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ABSTRACT

Density, steady-state conductivity, enthalpy> specific
heat, heat capacity, thermal diffusivity and linear ther-
mal expansion were measured on 59 materials from core

drill samples of several geologic media, including rock

salt, basalt, and other associated rocks from 7 poten-

tial sites for nuclear waste isolation. The measurenwnts

were conducted from or near to room temperature up to
500C, or to lower temperatures if limited by specimen

cracking or fracturing. ample documentation establishes
I/

the reliability of the property measurement methods and

the accuracy of the results. Thermal expansions of
salts'eached

2.2 to 2.8 percent at SOOC. Associated rocks were ",

I'rom0.6 to 1.6 percent. Basalts were close to 0.3 percent
II

at 500C. Specific heats of salts varied from 0.213 to 0.233
cal g C , and basalts averaged 0.239 cal g C . Thermal

conductivities of salts at 50C were from 0.022 to 0 '46
,,/

warn C , and at 500C, from 0.012 to 0.027 wcm C . Ba-
-1 -1salts conductivities ranged from 0.020 to 0.022 wcm C at

100C and 0.016 to 0.018 at 500C. There were no obvious con-

ductivity trends relative to source location. Room tempera-
-3ture densities of salts were from 2.14 to 2.29"gcm , and

-3basalts, from 2.83 to 2.90 gcm . The extreme friability of

some materials made specimen fabrication difficult.
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1 INTRODUCTION

This is the final report on work performed under the indicated sub-

contract with Battelle Memorial Institute, Pro]ect Management Divi--

sion, Office of Nuclear Waste Isolation (ONWI). The ob]ective was

thermal property and density evaluation of samples taken from drill-
ing cores from geologic media which are potential storage sites for

Ii .

nuclear"wastes. Broad classifications of the med,'4a include salt,
granite, basalt, caprock, shale and tuff. This work was in support

of':efforts by ONWI on its Prime Contract EY-76-C-06-1880 with the U.S.

Department of Energy.

The thermal properties selected for evaluation included thermal ex-

pansion, specific heat, and thermal conductivity, each in the range"

from approximately room temperature

at whic1"'pecimen i'ntegrity is lost
ing. Density was to be measured at

to 500C, or up to the temperature
due to decrepitation or shatter-
room temperature only.

The m'aterials evaluated under this subcontract were selected and fur-

nished bv 'the ONWI. The subcontract called for evaluation of fifty-
nine (59) materials, plus reporting and technical, evaluations.
The materials included drilling,,core samples from the Vacherie Dome

in Louisiana, the Cypress Cree(a Dome in Mississippi, the Salt Ual-

ley Dome in Utah, the Palo Duro Basin in Texas, the Richton Dome

in Mississippi, the Gibson Dome in Utah, and the Pomona Formation

in Washington.

The program was initiated in April, 1979. Sample materials were

made available at irregular intervals during the ensuing 24

years, with the final group arriving in July, 1981. During this
period, monthly progress letters were submitted for those periods
when work was in progress, and interim reports were submitted for
each sample in material groups of four or more. The following is
a listing of Interim Reports, showing material group and submittal

date.



Material Group

Vacherie

Cypress Creek

Palo Duro

Salt Valley
'.; /

Richton

Vacherie

Richton

Gibson

Pomona

Vacherie-Richton
d

No. of
Samples

12

/

Reporting Date

Sept. 10, 1979

. Sept. 25, 1979

Mar. 7, 1980

Sept. 15, 1980

Sept. 19, 1980

Sept. 25, 1980

July 30, 19&hi

Sept. 10, 19&1

Sept. 25, 1981
u

Oct. 7, 1981

These reports presented preliminary- results of,;all measurements in order

to assist with early evaluation'o+q4the selected sites. This

fiiial report summarizes results~~of a~11 work on the 59 materials, and

presents appropriate concluI'sions and" reoommendations for future
II'c

work. (j,
"

The following sections describe the program materials, the property

measurement techniques and procedures, results of all the measure«-

ments, and pertinent discussions. Appendices include'escriptions
of the measurement specifications, and a description of a separate

study, not funded by this subcontract, to document the accuracy of

our steady-state thermal conductivity measurements.

l. 1 MATERIALS EVALUATED jf

The 59 materials evaluated in this study were selected from seven

different sites. Tables 1-7 give details on the identification and

location of individual samples fram these sites. Note that each .

((
sample was furnished as a drilling core nominally 4 inches in dia-

meter by 12 inches long, with the exception of the Pomona Basalt cores

which were 1-3/4 inches in diameter by 3 to 6 inches long.
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TABLE 1. Core Drilling Samples From the Vacherie

Salt Dome, Louisiana

Core Box No.

4-11
27-2

28-18

30-12
39-24

43-14
46»21

52-9

27 2*

Depth, Ft.

681 - 682

1922 - 1923

2023 - 2024

2122 - 2123

2643 - 2644

2852 -'2853

3045 - 3046

3245 - 3246

1922 - 1923

Description

Caprock

Salt
'alt

Salt
Salt
Salt
Salt
Salt
Salt

*New. specimen from original billet

TABLE 2. Core Drilling Samples Prom The

Cypress Creek Salt Dome, Mississippi

Boring No. Depth, Ft. Description

MCCG-1

MCCG-1

MCCG-1

MCCG-1

1299 - 1300

1599 - 1600

1700 - 1701

1800 - 1801

Caprock

Salt
Salt
Salt

Fi,



TABLE 3. Core Drilling Samples from The Palo Duro

Basin, Texas (all salt samples)

Randall County
Rex White No. 1

Item No Formation

Upper Seven Rivers

Upper San Andres

Depth, Ft
741

1204

Upper

T, ower

Lower

Upper

Lower

San Andres
(l

San Andres (Cycle 4)
San Andres (Cycle 2)
Clear Fork (Cycle 2)
Clear Fork (Upper Cycle)

1400
~'847

2143

2603

3347

Item No. Formation

1

Swisher County
D.M. Grabbe No. 1

Depth, Ft

10

Upper San Andres

Lower San Andres

Upper Clear Fork

8 Upper Seven Rivers 1265

1955

2525

3425

*These items not examined, per instructions from ONWI.



TABLE 4. Core Drilling Samples from Salt
Valley DOE»3, Utah

Sample No.'epth, Ft Description

3-82

3-77

3-79

3-81

567 - 568

1952 » 1953

2165 - 2166

2516 - 2517

Salt
Sal t
Salt
Salt

TABLE 5. Core Drilling Samples from Richton

Dome, MRIG-9, Mississippi

Core Box No. Depth, Ft. Description

7-4

11-20,
12-13
15-21

16-3

20-9

Unknown

Unknown

Unknown

Unknown

11-20*

629 - 630

796 - 797

858 - 859

966 - 967

1066 — 1067

1250 - 1251

699 - 700

999 - 1000

1240 — 1241

1259 - 1260

796 - 797

Caprock

Salt
Salt
Salt
Salt
Salt
Caprock

Salt
Salt
Sal t
Salt

*New specimen from original billet .



TABLE 6. Core Drilling Samples from

Gibson Dome-l, Utah

Core No.

GD-1-43

Depth, Ft.

1299 - 1300

Description

Limestone from Honaker Trail
Formation

GD-1-44 2189 — 2190

GD-1-45

GD-1-46

GD-1-47

2639 - 2640

2998 - 2999

3094 — 3095

GD-1-49

GD-1-50

3111 - 3112

3184 — 3185

GD-1-48 0 3100 - 3101

Limestone with Ghert from Honaker
Formation

//

Siltstone
Halite with anhydrite bands,
Salt No. 5

Silty dolomite

Anhydrite with shale silt
Siltstone
Halite with anhydrite bands (red)
Salt No, 6

GD-1-51

GD-1-52

GD-1-53

GD-1-54

3~39 — 3340

3369 —3370,,
3438 - 3439

3446 — 3447

Halite with anhydrite bands (gray)
Salt No. 6

Shale with minor halite
Halite with anhydrite, Salt No. 7

Anhydrite with minor halite



TABLE 7. Core Drilling Samples from Pomona

Formation Basalt, Washington

(all basalt rock specimens)

Core No.

IE3

IE3

IE6

IE6

IE6

IE6

IE6

IE7

IE20

IE20

IE20

uepth, Ft.
20.9 - 21!'2

21.2 —21.5
1.5 - 1.9

11.3 — 11.6
16.8 - 17.0
21.0 — 21.5
24.7 - 25.0
6.6 - 7.0

10.7 - 11.1
17.7 — 18.2
26.8 —27.0



1 ~ 2 SCOPE OF PROPERTY MEASUREMENTS

The task obgectives included measurements of thermal expansion,
specific heat, thermal conductivity, and density of specimens re-
presenting each of the program samples. Accuracy requirements in-
cluded +15 percent for thermal conductivity data, and +5 percent,
for the other properties. Conductivity, expansion, and specific
heat were evaluated through the range from room temperature to
500C, or up to the temperature at which the ~pecimen integrity <dt's

lost due to decrepitation, shattering, etc. The conductivity mea-

surements were made under 1 atm static air; the expansion and speci-
fic heat measurements, under flowing argon at 1 atm. In the case
of the basalts, diffusivity was measured to determine conductivity.

(t'ne-half atmosphere of helium was used in the specimen chamber.

Density was measured at room temperature only. Information on changes
in density with temperature was not a requirement under this order

Cl

but can be derived from the measured linear thermal expansion data
if isotropic expansion is assumed.

1.3 MEASUREMENT TECHNIQUES

1.3.1 Thermal Expansion

Linear thermal expansion, always in the axial direction of the fur-
nished core drillings, was measured by a recording quartz dilatometer,
ss described in Appendix A. kn this technique, the specimen is dup-

ported between members of a fused silica structure. Their relative dis-
placement as the specimen is heated, is recorded using a linear variable
differential transformer (LVDT). The signal from this LVDT and



that of a thermocouple measuring specimen temperature are record-

ed simultaneously on an x-y plot to illustrate continuously the

expansion-temperature curve.

1.3.2 ~S ecific Heat

Specific heat was derived from enthalpy data measured in a drop

(ice) calorimeter, as described in Appendix 3. Sufficient enthalpy

data were recorded to establish an enthalpy-temperature, curve,

the slope of which is specific heat. This slope was evaluated
L")

graphically and analytically.

