’IOO (AXS/AS) (20)
In the case of the medium being composed of rocksalt and/or anhydrite, we have seen

from the data in Sec. IV-B that AX_/A_~ 0,2, and hence, AT y £ 20 c.

max(s
For a somewhat more realistic analysis, we consider a thin slab source dis-

sipating power into an infinite medium as shown in Fig. 12. If the source of heat

flux is turned on at time t = 0 with a constant strength FO(W/mz), then the tem-

perature as a function of time and distance z from the source plane is given by,34
ZFO ast 1/2 9 1/2
T(z,t) =-3;— — exp[-z /4ast] - (z/2)erfc[z/2(at) ] (21)

where erfc is the complementary error function. The maximum temperature in the

medium surrounding the source occurs at z = 0, and from Eq. (21) is given by,
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SALT-CONDUCTIVITY = Ag
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CONDUCTIVITY = A,,
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/
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|
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|

L
N

Fig. 11. Waste slab of thickness L producing heat at a rate p(W/m3) which is
conducted to two heat sinks each located a distance & from the slab )
edges and maintained at a temperature of 0 C. The problem is symmetrical
with respect to the centerline, z = O, '

Y
i

: —>

WASTE SLAB —___ [T - HEAT FLUX - FO(W/m?)

| >
-
—»
}——»
)—>
- 2
_—'
—’
-—’
e SALT (A, ag)
.——’

Fig. 12. Uniform planar flux source located at z = 0 dissipating power 2K (w/mz)
into two uniform infinite half spaces.
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ZFO ast '
TO,t) =  \ 7 (22)
g .
In this cgse, with Fo independent of time, Tmax(s) = T(0,t) depends on AS as
-1/2 '
Ag 1/ » since ag = As/pcp.

In the case of a time dependent source of flux F(t) which is turned on at

t = 0, the time dependent temperature is given by the convolution integral,34

N — _S 0 ? ) .
T(z,t) = 172 173 exp(-z /4at0)dt0 (23)

?\S‘N A to

Eq. (23) exhibits the same dependence on ag and XS that the solution for con-
stant heat flux, Eq. (21) shows. It is interesting to note that the analytical
solution in Eq. (23) can be easily used to derive information about the time

dependent variation of T ) for an exponentially decaying heat flux source

max(s

32 and sisson?? in numerical thermal response calcula-

of the type used by Bulmer
tions. Bulmer analyzed the one dimensional conduction problem using a source

of the type,
F(t) = F, exp(-t/1) , : (24)

where T = 38.95 y corresponding to a 27y half life (tl/é = 0.6931). Sisson
analyzed two and three dimensional problems with the aid of the CINDA heat
transfer code, using a source given approximately by Eq. (24). The biggest
variation between Sisson's source and Eq. (24) occuré for t = 8y where Sisson's
source is about 52 higher than that calculated from Eq. (24). For t’z 28y both
sources are esséntially identical.

Eq. (23) for T(z,t) with F(t) given by Eq. (24) is,
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0651/21;,08—1:/1' t , dto

T(Z,t) = A 1/2 /exp[to/T - 2 /A(N.to] _l—/Z - (25)

. s o t

S o] (o]

At z = O, Tmax(s) = T(O,t) is
asl/zFoe-t/T t dto ‘
10,0 =~ (/D =37 - (26)
S (o] ! o]

By making a series expansion of the exponential, the integral in Eq. (26) may be

evaluated to yield,

/2

1
2Fo(ast) -t/t

1/2

T(0,t) = M(1/2, 3/2, t/T1) , (27)

AT
'8

where M is Kummer's function of its arguments,35 defined in our specific case.as,

n

-

=0

In the limiting case t << 7, M = 1 and T(0,t) « tl/2 exp( - t/1) while fb;

t > 1, M= (1/2)(t/t){1 + 1/[2(1/t)] + l/[4(T/t)2] + ***}exp (t/1), and

thus T(0,t) a« t_l/2 at long times. The function t1/2 exp(-t/1) has a maximum at
t = /2. The presence of the M function factor in Eq. (27) tends to shift the
maximum to somewhat longer times. ‘T(O,t) from Eq. .(27) is shown' graphically -in
Fig. 13, plotted as T(O,t)/tZFo(aST)l/z/kswl/z] vs. t/T. The maximum occurs at