1.3.3 Thermal Conductivity

In most cases, thermal conductivity was measured by the, steady-state,
comparative technique described in Appendix C. In all cases, measure-

ment was in the axial direction of the furnished core drillings. This

steady-state technique involves measurement of the temperature gra-
'J

dient resulting from transfer of a known quantity of heat, one-dimen-

sionally through a slab specimen of known thickness, and calculation
of conductivity from the Fourier equation.

For twelve of the fifty-nine materials, it was not possible to fabri-
cate a test specimen of appropriate size to carry out the steady-state

tl

measurement. In these cases, conductivity. was calculated as the

product of thermal diffusivity, density, and specific heat. Thermal

diffusivity was measured by the laser-'pulse technique as described in

Appendix D. This involves measurement of the time required for the

transient thermal effect of a short-duration heat pulse to traverse a

slab specimen of known thickness. Specific heat is measured as des-
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cribed, and density,,by the immersion technique as described
- below.

In both conductivity measurement approaches, data are recorded at
a number of temperatures in the range examined to establish a

curve of the property versus temperature. In this program, the

number of poin'ts ranged from five to ten, or more.

1.3.4 Density

In all cases, densipies of samples of each material were measured

by the immersion technique as described in Appendix E. This tech-

nique utilizes the: A~,:chimedes principle of buoyant force in a fluid
of known density; the measurement is made at nominally room temper-

'iLature.

(r

1.4 SPECIMEN PREPARATION

Specimens for the-measurement of steady-state thermal conductivity,

and linear thermal expansion, were fabricated from the drilling
samples according to the drawings illustrated on Figures 1 and 2.

ll

Figure 3 illustrates the thermal diffusivity specimen, a's was fa-
bricated to derive conductivity in 12 of the 59 samples.

No detailed specimen fabrication was necessary for the specific heat.

and the density specimens. An appropriate specimen for each property

was parted from a representative section of the furnished core for

,each of these measurements.
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All machining was done dry, i.e., without any cutting lubricant.
In most cases, the cutting was. done with diamond abrasive disks.

Insofar as difficulty of specimen fabrication is concerned, the

most prominent characteristics of the materials are the friable
nature of many of the salt samples, and the hardness of many of the

rock samples. Cracks, or fractures in some of the billets limited
the available stock for machining and caused failure of some of
the materials during machining. Following are comments on the

fabrication of test specimens from the samples of the eight sites
investigated.

Vacherie Dome

The material from the 2023-foot depth crumbled on unwrapping the

billet. It was so friable that all attempts to fabricate expansion

and conductivity specimens failed. Also, no conductivity specimen

could be made from the 2851-foot depth, and no expansion specimens

could be prepared from the 2643 and 3045-foot depths.
f;

Cypress Creek

There were no machining problems associated with these materials.

Randall and Swisher Counties

No machining problems.

Salt Valley

The conductivity specimens from 1952 and 2165-foot depths showed

some smearing on the machined faces.
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Richton Dome

The caprock from the 629-foot depth peeled or delaminated perpen-

dicular to the axis of the bills~ No expansion specimen was fz-
'~l

bricated. The caprock from ~the 699-foot depth chipped badly in

machining the conductivity sPecimen and broke trying to make a

2-inch expansion specimen. It was necessary to use 3 smaller pieces
for expansion measurements.

The salt from 1250 feet crumbled so badly that no conductivity spe-
cimen was machined.

Pieces broke off or crumbled so that the expansion specimen from

the 1000-foot sample was in two pieces; the one from the 1240-foot

depth was sawn by hand and finished by hand-filing. Pieces broke

off the canductivity disks from the 1240 and 1260-foot depths. These

two billets were broken on receipt.

Gibson Dome

Chips and fragments broke off of the conductivitiy disks from the

1300, 2639 and 3369-foot depths during fabrication.

Pomona Basalt:

The billets from this source were too small for conductivity speci-
mens. Instead of three-inch diameter disks for conductivity, it was

necessary to make thin half-inch diameter "buttons" for diffu-
sivity measurements. Hairline cracks in the billets caused a number

of the buttons to fail during machining. Duplicates had to be

made from a number of these materials.
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2 MEASUREMENT RESULTS

The interim reports of this subcontract presented preliminary data

on the pertinent properties for all program materials. This report
summarizes and combines appropriate bodies of these data according to

site. Combined plotting of the data is used to illustrate trends and

to facilitate comparisons.

2. 1 VACHERIE DOME, LOUISIANA

There are two groups of materials from the Vacherie Dome. They were

tested separately but the results are combined in this report. Figure

4 presents:linear thermal expansion data for all samples from this
site. All are reproductions of the original curves recorded by the

dilatometer, and indicate the'epths from which tlat'e cores were removed.

Table 8 lists thermal conductivity data for all specimens of this site.
They are co-plotted on Figure 5.

Table 9 lists all enthalpy data for specimens of the Vacherie Dome

group. Specific heat values are derived from linear regression analy-

sis of the caprock separately, each salt separately, and all of the salt
data together.

Table 10 lists room temperature densities of all the specimens which

were examined from this site.
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TABLE 8. Thermal Conductivity Data for Specimens

from Vacherie Dome, Mississippi

Specimen Identification
Location Depth, Ft

Temperature
C

Conductivity,
W cm"1C 1

4-11

Caprock

681 —682 60

98

134

236

380

515

0.0450
0.0443
0.0374
0.0274
0.0192
0.0149

27-2

Specimen //1

Salt

1922-1923 58

120

165

232

303

382

465

0.0289
0.0264

0.0256
0.0242

0.0246

0.0238
0.0241

27-2

Specimen 82

1922-1923

30-12 2122-2123

Salt

Salt
{New specimen from original billet
with modified apparatus)

?9
146

225

303

377

442

508

63

106

164

250

336

440

493

0 '299
0.0272
0.0242

0.0232
0.0225
0.0232
0.0241

0.0392
0 '334
0.0304
0.0269

0.0233
0.0229
0.0230
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Table 8, cont'd 2 of 2

39-24

Salt
2643-2644 66

115

165

213

259

302

343

388

430

0.0299
0.0259
0.0248

0.0236
0.0230
0.0228

0.0235
0.0236
0.0240

46-21

Salt

3045-3046 67

116

167

218

264

307

348

394

437

0.0284

0.0249

0.0235
0.0223
0.0216
0.0214

0.0218
0.0219
0.0221

46-21 3045-3046

Rerun of specimen in modified apparatus

Salt

136

139'48

294

424

432

0.0246
0.0235

0.0223
0.0212
0 '209
0.0220

52-9

Salt

3245-3246 67

115

167

216

264

309

356

403

448

0 '380
0.0323
0.0296
0.0277

0.0267
0.0264

0.0262
0.0266

0.0268
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TABLE 9. Enthalpy and Specific Heat Data for Specimens
from Vacherie Salt Dome, Louisiana

Specimen Identification
Location Depth, Ft.

4-11 681-682

Caprock

Temperature
C

99

268

390

Enthalpy
cal g-

17.943
55 .424

82.735

Specific Heat
g

0.214

A -1.4642 B 0.2139 Corr. Coeff. 0.9993

27-2 1922-1923

Salt 99 20.002
267.4 56.151
390.5 85.740

0.219

A -0.9827 B ~ 0.2191 Cnrr. Coeff. 0.9994

28-18 2023-2024

Salt 98

266.7

390.0

19.918
58.501

0 84 '27

0.218

A -0.4348 B 0.2176 Corr. Coeff. 0.9998

30-12 2122-2123

Salt 98.0
266.4

390.3

19.810
57.662
83.696

0.216

A ~ -0.4820 B 0.2161 Corr. Coeff. ~ 0.9998

43-14 2852-2853

Salt 22

60

95

142

275

341

4.728

12.426

19 '26
30 '51
59.029
74.196

0.217

A = -0.3879 B = 0.2172 Corr. Coeff. = 0.9999
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Table 9. cont'd Pg. 2 of 2

46-21 3045-3046

Salt 22

59

96

142

275

340

4.877
12.426

19.939
30.045
59.526
73.934

0.218

A = -0.3481 B = 0.2175 Corr. Coeff. = 0.9999

52.9 3245-3246

Salt 23

96

143

274

340

4.796
12.389
20.023
30 '78
58.942
74.026

0.218

A = -0.4473 B = 0.2175 Corr. Coeff. = 0.9999

H = A + BT, where H is enthalpy from 0 to temperature T cal g-1T= T
0 0 c

Specific Heat = B, cal g-1C"1

Combined data for all .Vacherie Salt Specimens

A = -0.4287 Specific Heat = 0.217 cal g-1C 1

B = 0.2173 Correlation Coefficient = 0.9998

(PP
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TABLE 10. Room Temperature Density Data for All Specim.ns
from Vacherie Salt Dome, Louisiana

4-11
27-2

28-18

30-12

39-24

43-14

46-21

52-9

681-682

1922-1923

2023-2024

2122-2123

2643-2644

2852-2853

3045-3046

3245-3246

Specimen Identification
Location Depth, Ft

Density
gcm3
2.93

2.15
2.14
2. 18

2.17
2.17
2.17
2. 18

Material

Caprock

Salt
Salt
Salt
Salt
Salt
Salt
Salt
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2.2 CYPRESS CREEK DOME, MISSISSIPPI

Figure 6 presents linear thermal expansion data for all specimens

from this site and indicates the depths from which they were ob-

tained.

Table 11 lists thermal conductivity data for all specimens from this
site.

Figure 7 shows individual plots of the data for each specimen.

Table 12 lists all of the enthalpy data for specimens from this group
/~'nd

also the derived specific heat value representa'tive of each spe-

cimen and a specific heat value" for the entire, group.

Table 13 lists room temperature densities of the specimens from this
.J

site.

2.3 PALO DURO BASIN, RANDALL AND SWISHER COUNTIES, TEXAS

Materials in this group were obtained from two sites, one in Randall

County and the other in Swisher County, Texas. Although the speci-
mens came from different core-holes, they were treated as one group of
materials. The sources, however, are identified in the tables and

figures.

Figure 8 presents linear thermal expansion data for all specimens and

indicates the depths from which they came.

Table 14 lists thermal conductivity data, and Figure 9 shows plots
of conductivity versus temperature for all specimens.
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TABLE 11. Thermal Conductivity Data for Specimens from
Cypress Creek Salt Dome, Mississippi

Specimen Identification
Location Depth, Ft
MCCG-1 1299-1300

Caprock

Temperature
C

57

90

147

255

322

395

407

Conductivity
W cm 1C 1

0.0417
0.0362
0.0298
0.0250
0.1900
0.0180
0.0185
0.0167

MCCG-1

Salt

NCCG-1

Salt

1599-1600

1700-1701

57

88

158

177

258

268

335

342

425

50

79

119

160

230

275

328

432

480

0.0397
0.0352
0.0292
0.0268
0.0245
0.0232 )i/

0.0212
0.0210
0.0198

0.0400 t~,

0.0380
0.0332
0.0292
0.0258
0.0238
0.0220
0.0200
0.0198
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TABLE ll. cont'd Pg. 2 of 2

MCCG-1

Salt
1800-1801 50

72

104

175

214

257

336

392

462

0.0383
0.0355
0.0322
0.0275

0.0257

0.0237
0.0220

(>

0.0200
0.0218
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TABLE 12. Enthalpy and Specific Heat Data for
Specimens from Cypress Creek Salt Dome,
Mississippi

Location

MCCG-1

Caprock

Depth, Ft.
1299-1300

Specimen Identification Temperature

C

0

50.0
121.5
210.3
297.8
373.1

Enthalpy

cal g-1

0

9.717
27.342

51.318
78.143
97.576

Specific Heat

cal g-1C-1

0.267

A = -2.8146 B = 0.2669 Corr. Coeff. = 0.9986

MCCG-1 1599-1600

Salt
0

50.0
121.0
209,3

297.1
380.8

0

10.990
26.431
44.367

64.924

82.577

0.217

A = -0.0259 B = 0.2168 Corr. Coeff. 0.9999

MCCG-1 1700-1701

Salt 50.0
121.0
209.5
297.2
385.5

10.755
25.814

44.358

63.318
82.451

0 '13

A =-0.0389 B = 0 ~ 2134 Corr. Coeff. = 1.0000

MCCG-1 1800-1801

Salt
0

50 ' 11.069
0.216

121.0 25.777

209 .6 43.886

296 ' 63.138
385.3 83.835

A = -0.2316 B = 0.2157 Corr. Coeff. 0.9997
Combined Data for all Cypress Creek Salt Specimens

A ~ -0.0967 Specific Heat ~ 0.215 cal g-1C-1
B .~ 0.2153 Correlation Coefficient ~ 0.9998
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TABLE 13. Room Temperature Density Data for Specimens
from Cypress Creek Salt Dome, Mississippi

Specimen
Location

MCCG-1

L'CCG-1

MCCG-1

MCCG-1

Identification
Depth, Ft

1300

1600

1700

1800

Density
g cm 3

2.96

2.18

2.21
2.14

Material

Cap Rock

Salt
Salt
Salt
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TABLE 14. Thermal Conductivity Data for Specimens from
Palo Duro Salt Dome, Texas

Specimen Identification
Location Depth. ft
Randall County

Upper Seven 741-742
Rivers

Salt

Temperature
C

53

78

63

75

117

156

155

30

196

45

251

309

380

221

443

Conductivity
W cm-1C 1

0.0299
0.0305
0.0294

0.0299
0.0261
0.0237
0.0242

0.0377
0.0213
0.0370
0.0187
0.0174
0.0153
0.0200
0.0135

Upper San
Andres

Salt

-l,400-1401 25

39

68

99

152

196

241

303

0.0372
0.0382
0.0372

0.0322
0.0287

. 0.0261
0.0240
0.0226

Lower San
Andres

(Cycle 4)
Salt

1847,-1848 26

43

80

119

171

217

298

363

0.0433
0.0384
0.0411
0.0335
0.0300
0.0263
0.0228

0.0206
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TABLE 14. cont'd

Lower San 2143-2144
Andres

(Cycle 2)

Salt

24

47

75

112

158

217

269

351

419

Pg. 2 of 3

0.0466
0.0422

0.0395
0.0347
0.0304
0.0267

0.0243
0.0200
0.0174

Upper Clear 2602-2603
Fork

(Cycle 2)

Salt

29

47

76

108

164

210

168

319

0.0218
Q.Q233

0.0228

0.0204
0.0174
0.0161
0.0176
0.0137

Swisher County

Upper Seven 1265-1266
Rivers

Salt

28

41

&4

135

213

215

172

0.0332
0.0321
0.0297
0.0258
0.0227

0.0227

0.0248

Upper San
Andres

Salt

1957-1958 36

80

135

228

300

368

397

0.0403
0.0380
0.0299
0.0256

0.0226

0.0190
0.0186
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TABLE 14, cont'd

Lower San
Andres

Salt

2525-2526 34

80

139

238

308

Pg3of 3

0.0382
0.0361
0.0297
0.0248
0.0224
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Table 15 lists the enthalpy data and the derived average specific
heats for each material. Also, an average specific heat value
representing all of the Palo Duro specimens is given.

Table 16 lists room temperature density values for all Palo Duro

specimens.

2.4 'ALT VALLEY, UTAH

Linear thermal expansion data are shown in Figure 10.

Table 17 lists thermal conductivity data, and Figure 11 shows plots
of conductivity versus temperature for all Salt Valley materials.

Table 18 gives enthalpies and derived specific heats. The average
specific heat for each specimen is shown, and a specific heat value
for the whole Salt Valley group is shown also.

Table 19 lists density values for all specimens.

2.5 RICHTON DOME, MISSISSIPPI

Materials were received in two separate shipments, but came from

the same site. All materials are presented here as one group of ma-

terials.

Figure 12 presents linear thermal expansion data for each specimen.

Table 20 lists thermal conductivity data for each material (some salt,
some caprock), and Figure 13 shows a separate conductivity curve for
each material.
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TABLE 15. Enthalpy and Specific Heat Data for
Specimens from Palo Duro (Randall and
Swisher Counties), Texas

Specimen Identification Temperature
Location Depth, Ft. C

Randall County 741-742 0

Enthalpy,
cal g-1

Specific Heat
cal g-1C 1

0.217
Upper Seven Rivers

Salt
22.3
55.4

115.7
157.6
232.1
318.0

4.751
11.589
24.921
33.564
50.580
68.813

A -0 '059 B 0.2171 Corr. Coeff. ~ 0.9999

Upper San Andres 1400-1401

Salt
21.5
56.0

113.9
156.3
231.6
322.7

4.342
11.662
24.005

32.809

49.391
69.539

0.215

A = -0.3623 B = 0.2154 Corr. Coeff. ~ 0.9999

Lower San Andres 1847-1848

(Cycle 4)

Salt
22.3
55.6

115.0
156.8
231.8
319.4

4.719
11.573

24.324

32.927

49.578
68 '57

0.216

-0.3055 B 0.2156 Corr. Coeff. 0.9999
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Table 15, cont'd

Lover San Andres 2143-2144

(Cycle 2)

Salt

0

21.5
56.0

114 .6
156.3
231.6
322 '

0

4.374
11.809
24.192
33.087
49.509
68.807

A = -0.1792 B = 0.2139 Corr. Coeff. = 1.0000

Upper Clear Fork 2602-2603

(Cycle 2)

Salt
20.8
56.0

113.7
156.3
231.8
322.7

0

4.202

11.499
23.764
32.673
49.774

69.889
A -0.5087 B ~ 0.2168 Corr. Coeff. = 0.9998

Swisher County

Upper Seven Rivers 1265-1266 0

Salt 21.2
56.0

113.7
156.3
231.5
326.0

0

4.404

11.595
23.897
33.100
50.155
69.686

A -0.2448 B 0.2150 Corr. Coeff. 0.9999

Upper San Andres 1957-1958

Salt
0

21.5
56.0

113.3
156.9
231.5
324.4

0

4.604
11.943
23.822

33.005
48.991
69.571

:.'- A: . -0.1527 B 0.2136 Corr. Coeff. 0.9999
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Table 15, cont'd Pg. 3 of 3

Lower San Andres 2525-2526

Salt 21.5
56.0
113.3
157.1
231.8
323.6

4.278
11.559
23.774

33.057
49.623
69.570

0.216

A -0.3953 B 0 '155 Corr. Coeff. = 0.9999

Combined Enthalpy Data for all Palo Duro Salt Specimensl

A ~ -0.3031
B ~ 0.2154

Specific Heat ~ 0.215 cal g 1C 1

Correlation Coefficient ~ 0.9999
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TABLE 16. Room Temperature Density Data for Specimens
From Palo Duro (Randall and Swisher Counties), Texas

Specimen Identificati(wn
Location 'epth]] Ft

Density
gcm3 Material

Randall County

Upper Seven
Rivers

741-742 2.14 balt

Upper San
Andres

Lower San
Andres

Lower San
Andres

Upper Clear
Fork

1400 — 1401

1847 — 1848

2143 — 2144

2602 —2603

2 '6
2.17

2.16

2.33

Salt

Salt

Salt

Salt

Swisher County

Upper Seven
Rivers

Upper San
Andres

Lower San
Andres

1265 — 1266

1957 - 1958

2525 — 2526

2.18

2.21

2.15

Salt

Salt

(Salt
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TABLE 17. Thermal Conductivity Data for Specimens
from Salt Valley, Utah

Specimen Identification
Location Depth, Pt

Temperature
C

Conductivity
W cm-1C 1

3-82

Salt

566.7-567.7 46

90

132

175

219

259

295

331

370

0.0406
0.0362
0 '322
0;0300
0.0282
0.0262
0.0252
0.0247
0.0244

3-77

Salt

1952-1953 46

127

168

208

246

283

318

354

0.0324
0.0290
0.0263
0.0253
0.0233
0.0219
0.0210
0.0205
0.0203

3-77- 1952-1953

Salt

Rerun wi'th modified apparatus

69

80

139

144

187

236

285

293

372

436

0.0279
.0'274
0.0244
0.0246
0.0232
0.0214
0.0206
0.0202
0.0201,

0.0200
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TABLE 17. cont'd

3-79

Salt

2165-2166 48

86

127
J~'71

211

262

287

320

358

Pg. 2 of 2

0.0383
0.0338
0.0300
0.0278
0.0257
0.0239
0.0233
0.0222

0.0193

3-81

Salt

2516-2517 46

85

126

168

210

24?