t ~ 0.85 1T where T

max(s) satisfies the relation.
2F
-9 1/2
T = 0. 9
max(s) ~ 002 | A7 (57 J . (29)
s
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Temperature vs time at the plane z = O produced by a heat source decaying
exponentially with a half-life ty
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To compare the estimated maximum salt temperature found from Eq. (29) with
Sisson's numerical calculations, a realistic value of Fo needs to be determined.
The geometry considered by Sisson is shown in Fig. 14. Three rows of 300 W
caniéters, each 10 ft long and 2 ft in diameter are locatéd in a drift region,
with a 100 ft spacing between drift region centerlines. The canisters are located
on a square lattice in a horizontal plane with a lattice spaciﬁg of 5 ft. The

thermal properties assumed for this calculation are shown in Table VIII.

Table VIII

Salt Thermal Properties Used for Model Calculations

Property ‘ Value
Density - p 2160 kg/m3
Specific Heat - Cy 887.6 J/kg-°K ’
Thermal Conductivity = Ag 4.5 W/m-K
Thermal Diffusivity - q 2,35 x 1070 n?/s

s

The . density and specific heat are thosg uséd by Sisson, while the conductivity is
an estimated average value, corresponding to that calculated from Eq. (5), for Ag =
5.5 W/m-K, and T = 350 K. The thermal wave originating from the waste. canisters
will reach a point y half wéy between drift spaces in a time t ~ zz/4as. For

z = 50 ft, that time is t ~ 0.8y. Thus, at a time t ~ .857 = 33y it is feasonable
to assume that the region near z = 0 between drift spaces is essentially at thermal
equiliﬁrium and in an isothermal state. the sources can then be smeared out as
shown in Fig. 13(b) to form a plane source in the x-y or horizontal plane. The
source density 2F, is then (300 W/canister)(3 canisters)/(500 ftz) = 1.8 W/ft2
(78.4 kW/acre) or 19.38 W/mz, as given by Sisson (Fig. 2 of Ref. 29). The value

of T = 70.4 C. Sisson's

) found from Eq. (29) with this source is, T

max(s max(s)

calculation predicts T = 85 C at a time ~ 23y (Fig. 9 of Ref. 29), with

max(s)
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SALT PILLAR REGION

WASTE
CANISTER ——»¢A

7‘/

10 FT

~
.
D

-

<

2 /
UNIFORM FLUX SOURCE

Fo(t) LOCATED
IN X-Y PLANE ) ?//f

(b)

Fig. 1l4. (a) Burial scheme for waste in a high-level waste repository. Rows of

: canisters are buried in drift regions separated by salt pillars. The
pillar spacing is determined by the maximum areal power density per-
mitted. (b) Smeared out heat source in the x—y plane at z = 0 producing
a uniform heat flux Fo(t) into each half space.
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the femperature half way between the drift spaces being = 55 C at this time. Thus,
our assumption of an isothermal s0ufce in the x-y ﬁlaﬁe is only approximately trﬁe.
Nevertheless, Eq. (29) does yield a result on the same order as the numerical re;
sult and also demonstrates explicitly the depeﬁdence on Tmax(s) on a and AS.
Sisson's numerical temperature vs. time results (Fig. 9 of Ref. 24) have a shape
which is qualitatively similar to that shown in Fig. 13. The ﬁemperéture at nodes
close to ; fuel elcment tends to rise somewhat faster at short times and the maximum
temperature occurs at ~ 0.6 to:in the numerical calculation. However, thé maximum
is very broad in the numerical result as it is in Fig. 10.

The major result of this analysis is that dependence of maximum temperature

on thermal conductivity goes as,

kx "X , (30)

Tmax(s) = s

where 0.5 < x { 1, depending on the exact boundary conditions and the variations
in p and Cp which accompany variations in AS. The variation in maximum

temperature AT ) produced by a variation AXS in thermal conductivity is

max(s

then estimated by,

AX
- S )
ATmax(s) - _XTmax(s) A > . .(31).