320

355

0.0393
0.0347
0.0308
0.0289
0.0275
0.0255
0.0244
0.0237
0.0230
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TABLE 18. Enthalpy and Specific Heat Data for
Specimens from Salt Valley, Utah

Specimen Identification
Location Depth, Ft

Temperature
C

Enthalpy
cal g 1

Specific Heat
cal g-1 C-1

3-82

Salt
566.7-567.7

22

51

91

163

269

361

0

4.675
10.680
19.038
34.289
57.694
78.325

0.217

A = -0.3692 B = 0.2166 Corr. Coeff. ~ 0.9999

3-77 1952-1953 0

22

50

165

272

386

0

4.543
10.606
18.868
34.758

57.646
84.083

0.217

A = -0.4551 B = 0.2167 Corr. Coeff. 0.9998

2165-2166 0

22

50

91

164

271

372

0
Ch

4.596
10.658
19.065
34.627
57.507
80.950

0.216

:A=. -0.3527 B —0.2164 Corr. Coeff. 0.9998
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Table 18. cont'd

3-81 2516 —2517 0

22 4.636
50 10.696
91 19.035

163 34.513
270 57.753
365 79.353

0.217

A ~ -0.3189 B ~ 0.2167 Corr. Coeff. ~ 0.9999

Combined Data for all Salt Ualley Specimens

A -0.3736
B ~ 0.2166

Specific Heat ~ 0.217 cal g-1C 1

Correlation Coefficient ~ 0.9999
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TABLE 19. Room Temperature Density Data for Specimens
from Salt Valley, Utah

Specimen Xdentification
Location Depth, Pt

Density
g cm 3 Material

3-82

3-77

3-79

3-81

566.7 —567.7
1952 — 1953

2165 - 2166

2516 - 2517

2.16

2.17
2.18
2.17

Salt
Salt
Salt
Salt
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TABLE 20. Thermal Conductivity Data for Specimens
from Richton Salt Dome, Mississippi

Specimen Ident' ication
Location Depth, Ft

Temperature
C

Conductivity
W cm-1C

7-4 628.6-6?9.7 46

93

133

176

221

263

298

336

374

0.0199
0.0171
0.0117
0.0090
0.0089
0.0089
0.0087

0.0083
0 F 0080

Caprock

700 76

129

216

312

360

435

516

0.0362
0.0325

0 '213
0.0173
0.0158
0.0137
0.0126

11-20

Salt

796 48

129

175

223

267

314

357

408

454

0.0344
0.0298
0.0271
0.0279
0.0238
0.0221

0 '211
0 '193
0.0197
0.0200
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TABLE 20., cont'd

11-20 796

Salt

New specimen from original billet
measured with modified apparatus.

79

144

225

295

375

440

507

of 3Pg. 2

0.0252
0.0229
0.0209
0.0196
0.0196
0.0197
0.0202

12-13

Salt

858 69

120

174

225

274

318

362

409

454

0.0323
0.0285
0.0260
0.0233
0.0219
0.0209
0.0207
0.0203
0.0201

15-21

Salt

966 48

99,,

152 I

205

254

298

343

390

436

0.0324
0.0288
0.0263
0.0240
0.0223
0.0214
0 ~ 0208

0.0204

0.0201

Salt
1OOO 134

193

269

332

388

444

505

86

0 '374
0.0324
0.0277
0.0250
0.0238
0.0227
0.0223
0.0434



51

TABLE 20. cont'd

16-3

Salt

1066.3
101

155

209

260

306

352

398

444

Pg. 3 of 3

0.0363
0.0322

0.0292
0.0265

0.0243
0.0229
0.0223.,
0.0216
0.0208

Sale
, 1240

127

200

262

293

363

436

503

0.0272

0.0264

0.0246

0.0240

0.0226

0.0216
0.0213
0.0223

Sale

1260 67

201

297

366

440

504

0 '293
0.0289
0 '278
0.0259
0.0266

0.0259

0.0263
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FIGURE 13. Axial Thermal Conductivity of Specimens
from Richton,Salt Dome, Mississippi
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Table 21 lists enthalpy data for each material and'the derived

average specific neat for each as well as an average specific heat

value for all of the salt specimens. The caprock specimens were

treated separately.

Table 22 lists room temperature densities for all Richton specimens.

2.6 GIBSON DOME, UTAH

There are four predominantly salt specimens in this group of twelve

materials. Each contains some anhydrite. Two rock specimens con-
0

tained minor amounts of halite and the remaining six materials con-

tained no salt.

Figure 14 presents linear thermal expansion data for the Gibson Dome

materials.

Table 23 lists thermal conductivity data and ~F1 ure 15 the family of

conductivity curves for this group.

Table 24 lists enthalpy data and derived specific heat values for
each material and a combined specific heat value representing the

four salt specimens.

Table 25 lists room temperature densities for all materials.

2. 7 POMONA MEMBER BASALT

There are eleven basalt specimens in this group, but no salt speci-
mens.
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TABLE 21. Enthalpy and Specific Heat Data for
Specimens from 1U.chton Salt Dome,
MRIG-9, Mississippi

Specimen Identification
Location Depth, Ft.

628.6 —629.7
Capiock

Temperature
C

23

59

96

143

274

340

Enthalpy
cal g1

0

4.208
10'28
17.709
29.409

54.147

71.530

Specific Heat
cal

g-'C-'.208

A -1.0021 B ~ 0.2083 Corr. Coeff. = 0.9988

Caprock

699.4 —700.4 0

.167

278

416

499

0

7 '86
31.338
57.022
90.188

110.571

0.223

A -2.8200 B ~ 0.2231 Corr. Coeff. ~ 0.9987

11-20 796.0 - 797.3 0 0 0.218
Salt 24 5.135

52

150

245

365

10.817
19.673
31.664
52.490
79;723

A ~ -0.4612 B ~ 0.2180 Corr. Coeff. ~ 0.9999
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,12-13

Salt
858.0 —859 ' 0

24

57

92

150

243

362

0

5.030
11.900
19.204

31.769
51.777
79.065

A = -0.4850 B = 0.2178 Corr. Coeff. = 0.9998

15-21

Salt
966.0 — 967.0 0

24

54

94

150

244

363

0

4.902
11.357
19.632
31.637
52.238

79.525
A = -0.5485 B = 0.2187 Corr. Coeff. = 0.9998

Salt
999.4 — 1000.4:.;., 0

;)ii'4
167

276

417

501

0

8.864
34.485

59.366
92.274

110.921
= -1.1518 B = 0.2226 Corr. Coeff. = 0.9997

16-3

Salt
1066.3 — 1067.3 0

24

50

91

149

245

363

5.056
10.453
19.004
31.575
52.440

79.266

A = -0.4503 B = 0.2179 Cor . Coeff. = 0.9999
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Pg. 3 of 3

1240.0 — 1241 ' 0 0 0.222
Salt 44 8i969

168 34.640
275 59.084
415 91.206
501 110.890

A -1.1006 B 0.2219 Corr. Coeff. 0.9997

20-9

Salt
1250.2 — 1251.2 0 0

24 5.072
49 10.179
90 18.863

149 31.533
244 52.360

0.218

362 78.938
A ~ -0.4337 B - 0.2178 Corr. Coeff. 0 '999

Salt
1258.8 - 1260.1 0

44 8.726
168 34.388
274 58.672

0 '21

414 90.658
501 110.486

A -1.2067 B 0.2214 Corr. Coeff. 0.9997

Combined Enthalpy Data for all Richton NRIG-9 Salt Specimens

A ~ -0.7516 Specific Heat = 0.220 cal g 1C 1

B ~ 0.2202 Correlation Coefficient 0.9998
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TABLE 22. Room Temperature Density Data for
Specimens from Richton MRIG-9, Mississippi

'pecimen Identification
Location Depth, Ft

Density

g cm"3 Material

7-4

11-20

12-13
15-21

16-3

20-9

628-6 —629.7
700

796

858

966

1000

1066.3
1240

1250.2

1260

2.64
2.84
2.17
2.20
2 '1
2.23
2.22

'='.26

2.17
2.22

Caprock

Caprock

Salt
Salt
Salt
Salt
Salt
Salt
Salt
Salt
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FIGURE 14. Axial Thermal Expansion of Specimens
from Gibson Salt Dome, Utah
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TABLE 23. Thermal Conductivity Data for Specimens
from Gibson Salt Dome, Utah

Specimen Identification
Location Depth, Ft

Temperature
C

Conductivity
W cm-1C-1

1299.2-1300'*GD-1-43

Rock

+Attempts to fabricate this conductivity
specimen were not successful. Data
derived as product of diffusivity,
specific heat and density.

21

53

99

209

303

408

505

0.0450

0.0433
0.0362
0.0279
0.0230
0.0195
0.0175

GD-1-44

Rock

2189.1-2190' 80

135

186

273

346

391

447

511

0.0337
0.0230
0.0201

0.0187
0.0175
0.0168
0.0162
0.0157

GD-1-45

Rock

2638.9-2639.9 79

133

195

264

328

383

441

509

0.0169
0.0161
0.0153
0.0120
0.0117
0.0116
0.0110
0.0105

GD-1-46

Salt

:;,-2998.1-2991.1 78

132

197

275

330

385

442

509

0.0378
" 0.0334

0.0277

0.0225
0.0213
0.0201
0.0182
0.0172
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TABLE 23. cont'd
GD-1-47 '094.4-3095.4

Rock

81

132

196

270

330

386

443

509

Pg. 2

0.0280

0.0254
0.0216
0.0172
0.0162
0.0153
0.0144
0.0136

of 3

GD-1-48

Rock

3099.9-3100.9 79

134

269

331

387

444

512

0.0435
0.0372
0.0287
0.0229
0.0206

0.0187
0.0169
0.0162

GD-1-49

Rock

GD-1-50

Salt

3111.2-3112.2

31&3.5-3184.5

77

132

193

266

320

326

385

441

505
(

80

143

224

301

378

443

508

0 '201
0.0181
0.0145
0 '124
0.0119
0.0122
0.0119
0.0118
0;0109

0.0327
0.0298
0.0263
0.0218
0.0192
0.0177
0.0169
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GD-1-51 3339.1-3340.1

Sal t

TABLE 23. cont'd

79

142

232

303

405

498

Pg 3 of 3

0.0387
0.0333
0,0280

0.0254

0.0216
0.0195

GD-1-52

Rock

3369.2-3370.2 75

135

216

296

370

434

498

0.0178
0.0138
0.0115
0.0107
0.0103
0.0097
0.0087

GD-1-53

Salt

3437.6-3438.6 82

146

225

300

372

436

504

0.0358
0.0302

0.0254

0.0223
0.0198
0.0174
0.0166

GD-1-54

Rock

3445.6-3446.6 80

144

224

298

373

439

504

0.0332
0.0284
0.0230
0 '199
0.0170
0.0152
0.0136
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TABLE 24. Enthalpy and Specific Heat Data for
Specimens from Gibson Salt Dome, Utah

Specimen Identification
Location Depth, Ft
GD-1-43 1299.2 — 1300.2
Rock

Temperature
C

44

168

272

411

501

Enthalpy
cal g-1

8.163
34.634

60.894

97.848
121.995

Specific Heat
cal g-1C-1

0.245

A = -3.0586 B = 0.2449 Corr. Coeff 0.9986

GD-1-44 2189.1 —2190.1
Rock 44

168

271

409

501

8.345
34.559
60.272

96.914
121.772

0.244

A = -3.0037 B = 0.2440 Corr. Coeff. 0.9985

GD-1-45, 2638.9 —2639.9
Rock

0 0

51 10.523
151 32.647
241 53 '81
325 '5.528
471 114.624

0.243

A = -2.3601 B = 0.2428 Corr. Coeff = 0.9987

GD-1-46

Salt
2998.1 — 2999 ~ 1 0 0

50 11.065
151 32 '08

0.221

249

325

469

53.522
70.515

104.259

A = -0.5186 B = 0.2210 Corr. Coeff. 0.9998
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GD-1-47 3094.4 — 3095.4
Rock

0 0

49 10.525
150 33.129
254 57.793
325 75.920
467 113.535

0.242

A -1.7811 B ~ 0.2422 Corr. Coeff. = 0.9992

GD-1-48 3099.9 —3100.9
Rock

150

256

325

466

9.152
29.493
51 '23
69.571

104.569

0.224

A = -2.3298 B = 0 '235 Corr. Coeff. = 0.9983

GD-1-49 3111.2 - 3112.2
Rock 49

150

254

326

469

10.339
32.059

55.709
75.840

113.463

0.241

A = -2.2388 B = 0.2411 Corr. Coeff. = 0.9985

GD-1-50 3183.5 - 3184.5
53 10.582

Cog
0.222

Salt 143

278

365

30.027

59.509
79 '21

470 104.309

A ~ -1.0701 B = 0.2221 Corr. Coeff. = 0.9998
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Pg. 3 of 3

GD-1-51 3339.1 —3340.1
Salt

0

53 10.563
142 29.631

0;223

278 59.568

365 79.195
470 105.387

A = -1.2727 B 0.2232 Corr. Coeff. = 0.9995

GD-1-52 3369.2 - 3370.2
Rock

0

53

141

275

375

470

0

11.066
31.141
61.708
86.832

111.380

0.237

A = -1,4343 B ~ 0.2365 Corr. Coeff. 0.9995

GD«1-53 3437.6 — 3438.6

Salt
0

53

142

273

371

470

11 '64
29.132
58.046

80.830
104.441

0.221

A = -1.0022 B 0.2214 Corr. Coeff. = 0.9996

GD-1-54 3445.6 - 3446.6

Rock

0 0

54 9 '91
0.220

142

272

369

27.667

56.768
78 '64

470 103.486

A = -1.9224 B 0.2200 Corr. Coeff 0.9992
Combined Enthalpy Data for All Gibson Dome Salt Specimens

A = -0.9625 Specific Heat ~ 0.222 cal g-1C-1

B = 0.2219 Correlation Coefficient ~ 0.9996
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TABLE 25. Room Temperature Density Data for Specimens
from Gibson Salt Dome, Utah

Location Depth, Ft
Specimen Identification Density

g cm"3 Material

GD-1-43

GD-1-44

GD-1-45

GD-1-46

GD-1-47

GD-1-48

GD-1-49

GD-1-50

GD-1-51

GD-1-52

GD-1-53

GD-1-54

1299.2 — 1300.2
2189.1 — 2190.1
2638.9 — 2639.9
2998.1 - 2999.1
3094.4 —3095.4
3099 ' —3100.9
3111.2 — 3112.2
3183.5 — 3184.5
3339.1 — 3340.1
3369.2 — 3370.2
3437.6 —3438.6
3445.6 — 3446.6

2.67
2.67
2.60
2.18
2.43
2.81
2.43
2.17
2.21
2 '9
2.25
2.76

Rock

Rock

Rock

Salt
Rock

Rock

Rock

Salt
Salt
Rock

Salt
Rock
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Figure 16 gives linear thermal expansion curves for all eleven basalts.

Table 26 lists thermal conductivity data and Figure 17 presents the

very narrow range of conductivity values by showing upper and lower

limits. It is not possible to show a curve for each material dis-
tinct from the others in the narrow band shown.

Table 27 lists the enthalpy data and the derived specific heat for
each basalt specimen, and also an average specific heat value repre-
sentative of the group of eleven materials.

Table 28 lists the room temperature density data for each basalt spe-

cimen.
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3 DISCUSSION QF DATA

3.1 ACCURACY OF THERMAL CONDUCTIVITY DATA

Of the properties evaluated in this study, thermal conductivity

is particularly important in assessing the suitability of the va-

rious sites for storage. Because of the variability of data on

salts, as reported by numerous investigators, several extra-pre-
cautionary steps were taken to insure sufficient accuracy in our

measurements of this property. These included the following:

1. Modification/Variation of Measurement Procedure

2. Verification of Conductivity Values Used for
the Reference Standard

i~ Descriptions and comments on each are presented,

3.1.1 Procedure Modification

The procedure specified for measurement of thermal conductivity

in this program is a steady-state comparative approach, using Pyro-

ceram 9606 as the reference standard. In the version used in. the

early part of this program, and described in'ppendix C, only one

heat-flow meter with passive guarding was used, The meter was

positioned between the specimen and the heat sink. In a modified

version, a second heat-flow meter was added, resulting in the op-
t'ortunityto place one meter on each side of the specimen. This

\*

modified arrangement precluded the possibility" to achieve passive

guarding against radial losses, so active guarding was added.

Following this modification, several salt specimens which had
,~nbeen evaluated earlier in the program, were again mess!.--;-ed. One

of these was from the Vacherie Salt Dome. Table 8 lists data, for
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FIGURE 16. Axial Thermal Expansion of Specimens
from Pomona Member Basalt
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TABLE 26.
B.,

Thermal Dif fusivity and Conductivity Data
for Specimens from Pomona Member Basalt,
Washington

Specimen Identification
Location Depth, Ft.

IE3 20.9-21.2

Temperature
C

22

52

100

202

308

414

503

Diffusivity*
cm s-

0.0074

0 '075
0.0074
0 '067
0.0064

0.0060
0.0058

Conductivity>'+
w cm- C

0.0207
0.0209
0.0207
0.0187
0 '179
0.0168
0.0162

IE3 21.2-21.'5 24

50

103

207

307

405

498

0.0071
0.0072

0.0069

0 '066
0.0061
0.0059
0.0055

0.0198
0.0201
0.0193
0.0184
0.0170
0.0165
0.0154

IE6 1.5-1.9
54

105

201 »

302

406

502

0.0070
0.0071
0.0071
0.0063
O.Q061

0.0060
0.0056

0.0193
0.0196
0.0196
0.0174

'O.Q169
i'i.,

0.0166
0.0155

IE6 11.3-11.6 21

49

103

203

301

404

506

0.0076
0.0077

0.0075

0.0071
0.0066
0.0063

0.0061

0.0212
0.0215
0.0210
0.0199
0.0185
0.0176
0.0171
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Pg 2 of 3

IE6 16.8-17.0 21

51

105

207

304

405

509

0.0075

0.0074
0.0072

0.0067

0.0062

0.0061
0.0058

0.0211
0.0208
0.0202
0.0188
0 '174
0.0171
0.0163

IE6 21.0-21.5 22

50

106

208

304

403

500

0.0078
0.0075

0.0074

0.0067
0.0067

0.0064

0.0063

0.0218
0.0210
0.0207

0.0188
0.0188
0.0179
0.0176

IE6 24.7-25.0 21

52

104

203

302
)i

(+~05

503

0.0077

0.0077

0 '074
0.0069
0.0067

0.0062
0.0060

0.0216
0.0215
0.0207
0.0193
0.0188
0.0174
0.0168

IE7 6.6-7.0 22

53

107

212

304

408

501

0.0078
0.0076
0.0073

0.0066
0.0067
0.0061

0.0060

0.0215
0.0210
0.0202

0.0182
0.0185
0.0169
0.0166
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Pg. 3 of 3

IE20 10.7-11.1 22

54'00

199

302

402

506

0.0076
0.0075
0.0073
O.C'.!68

dr"

0.0066

0.0061
0.0059

0.0211
0.0208
0.0203 "

0.0189
0.0183
0.0170
0.0164

IE20 17.7-18.2 22

52

105

202

303

402

503

0.0078
0.00'76

0.0073
0.0070
0'. 0067

0.0062
0.0061

0 '215
0.0210
0.0201
0 '193
0.0185
0.0171
0.0168

IE20 26.,8-,27.0 22'1

10.4

204
'=-" 306

403

501

0.0077
0.0074

0 '073
0.0068
0 '063
0 '060
0.0058

0.0215
0.0206
0.0204
0.0190
0.0176
0.0167
0.0162

*measured

**calculated from diffusivity, specific heat and density
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TABLE 27. Enthalpy and Specific Heat Data for Specimens
from Pomona Basalt, Mashington

Specimen Identification
Location Depth, Ft

IE3 20.9 - 21.2

Temperature
C

53

132

286

Enthalpy
cal g-1

0

9.913
25.615
60.462

Specific Heat,
cal g-1C-1

0.235

546

A ~ -3.045 B = 0.2348
].27.589

Corr. Coeff = 0.9984

IE3 21;2 - 21.5
53 10.237

131 26.000

0.234

285 60 350

555 ,i'29.093
A ~ -2.6759 B = 0.2335 Corr. ('oeff. = 0.9987

'IE6 1,,5 — 1.9 0 0

53 10.045
131 25.478

285 60.172
565 131.668

0.234

A = -2.9696 B = 0.2342 Corr. Coeff. = 0.9986

IE6 11.3 — 11.6
53 9.626

130 ' 25. 354

285 60.552
565 131.585

0.235

A = -3.0302 8 = 0.2345'orr. Coeff. 0.9987

IE6 16„8 — 17.0
53 9.897

130 25.676
285 60.105
568 132.779

0.235

A = -2.9523 B = 0.2349 Corr. Coeff. = 0.9986
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PG 2 of 3