Considering a 50% variation in A_, with Tmax(s) = 100 C and x = 0.75, Eq. (31)

yields AT = 38 C, in good agreement with the results of Bulmer's numerical

max(s)
analysis. The data on salt thermal conductivity shown in Fig. 5 indicate that all
specimens which were cdmposed principally of rocksalt and/or anhydrite or poly-

halite had conductivities in the range 3-6 W/m-K, and thus, for the assumed :waste

power density (78 kW/acre), the uncertainty in maximum salt.temperature should be

< 40 C,
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VI. Discussion and Conclusions

Discussions of the major cbnclusions of this study are contained in the
final parts of Secs. II, III and IV for specific heat, thermal expansion, and
thermal conductivity, respectively. Thus, this sectioﬁ will be devoted to more
general observations and sugggstions for future work. Due to the very hetero-
geneous nature of the rocksalt at or near the WIPP site, it is impossible in any
finite experimental program to completely characterize this material. Neverthe-
less, meaurements of the sort reported in this study do indicate trends which
can be used as an aid in choosing parameters for thermal or thermal-mechanical
modeling ot a repository.

In the case of specific heat, we feel that this parameter can be calculated
to sufficient accuracy if the identity and volume fractions constituents in the
region under consideration are known. For regions in which the material is_z 90%
halite, the pure NaCl specific heat (Table II) is very close to that of the actual
material. In any future experimental program, it is recommended that the specific
heats of polyhalite and anhydrite be measured, since these are the principal non-
halite minerals present in the rocksalt.

In the case ot thermal expansion, the results shown in Fig. 1 indicatc that,
for small samples, the measured linear expansion is characteristic of that of the
major constituent of the sample. In these experiments, samples composed predomi-
nantly of halite, polyhalite, anhydfite, and gypsum were measured. The expansinn
coefficients of the samples with halite as the major constituent were close to
that reported for pure NaCl, whiie the expansion coefficients for anhydrite or
polyhalite samples were about half that of NaCl. On the basis of this limited
set of measurements, we recommend using o values (in units of lO'—6 K—l) of 45,

27 and 20 for halite, polyhalite and anhydrite, respectively. If any future

thermal expaunsion measurements are performed, it is recommended that more halite
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and polyhalite samples be measured, and possibly that techniques be devised for
measuring the expansion of larger and more heterogeneous samples.

The major result of the thermal conductivity studies is that the conduc-
tivity of samples composed largely of halite énd/or anhydrite is governed by
Eq. (5) with Ao in the range 4.5-5.5 W/m-K and y = 1.14. Significant concen-
trations of polyhalite will result in a lowering of Ao and possibly a shift in
Y. The sensitivity of maximum salt temperature to variations in X is estimated
to be such that a 50% X variation will produce a resultant temperature variation
< 40 C for nominal waste burial densities. dn the basis of our experiments, we
conclude that X is known to within about 50% for regions composed predominately
of halite, polyhalite and anhydrite. The data in Fig. 5 support the conclusion
that Xo falls in the range 1.5-6 W/m—K for all samples measured which were com-
posed largely of these three minerals. As in the specific heat and expansion
measurements, it would be desirable to do more measurements of polyhalite and
anhydrite samples if any future experimental program is underfaken. |
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%7 DYNATECH

~

Report On
THE LINEAR THERMAL EXPANSION
OF SALT AND ROCK CORE

SPECIMENS

Fifteen salt core specimens were submitted for analysis of the
linear thermal expansion. The core specimens were cored from salt caverns
in New Mexico in order to study the thermal properties necessary to

model the caverns for storage of nuclear waste materials,

The fifteen core samples were submitted as cylinders, thirteen of
the cylinders were 108 mm diameter and two were 64 mm diameter. The
specimens AEC and ERDA were 108 mm diameter and the specimens designated

WIPP were 64 mm diameter. All specimens were approximately 250 mm long.

From the submitted materials, specimens approximately 50 mm x 12 mm
X 12 mm were saw cut for use as test samples. The samples were sealed

in a desiccator with activated desiccant prior to test.

Experimental Procedure

The initial length of the sample was accurately measured with a
micrometer. The specimen was then instrumented in the quartz measuring
head of a Netzsch Electronic Automatic Recording Dilatometer. The
system was placed at the center zone of an environmental chamber and pro-
grammed for temperature rise and equilibration points. During the entire
experiment, the length and temperatdre of the specimens were recorded

continuously, autographically.