IE6 21.0 - 21.5 0 0

94 17.456
194 39.546
360 78.535
564 130.506

0.233

A -3.2870 B = u.2331 Corr. Coeff 0.9987

IE6 24.7 —25.0
94 17.452

191 38.827
363 78.535
556 127.979

0.232

A -3.1832 B 0.2315 Corr. Coeff. 0.9987

IE7 6.6 '- 7.0
94

190

364

541

17.476
38.195
79.575

124.362

0.232

A = -3.1726 B = 0.2317 Corr. Coeff. 0.9987

IE20 10.7 - 11.1
94

187

363

17.496
38.034
79.876

0.232

537
'I

A = -3.0520 B = 0.2323
123.689

Corr. Coeff. ~ 0.9989

IE20 17.7 — 18.2
94

185

363

535

17.437
37.586
79.603

122.782

0 ~ 23]

-2.9999 B = 0.2314 Corr. Coeff. = 0.9989



Table 27, cont'd Pg 3 of 3

IE20 26.8 — 27.0 0

93 17.412
185 37.325
362 79.635
534 122.526

0.232

A -2,9767 B 0.2315 Corr. Coeff. 0.9989

Combined enthalpy data for all specimens

A = -3.0319
B = 0.2329

Specific Heat ~ 0.233 cal g-1C 1

Correlation Coefficient = 0.9987
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TABLE 28. Room Temperature Density Data for Specimen
from Pomona Member Basalt, Washington

Specimen Identification
Location Depth, Ft

Density

g cm-3 Material

IE3

IE3

IE6

IE6

IE6

IE6

IE6

IE7

IE20

IE20

IE20

20.9 - 21.2
21.2 - 21.5
1 ~ 5-1.9
11.3- 11.6
16.8 - 17.0
21.0 - 21.5
24.7 - 25.0
6.6 - 7.0
10.7 - 11.1
17.7 - 18.2
26.8 - 27.0

2.85
2.87
2.83
2.86
2.87
2.88
2.90

2.86
2.87
2.86
2.89

All basalt rocks

gj'
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two runs of Specimen S-15-3 (3045 Ft depth), one with the appa-

ratus before modification, the other, after. As indicated in
Figure 5, results from both runs are similar enough to be re-
presented by one curve (Curve No. 5, 7).

Another specimen, from the Salt Valley Dome, was also utilised
for repeat measurements in the modified set-up. Smoothed curves

through plots of the Table 17 data for Specimen 3-77 (1952 ft.
depth) again illustrate similarity of results from the two runs.

(See curves 2 and 5 of Figure 11)

This brief study confirms that confidence in conductivity data ge-

nerated early in the program is justified. Although the two measure-

ment methods are similar in principle, they are dissimilar enough in

application to have exposed potential systematic errors by one or

the other. Yet„ results are similar enough to enhance confidence in

all data presented in this report.

3.1.2 Conductivity of Reference Standard Pyroceram 9606

The accuracy'of conductivity data generated by any comparative method

is dependent on how well the conductivity of the reference standard

is known. For these studies, Pyroceram 9606* was selected as the

standard for several reasons. It's conductivity is close to that of
the program materials, it is stable in the temperature range of in-
terest (RT to 500C), it has been evaluated in this range by Rudkin (1)

and Flynn and a table of recommended values has been published in(2)

the TPRC Data Series (3)

About midway through this program, attention was drawn to the fact
that the values being used for the conductivity of Pyroceram 9606

were lower than those being used by Morgan in referee measurements

at the Oak Ridge National Laboratory. With Morgan's cooperation in

supplying some of his reference material, an extensive study was

*Brand name of glass ceramic'qmanufactured by Corning Glass Works,
Corning, NY
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carried out to investigate this apparent discrepancy. A complete

description of this work, and results, are presented in a Lagedrost-

to-Morgan letter dated February 20, 1981 'A copy of this document is
included as Appendix F to this report.) The net result is that con-

siderable confidence was established in the values for Pyroceram 9606

utilized in the present study, and therefore, in the conductivity va-

lues being reported for the program materials.

Final verification of accuracy of the measurement technique was esta-
blished through its use to measure conductivity values of another,poten-

tial reference standard, clear, optical quality, fused silica. Co-.'si---.'.

derable data have been reported on fused silica; the TPRC Data Series(
'presents a recommended curve of conductivity versus temperature (Appen-

dix G). The cited literature shows a nearly linear relationship in the

range RT-350C; the measurements of this investigation indicate a

similar relationship. An absolute comparison was achieved by li-
near regression analysis. The maximum difference between the li-
terature and the present measurements was 7.8 percent at the highest

measured temperature (approximately 300C) and less than 1.0 percent

at 100C and below. By extrapolation of the curve to 500C, the dif-
ference is less than 4 percent.

This comparison adds to the evidence that conductivity values on the

geologic materials, as measured in this program, are well witkin

the accuracy objective of +15 percent. Further, they are considered

to be adequate to make valid comparisons among materials and sites,
and with results from similar studies by other workers.

II

3.2 COMPARISON OF DATA ON PROGRAM MATERIALS

In this section, comments on comparative performance of the various

program materials for the measured properties are presented.
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3.2.1 Thermal Expansion

3.2.1.1 Salts

A general characteristic of the relationship between linear thermal

expansion and temperature of rock salt, as well as of most rocks, is
a gradually increasing expansion rate (slope) with increasing tempera-

ture. Figures 4, 6, 8, 10, 12 and 14 show the linear expansion curves

of all salt specimens which were measured from the six salt deposits
in this study. Each of the figures shows this general relationship.

f

The actual salts measured varied in color, crystal size and degree

of adherence of one crystal to another. It is assumed from this
ii

and from the variation in other properties that these salts vary

in purity and are not necessarily composed only of halite. One

should expect some variation in expansion of the different specimens

if this is true. In each figure, it can be seen".,that the salts from,

the different depths vary in expansion rates.

An interesting and significant fact is that one salt from each

source has the same expansion-temperature relationship as the con-

sensus or recommended relationship as reported in NBS Monograph 167

on salt properties(>). Values ranged from 2.2 to 2.8% at 500C.

There is no consistent trend among the several salt sources of
relative expansion rate versus depth from which the specimens were

taken

3.2.1.2 Basalts

J

Figure 16 shows the expansion as a function of temperature of ele-
ve>;.basalt specimens. All of the curves fall together such

that the narrow wedge depicted represents all of the materials mea-

sured. This expansion-temperature relationship is approximately li-
near from room temperature to 500C, and closely coincides with the Cindas

curve for Tholeiitic Basalt( ). Values at 500C,were from 0.6 to 1.6%.



3.2.2 Specific Heat

3.2.2.1 Salts

Specific heat values were determined from the relationships between

the enthalpy and temperature values as measured in the Bunsen Ice
Calorimeter. The enthalpy can be described with a linear function

over short temperature intervals. However, over a wide interval,
the linearity does not persist. For use in this study, the inter-
val from room temperature to 350C in the earlier measurements and

room temperature to 500C in later measurements was considered to
lie .within the linear region of the test materials. On this as-
sumption, a linear regression analysis was performed to determine

the slope of the curve of enthalpy versus temperature. Zhis was

assumed to be equal to the specific heat for each specimen over the

range of measurements. The linear equation is given in Table 9.
The constants A'and B (y-intercept and slope) are given for each

specimen in Tables 9, 12, 15, 18, 21, 24 and 27 along with the en-

thalpy-temperature data.

Assuming linearity based on visual plots of the enthalpy data, the

derived specific heat then is the average specific heat over the

temperature range of the enthalpy data.

The values of specific heat for the salt specimens range from 0.213
to 0.223 cal g 1C"1. The average value for all of the salts from

each source is listed at the end of the table for that source.

0

The specific heat for rock salt (pure NaC1) reported in the Cindas

compilation< ) ranges from 0.205 to 0.239 cal g 1C 1 over the rangef7

from room temperature to 500C. The average is 0.222 cal g 1C 1.

Only one group, that from Gibson Dome, has an average value equa3

to the Cindas reference. The average Richton value (for salts only)

is 0.220, Salt Valley 0.217, Palo Duro 0.215, Cypress Creek 0.215',
and Vacherie 0.217. This is a variation among sources of 3X.
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3.2,2.2 Basalts

Table 27 lists the enthalpies and specific heats for the eleven

basalt specimens from the Pomona Member Basalt, Saddle Mountain

Formation, Washington. The specific heat average for the eleven

specimens is 0.233 cal g 1C 1 over the range room temperature to
500C.

A graph representing specific heat values for basalts is found in

Cindas compilation~ ~. Sere, the average value over this same

temperature range is 0 '39 "r.al g 1C 1. There is a difference of

less than 3/ between these averages.

3.2. 3 Thermal Conductivity

The conductivity of forty-three of the fifty-nine materials studied

was measured in the steady-state comparative apparatus. Due to the

friable nature of the salt specimens, and of some of the rock speci-
mens, it was. not possible to machine satisfactory specimens from

six materials. The basalt samples were received as 1-3/4 inch

drill cores and were not large enough for steady-state measurements.

Instead, they were measured in the pulsed-laser, diffusivity appa-

ratus. One rock material from the Gibson Dome was also measured in

„ this apparatus.

The detailed conductivity-temperature data for all of the materials

except the basalts appear in Tables 8, 11, 14, 17, 20 and 23.

The conductivity-temperature graphical representation appears, in

Figures 5, 7, 9, 11, 13, and 15 for the six groups of materials

from salt domes.
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3.2.3.1 Salts

Examination of Figures 5 through 15 shows that the conductivity
values of the salts cover a wide range. At SOC, they vary from

-1 -10.022 to 0.046 wcm C , and at 500C, they vary from 0.012 to
0.027 wcm: C

A noticeable feature of these curves is that salts from some

sources show a, minimum conductivity below 500C, whereas others
do not. These minima occur between 300 and 400C.

A comparison of the data from the several sources shows that
no source would appear to be advantageous over the others from

a thermal conductivity point of view.

'Figure 18 shows conductivity vs. temperature curves for other rock
salts. The data are from listed published sources and provide a basis
for comparison of original data, of this report. The information
presented in this figure'shows a very wide range of conductivity
values for any given temperature. This can be explained in part by
the following discussion.

The measurement techniques vary considerably. Steady-state com-

parison using Fyroceram meters was used by several of the referenced
authors, as well as by the authors of this report.

(;

Some of the authors

technique, and some

~ A C +L~,,'KW,lfuC ~ IJVIN VJ . I IW

used an infinite-line source, steady-state
fi

used a'transient. heat-flow diffusivity tech-
,I(

wa ~ +~ svnv a n~ nI~v a enA4 ~ nL1 nw4 rlaIlla'ill ClllCLl 4 0 .If% t,% VIS yg«4 QUllLUI!l ~ u Jv
p- single crystal form. Others were made on polycrystalline 'rock salt

of varying degrees of pqrity, crystal size and inter-crystal bonding
C1

strengths. Some materials were tightly bonded and machined easily,
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whereas some were so friable that it was difficult or impossible

to obtain satisfactory test pieces. All of these factors affect
the conductivity values. The higher the purity and the higher the

bonding strength or the absence of boundaries (single crystals),
the greater the expected conductivity.

Figure 18 (Curve No ~ 2) is the same for the NBS recommended curve( )

as for the Yang curve This was obtained on high-purity, single(10)

crystal NaC1 under pressure, This is an idealized situation. The

rock salts from the salt dome drill cores are impure, varying

greatly in color, crystal size, amount of included material and

amount of associated materials at grain boundaries.

The data of Morgan( , shown in Figure 18 (Curve No. 6), most closely

match the data of this report. The similarity would be immediately

apparent if Figure 18 were superimposed on each of the figures
representing conductivity of salts from the six sources of this
study (Figures 5, 7, 9, 11, 13 and 15). The dotted curves in

Figure 18 (Nos. 6a and 6b) represent the upper and lower limits of
values for all of Morgan's specimens, and the solid curve, No. 6,
represents his average. With few exceptions, all of the salt data

of the present study fall within these boundaries.

Morgan used the steady-state technique employing Pyroceram 9606

heat-flow meters, and two-inch diameter specimens from poly-crys-
talline core drill samples. In other words, he followed the same

method as used in:the work presented in this report. Spinney(

~ ~ Cdg > J1a 5J.lllzxa~ ter brad ~a ~quc onil oaua~ a aa J.5 ~
<< a irsl iverluu us a dl e

close to Morgan', but above them. The ~highest values obtained at
moderate temperatures were by Smith (Curve 7 in Figure 18).
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Fe used the diffusivity technique on single crystal material.
Acton's data( had the lowest value at 500C. He also used the

diffusivity method. However, he studied polycrystalline material.
Birch and Clark( ) also studied polycrystalline materials. Durham,

Abey and Trimmer used polycrystalline materials from Avery(16)

Island salt dome with an infinite line source technique. Sweet

and McCreight( used a steady-state linear heat flow method on

polycrystalline materials,

Because of the extreme variability among the salt materials studied

by the various authors, it is not possible to generalize about the

relative merits of the different methods used. However, because

the type of materials (core drill specimens from salt domes), (j~s

well as the measurement methods used by Morgan, were the same as

for this work, it is gratifying to note the agreement for a relatively

large group of materials.

3.2.3.2 Basal ".s

Figure 17 shows the conductivity-temperature relationships of
-1 -1

the basalts. The values range from 0.020 to 0.022 wcm C
II-1 -1

at 100C, and from 0.016 to 0.018 wcm C at 500C. The con-

ductivities were calculated from the measured values of dif-

fusivity, density and specific heat. The figure also shows the

range of values cited in the Cindas volume( 8). The slope of

t'ne "measured" generalized Basalt curve is less than the slope

of the generalized referenced curve over the same temperature

range There is considerable overlap of the two curves indi-

cating that the values obtained by the diffusivity techniques

are compatible with the values in the reference.
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3.2„4 Density

3.2.4.1 Salts

The Handbook of Chemistry and Physics (Chem. Rubber Co.)(19)

lists sodium chloride as having a density of 2.165 g cm 3. The

NBS Monograph on Physical Properties Data for Rock Salt lists(20)
-3the density of halite as 2.163 gcm at 20C. The den-

sity of rock 'salt depends considerably on its purity. Anhydrite,

the ma .n impurity associated with rock salt, has a density of

2.96 g cm 3, and if present, would increase the density of the

mat erial.

,),'he

densities of the salt materials measured for this report vary

from 2.14 to 2.29 g cm"3. The lowest density materials„coming from

Vacherie, Cypress Creek and Palo Duro materials, and the highest

density coming from the Gibson Dome.

3.2.4.2 Basalt

The Cindas compilation gives a range of densities for basalts(21)

from 2.20 to 2.85 g cm 3, with a mean of 2.59.

The materials from the Pomona Member Basalts exceeded this range

and measured from 2.83 to 2.90 g cm 3.

Basalts are a rather broad class of rocks that are volcanic in

origin and consist of varying prr'~portions,of feldspars, olivine.
homblend, biotite and other minerals, and do not have a closely
defined composition. Physical properties vary accordingly.
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4 CONCLVSIONS AND RECOMMENDATIONS

Of the several thermal properties dealt with in this study, ther-

mal conductivity is considered to be the most important in attemp-

ting to evaluate prospective sites for nuclear'waste isolation.

A study of the literature reveals a bewildering variation in

cited conductivity values for rock salt, the principal material of
this report. Several reasons for this variation exist. Halite,
the mineral name for rock salt, shows a large temperature depend-

ence of conductivity, especially at ambient temperatures. Although

there is an abundance of literature on the subject, the direct
comparison of data from different sources is difficult due to the

varying mineral content associated with the rock salt, varying

crystal development-'from granular, loosely held crystals, to single

crystals several 'centimeters across, varying methods of measurement,

and varying temperature ranges investigated. There is more than a

two-fold difference between values reported. However, when re-
suits are compared between workers using the same measuring tech-

nique on polycrystalline salt specimens, there is a remarkably good

agreements

The pre@ent study is shown to be reliable; the accuracy of the me-

thods used is well-documented. It remains, however, to be deter-
mined whether laboratory conductivity measurements, or in-situ mea-

surements, are of greater value to the application.

The laboratory measurements are under greater control and therefore,
are better for comparisons of in-hand materials. The question re-
mains open as 'to whether or not the in-hand materials are representa-

tive of the surroundings from which they came.
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A second question is whether or not the core drilling process
)i

alters the material through mechanical abuse {loosening of crys-
talline banding) . The laboratory measurements on core-drill
samples make it possible to sample great depths where 'in-site

measurements present considerable problems at great depths.

Steady-state results are probably more useful in heat flow model-

ling for waste isolation than transient methods, especially con-

cerning heterogeneous materials .

The reader, is cautioned against extrapolation of the conductivity

data presented in this study down to room temperature or below,

if extreme accus'el!i'y" is desired. The large dependence of conducti-
/

vity on temperature in this region makes extrapolation rather risky.

Specific heat,, thermal expansion, and density values

all fall well within the ranges cited in the literature for the

rock salts. The methods are reliable and the variations with tem-

perature are less than with conductivity.

Future work should include greater emphasis on careful conductivity

evaluation of materials in or from sites being considered for waste

isolation. Conductivity appears to be the most critical parameter

of those studied with respect to site selection, and is therefore

deserving of thorough understanding. Conductivity is the most va-

riable of the properties reported here and most dependent on temp-

erature, condition of specimens, and method used for measurement.

Effective heat-dissipation modelling can only occur if,c~n',~!.::;,'.qna

surrounding data are fully underst ~d.
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THERMAL EXPANSION MEASUREMENT

BY

RECORDING QUARTZ DILATOMETER

Foreword

This procedure is in essential conformance with ASTM

Specification E-228, Standard Test Method for Linear Thermal
Expansion of Rigid Solids with a Vitreous Silica Dilatometer.
It includes a number of refinements to the basic specification
to allow for p otective atmospheres, when appropriate, and
adaptation"'to sub-size or unique specimen requirements.

1.0 Background
Cl

When heat is added to or removed from a body, so that
there is a change in its temperature, there is a corresponding
change in its vol~",pne. Exceptions occur, however,,in „some
specially preparea alloys or composite materials in which the
various components have dissimilar or unique expansion character-
istics. Frequently, thermal expansion is related to temperature
through a coefficient such that as a body is heated from T> to
Tgg its volume change, Vi to Vz, is expressed as )

(Vz —Vi)
Vz (T2-Ti )

More generally, the change in length or volume of a body as
heat is added or removed is expressed as a percent expansion for
a specific temperature change.

Many methods have been developed for measuring thermal
expansion; "variations exist to respond to the various require-
ments including level of accuracy, temperature range, compatibi-
lity problems, specimen availability, etc. The methods may be
grouped as either relative, in which expansion of the material
is investigated relative to the expansion of a reference standard,
or absolute, in which expansion of the material is measured
directly. The method described here is in the relative category.
It is one of a group referred to as push-rod dilatometers.
Variations of these are described in References 1-6.
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2.0 Scope

2.1 This method covers the determination by a vitreous
silica dilatometer of the linear thermal expansion,
from -195 to +1000 C, for rigid solids including
metals, ceramics and refractories, glasses, rocks
and minerals, plastics, wood, and inorganic cmnents,
pastes, and mortars.

2.2 For this purpose, a rigid solid is defined as a
material which, at test temperatures and under the
stresses imposed by specimen-supporting members in
the thermal expansion apparatus, has a negligible
creep or elastic strain rate, or. both, insofar as
they would significantly affect the precision of
thermal length change measurements.

2.3 It is recognized that many rigid solids require
detailed preconditioning and specific thermal test
schedules for correct evaluation of linear thermal
expansion behavior for certain materials applications.
Since a general method of test cannot cover all
specific requirements, details of this nature are
discussed in particular material specifications.

3.0 Description of Terms

3.1
Ll

Linear Thermal Expansion is the change in length per
unit length „resulting from a change in temperature of
the material. Symbolically represented by hL/L,,
where hL is the observed change in length and Lo is
the length of the specimen at reference temperature
To, linear thermal expansion has the units of inches
per inch, or centimeters per centimeter, often
expressed as percentage or parts per million.