'3/ DYNATECH

The data was evaluated as follows:

AL
Te = Lo

Where Te = thermal expansion

AL = the total change in length from 293k to each temperature
point, T . ’

Lo = initial length at 293k

The results for the samples tested are given in the following

table. .

)
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TABLE

THE LINEAR THERMAL EXPANS;ON OF

SALT AND ROCK CORE SPECIMENS

Linear Thermal Expansion

bverall Coefficient
Of Linear

104 AL/Lo . Thermal Expansion
Sample'Refefence ' 293K | 300K | 400K 500K 600K 700K 10_6de;zK_1
1 2703.5-8 to 2704.7-8.‘ 0 |2.6 44.5 85.9 [127.6 | (2) 41.6
2 2055.3-8 to 2056-8 ’(i)u
3 ERDA 9/2840.7 to 2841;45' (1)
4 ERDA 9/1908 to 1908.75 0 |2.5 |46.3 |90.2 134.1 (2) 43.7
5 ERDA 9/1910.3:te.1910.9 0 |1.3 [29.7|58.2] 86.6 |115.1 28.3
6 ERDA 9/1631.4 to 1632 0 | 0.4 |20.941.5| 62.0| 82.6 20.3
7 ERDA 9/1086.8 to 1087.55 0 | 1.3 [44.0(86.8(129.5](2) 42.2
8 ERDA 9/1969.4 to 1970.1 0 [2.3 [49.6[96.8] 144.1] (2) 46.9
9 AEC #8MB133/2001.9 to 2002.7| 0 |1.5 |27.2[52.8{ 78.5)104.2 25.6
10 AEC #8/1995.6 to 1996.1 o 1.8 | 27.8 (2) (2) | (2) 26.0
11 AEC #8/698 to 698.5 0 |2.0 |30.8] (2) () | () 28.8
12 AEC #8/1212.25 to 1213.1 0 | 1.3 |4h.4]87.6] 130.1 (2) 424
13 AEC #8/2062.6 to 2663.2 0 [2.1 [47.2)92.2]137.3( (2) 44.7
14 WIPP19/616 to 617 0 | 1.9 ‘27.6 (2) (2) | (2) ?75.8
15 WIPP19/267.35 to 268.35 0 | 0.1 |12.7|25.6] 38.4| 51.2 12.6

(1) Samples suitable for measurement could not be

(2)

the core material.

Sample decomposed.
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Repurt un

THE THERMAL CONDUCTIVITY
OF FIFTEEN SALT CORE SPECIMENS

Introduction

Fifteen salt core specimens were submitted for analysis of the
thermal conductivity. The core specimens were cored from salt caverns
in New Mexico in order to study the thermal properties necessary to

model the caverns subsequent to storage of nuclear waste materials.

Sample Description and Preparation

56

The fifteen core samples were submitted as cylinders, thirteen
of the cylinders were 108 mm diameter and two were 64 mm diameter.
The specimens AEC and ERDA wefe 108 diameter and the specimens desig-
nated WIPP were 64 mm diameter. All speciméns were approximately

250 mm long.

From the 1U8 mm diametetr material, specimens 64 % 64 x 12 mm
were prepared, and from the 64 mm diameter material, specimens 51 mm
diameter were prepared. Figures 1 and 2 show the specimen

configurations.

Reference: SAD-15 o January, 1979



NOTES:

1) Grooves across both faces
0.51 x 0.51 mm

63.5 mm

e

12.7 mm-

Fig. 1 Specimen Configuration Cut From 108 mm Diamaeter Cores

2) Specimens Flat and Parallel
to 0.025 mm

;

12.7 mm

Fig. 2 Specimen Configuratidn Cut From 64 mm Diameter Core.

Reference: SAD-15

January, 1979
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The specimens were prepared by first cutting slices of the core
about 19 mm thick using a metal bonded segmented diamond wheel. Then one
surface was made flat with a free abrasive lap, dry. Both surfaces were
made flat and parallel to tolerance using a small vitrified stone wheel
surface grinder. The edges of the specimen were then prepared by slicing
using a resin bbnded carbide wheel and then a stone wheel. The preparation
efficiency was appfoximately 80% which was considered excellent considering

the nature of the samples.

The prepared samples were stored until test in a desiccator con-

taining activated CaCl2 as a desiccant.

Measurement Theory

58

The method of measurement chosen was the flat, slab comparative

technique. From\FourierisAheat conduction equation the following equation

- ) [

is obtained.

Whete A = thérmal conductivity
q = hcat flow or enérgy tranofer pcr time
A = cross sectional area through which the energy flows
x = thickness across which energy flows

AT = temperature difference created by energy flow across

distance x ’

If two materials having the same cross sectional area are stacked
together have a temperature gradient established through them at equilibrium
and have radial heat loss prevented by a system of guarding, then the heat‘
flux, the q/A, through each of them must be the same. This arrangement is

shown in the stack diagram of Figure 3.

Reference: SAD-15 ' ’ January, 1979
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Equation (1) can be rearranged to

a=.LM
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and
A, = [—i] [—@3} . )
1 {AT 1 UXJs o

In practice the comparative technique sandwiches thg unknown speci-
men between two reference materials of known thermal conductivity then one
reference measures the heat flux into the specimen and the other measures
the heat flux out of the specimmen - the heat flux from the two references

are averaged to obtain the average heat flux through the specimen.

The equation used to calculate the thermal conductivities is

- B, B ®
s " ‘R r
where A = thermal conductivity ‘
x = distance or thickness'across whiph temperature is measured
AT = temperature difference across distance x
s = sample parameters |
R = reference parameters :

r = reference parameters

The three factors which control the accuracy of the comparative
method to the greatest degree are the temperature guarding, the contact
resistance between the sample and references and the match of the thermal

conductivity of the references and sample.

The temperature guarding is created by a three-mode furnace which
uses three separate heater windings and three separate sensors which control
the operation of electronic temperature controls. Using this guarding
technique, a close match is possible between the stack temperature gradient
and the guard temperature gradient. In addition, the interspace between the

stack and guard is filled with a low thermal conductivity insulating powder.



The contact resistance between the sample and references is controlled
in two ways. First, a close machine tolerance is required of the sample and
reference surfaces. A surface parallelness of 0.025 mm and a surface finish
of 83:% 10_4 mm is required if possible. Second, the stack is loaded hydraulic-

ally to further reduce the contact resistances.

The two references which were used were Pyrex 7740 and Pyroceram
9606. These references closely matched the sample thermal conductivities.

The thermal conductivities versus temperature for these materials is shown in

Figures 4 and 5.
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The sample was‘removed from the dry desiccator just prior to test.
The dimension of the samples were measﬁred to the nearest 0.01 mm and the
sample weighed to the nearest 0.0l g. Temperature sensors, Type K Chromel/
Alumel thermocoupleé,'were then cemented into the grooves using a ceramic
cement. The sample was then placed into the test apparatus between the
appropriate feferences, Pyrex 7740 or Pyroceram 9606. The heaters were
adjusted to establish a 20K temperature difference across the specimen and a
mean temperature of 300K +5K. Equilibrium conditions wefe eétablished usually
within one hour and data taken until calculations of the thermal conductivity
over a period of one hour did not vary by more than 1%. TFrom insertiop in
the stack to final equilibrium required approximately 3 hours. Once equi-
librium was establishedi the heaters were raised to 400K and the procedure

repeated until the last temperature, 700K was reached.

The data was reduced by computer and Data was then taken at

300, 400, 500, 600 and 700K from the smooth plot and tabulated as given in

© 4. Experimental Procedure
5. Data Reduction
the following table.
6.
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Table

'THE THERMAL CONDUCTIVITY OF

FIFTEEN SALT CORE SAMPLES

Thermal Conductivity

Density Wm -1
‘Sample Reference g 300K 400K 500K 600K 700K |
1A 2703.5-8 to 2704.7-8 2170 5.1 3.6 2.8 2.2 1.6
1B 2703.5-8 to 2704.7-8 2190 5.3 3.8 3.0 2.6 2.2
2 2055.3-8 tu 2056-8 2070 5.2 3.8 3.1 2.5 2.0
3 ERDA 9/2840.7 to 2841.45  |2910 4.7 3.6 3.0 2.7* A
4 ERDA 9/1908 to 1908.75 2210 4.8 3.5 2.6 1.95 1.65
5 ERDA 9/1910.3 to 1910.9 2580 1.45 1.15 0.95 0.85 0.75 |
6 ERDA 9/1631.4 to 1632 2870 4.3 3.9 3.2 2.6 2.3
7 ERDA 9/1086.8 to 1087.55  |2120 5.3 3.8 2.8 2.2 1.6
8 ERDA 9/1969.4 to 1970.1 2100 5.0 3.6 2.9 2.8 2.7
9  AEC #8MB133/2001.9 to 2002.7]2770 3.0 1.95 1.4 1.15 - 0.95
10 AEC #8/1995.6 to 1996.1 2150 4.7 3.3 2.7 2.5 2.5"
11  AEC #8/698 to 698.5 2300 1.95 .90 .50 .43 .40
12 AEC #8/1212.25 to 1213.1  |2040 4.1 2.8 2.2 1.8 1.5
13 AEC #8/2062.6 to 2063.2 |2080 4.9 3.8 2.9 2.3 21|
14 WIPP19/616 to 617 2300 0.50 0.49 0.48 © 0.48 0.47
15 WIPP19/267.35 to 268.35 2550 2.6 2.2 1.9 1.7 1.6
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Data extrapolated because samples disintegrated before temperature was reached.



DYNATECH R/D COMPANY TEL. 617-868-8050 ‘; DYN ATECH

99 ERIE STREET e CAMBRIDGE, MA 02139 ® USA /" THERMATEST DEPT.

April 2, 1979

Mr., Jim McCreight
Sandia Laboratories
Albuquerque, NM 87115

Ybur Reference: Contract No. 13-0164
Our Reference: SAD-15

Dear Jim:

The following table serves as tHe instrument calibration and
verification for the salt core thermal conductivity measurement program.
Most of the samples were similar in thermal conductivity to Pyroceram
9606, thus, Pyroceram 9606 was measured against Pyrex 7740, The follow-
ing table indicates the actual measﬁred thermal conductivity and the thermal
conductivity'as traceable to "Thermal Conductivity of Selected Materials",
Powell et al., National Standard Reference Data Seires - National Bureau
of Standards — 8, 25 November 1966.
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"Table
Temperature\\\ Thermal Conductivity
L | i
c K 1"\ / |Medsured | Actual | % Error|
36 309 3.7 | 3095 -6
3o w12 | ./ﬁ\.:.. 265 |36 | 4
238 511 ‘// \\ 3,35 | 3,45 =3
1330 A,;612‘../[ ..... \\,. 33 |33 | 0
aze 9 Vo N 325 32w

1f you have any questions, please do not hesitate to.call.

Sincerely,

“N"'""“I”’M » . a‘h;‘}.u - \ ﬁﬁﬁ.,?ﬂ'.-- ,,m:'jl’~\
Stewart C. Spinney, Manager
Thermophysical Properties Testing

£GS /wml
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DYNATECH R/D COMPANY TEL. 617-868-8050 R gﬁ:»% AT LS
b I

i

99 ERIE STREET ¢ CAMBRIDGE, MA 02139 * USA Y/

-

August 6, 1979

Mr. Jim McCreight
Sandia Lahoratories
Albuquerque, New Mexico 87115

Your Reference: Contracf No. 13-0164
Our Reference; SAD-15

Dear Jim:

Enclosed you will find two copies of our report on the linear
thermal expansion of the salt and rock core specimens. The following
table gives the thermal conductivity data on the last salt sample which
you submltted de31gnated NaCl.

Thermal Cdnductivity
Sample Reference Density Wm—l Kfl :
kgm™3 300K [ 400Kk [ 500k | 600k [ 700K
16 Salt NaCl 1,990 4.6 3.1 2.4 1.9 |1.5

This completes the program. I look forward to discussing these
results with you this fall when I visit to dlscuss the Comparative
Instrument.

Sincerely,
]

%

Stewart C. Spinney
Manager
Thermophysical Properties Testing

SCS:tab
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