3.2 Mean Coefficient of Linear Thermal Expansion, am,
between temperatures T> and T2, is defined as:
am = (L2 — Ls) /Lo (T2 — T>) = hL/(Lo hT) (2)

where Li and L2 = specimen lengths at. temperatures
T> and T2, respectively. am is therefore obtained
by dividing the linear thermal expansion (hL/L~) by
the change of temperature (hT). Units are inches
pe" inch, or centimeters per centimeter per degree
change in temperature, often expressed in parts per
million per degree.
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3.3 Instantaneous, Coefficient of Linear Thermal Expansion,
nz, at temper~pture T, is defined by the following
expression:

0, c = Tl — T2 (L2 Ll ) /LG (T2 Tl) =dL/(dT Lo) (3)

av has the same units as nm.

4.0 Measurement Apparatus and Method

4.1 The Orton Recording Quartz Dilatometep,, or equi. valent,
'i<ill be used for this measurement. Th'is equipment
utilizes a„linear variable differential transformer as
the transducer to sense dilation, and a thermocouple
to sense t'emperature. The LUDT must provide a linear
output over a length of at least 0.050 in. {1.27mm),
with readout'apability to 0.0001 in. (0.003mm), and
estimates to 0.00002 in. {0.0005mm). Potential errors
should not exceed + 0.00005 in. (0.0013mm) for any
length change. These values may be confirmed using
a specially mounted micrometer for which accuracy may
be .confirmed and traceable to standards acquired from
the National Bureau of Standards.

4.2

4.3

4.4

In this procedure, the specimen is supported between
members of a quartz frame and push-rod assembly. The
assembly is inserted into a furnace capable of uniformly
heating the specimen zone." ,As the specimen temperature
is changed, changes in its length dimension result in
relative 'displacement of the quartz push-rod and frame
assembly. The amount of displacement is sensed by the
LVDT and recorded on one scale of an X-Y plotter.
Specimen temperature, sensed by the thermocouple, is
recorded on the other scale. Thus, a continuous record
'of dilation versus temperature is produced.

)5

Micrometer Calipers, with an index permitting direct
reading of 0.001 in. (0.025rmn) for measuring the
initial specimen length. A high-grade screw'icro-
meter customarily used in machine shop practice is
satisfactory.

(

Electric Furnace, capable of maintaining the difference
between the maximum and minimum temperatures of the
specimen within 2 C.

4.5 Liquid Baths may be used when expansion data below 100 C
are required. The bath shall be arranged so that a
uniform temperature throughout the specimen is maintain~ d.
Means to control the desired temperature to within +0.2 C
shall be provided.
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4.6 Temperature-Measuring Instruments =., A calibrated thermo-
couple shall be provided for determining the temperature
of the test specimen. Although a Type K thermocouple is
recommended, Types T, E, S, or J may be used. Types T
and E can be calibrated to indicate temperatures
accurate to +0.2 C and +0.5 C, respectively, in the
range -190 to 350 "C. A Type S thermocouple can be
calibrated to indicate temperatures accurate to +0.5 C

in the .range 0 to 1000 C and is especially recommended
for use in the range 350 to 1000 C. A Type S thermo-
couple should not be used for subzero temperatures. A

Type K thermocouple'an be calibrated to indicate
temperatures accurate to +0.5 C in the range -190 to
350 C. A Type J thermocouple can be calibrated to
indicate temperatures accurate to +0.5 C in the range
0 to 350 C. The thermocouple may be referenced to 0 C

by;-.,means of an ice-water bath, if appropriate compensa-
tion for reference junction temperatures is not available
in the recording instrument. Thermocouple calibration
and recording accuracy should be such that potential
errors can be limited to. +1 percent of the full-scale
range being evaluated.

/

5.0 Apparatus Calibration

5.1
!i

5.2

Temperature Calibration — A potentiometer capable of
accurate voltage inputs tn,,within +1 X 10 'olts shall
be used to verify that the recorder converts the
thermocouple input signal correctly to temperature.
The procedures specified by the recorder manufacturer
'hall be followed.

f'-"

Dilation Calibration — The LVDT and its signal
conditioning equipment shall be calibrated using a
micrometer for which accuracy is traceable to the NBS.
Procedures specified by the manufacturer of the dilato-
meter apparatus shall be followed.

5.3 Calibration Checkout — After the procedures of 5.1 and
5.2 have been concluded, the app'aratus'ccuracy shall
be confirmed by thermal expans'ion measurement of an
NBS standard reference material. The standard hav'ing
expansion characteristics closest to those anticipated
for the unknown should be. used. Available standards
include the following:

SRM-'73 6
SRM-737
SRM-731
SRM-739

Copper
Tungsten
Borosilicate glass
Fused silica
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6.0 Safety Precautions

6.1 The use of a vitreous silica dilatometer above 800 C
may be accompanied by viscous flow and a time-dependent
change of thermal expansion in the vitreous silica.
The magnitude of these effects above 800 C will depend
on the particular type'f vitreous silica used to
fabricate the dilatometer. To minimize errors caused
by these effects, frequent calibration of the dilatometer
is recommended when expansion measurements above 800 C
are made.

il7.0 Test Specimen De'sign

7.1 In the fabrication of test specimens several design
considerations shall be followed:

7.2 Specimen length should be between 2 and, 5 in. (51 and
127mm). Generally, specimens shorter 'chan 2 in.'esult
in a loss of sensitivity while specimens longer than
5 in. are subject't to axial temperature differences in
excess of the sp~~cified 2 C because of furnace gradients.

7.3 The minimum diameter or thickness of the specimen shall
be 3/16 in. (4.8mm) or one sixteenth of the specimen .

length, whichever is smaller. Smaller sections may be
subject to stresses large enough to produce significant
creep or elastic strain rates, or both. The maximum
diameter or thickness is determined by the inside
diameter of the tube-type dilatometer and the distance
between fixed and transmission rods in the xod-type
dilatometer.

7.4

7.5

The shapes of specimen ends and the vitreous silica
contact, surface shall be designed so that the specimen
remains laterally fixed during the test. Ideally, the
specimen is a 2-inch-long rod nominally 4 inch by > inch.
However, many other sizes and configurations can be
accommodated by appropriate selection of control and
boundary conditions.

, I/1,

Conditioning of speciaiens is generally necessary before
reproducible expansion data can be obtained. For example,
heat. treatments are frequently necessary to eliminate
certain effects (strain, moisture, etc.) which may
introduce length changes not associated with thermal
expansion.
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8.0 Measurement Procedure

8.1 Clean the specimen and install it in the dilatometer
after making certain that the end surfaces, as well
as the contact surfaces of the dilatometer, are free
of foreign particles. Take care to assure good
seating of the specimen in the dilatometer. Place
the thermocouple junction at the midpoint of the
.specimen. Either embed the junction in the specimen
or place it on or close enough to i'urface to ;;nsure..".
representative temperature measuremeil t. Mount the

JJextensometer to provide good stable:/ ontact, with the
transmission rod and set it to a convenient reading.
Insert the'ilatometer assembly into the furnace or
bath and then heat or cool by the furnace or baths, or
both, to desired thermal schedules.

8.2 For the Orton Automatic Recording Dilatometer as used
in this procedure, follow the instructions as
furnished by the manufacturer, and summarized here:

a) Set the operating controls as
follows:,'ain

Power
Recorder
Furnace
Drive,
Program Timer
Program Power
Data Module
Expansion
Correction Factor
Temperature

Off
Manual
Front or rear (Select)
Off
15
10
xl
Zero
Out.
Zero

b) Apply power to the instrument — turn on main power.

c) Turn on the recorder by operating the recorder power
switch.

d) Load a sheet of graph paper. Ascertain that the
lines on the graph paper are parallel to the pen bars.

e) Set the X axis to O'C.

f) Set the Y axis zero upscale about 2 inches.

g) Switch the "Expansion" switch to x.01.
h) Adjust the LVDT or Data Module zero control until

the reading corresponds with the pr-"int set in (f) .
v
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i) Move the !.'Expansion" switch between x.01 and x.05.
Deflection should .be less than one inch. Movement
of less than .05 inch is desirable if ranges are to
be changed during the run.

t I

j) Load the sample into the furnace, visually checking
for proper centering.

k) Place the thermocouple so that it rests on top of
or 0'cry near the sample.

1) Set the temperature limit at the desired program
shutoff..

m) Check operation of the temperature limit and shrink
limit.

n) Set the Temperature Switch to the desired temperature
range.

o) Adjust the Y axis recorder zero control for the
desired starting point on the Y axis. The Expansion
range switch should be in the desired plotting range.

p) Push the Start pushbutton. The white light should
remain on.

q) Select front or rear furnace.

r) Turn the Drive switch on.

s) Move the Furnace switch to ON.

t) Lower the recorder pen.

9.0 Data Processing and Reporting

9.1 The data as recorded provide a direct indication of
percent, expansion versus temperature for the 'measured
specimen. This plot, or a copy, may be used directly
in a report.

9.2 In the event that measurement was made on an abnormal-
size specimen, and the recording options did not permit

.direct recording in integral increments of the expansion,
the recorded data should be corrected as necessary before
reporting.

9.3 When the final, room-temperature dimensions of the
specimen are different from the initial dimensions, both
sets should be recorded and reported. The important
dimensions are weight and length.
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9.4 Specific conditions of the measurement, procedure
which are pertinent to results should also be reported.
These include heating rate, atmosphere, etc.

10.0 General Comments

10.1 It is to be emphasized that the procedures and
information outlined in this specification are merely
a guide to measurement of the indicated property, and
as such should not be presumed to include all possible
contingencies which mi.ght occur.

10.2 It is understood that the expansion measurement will be
set, up and carried out by someone who has an adequate
background. in thermal physics and related sciences, and
is experienced in all phases of the procedures relating
to this measurement.

10.3 This specification includes, by inference, the
utilization of advanced, technology and quality
workmanship in all phases of the measurement.
Employment of these procedures by untrained or
inexperienced personnel might void the terms and
spirit of this specification.



107

REFERENCES

1. Lieberman, A., and Crandall, W. B., "Design and Construction of
a Self-Calibrating Dilatometer for High-Temperature Use", J.
Amer. Ceram. Soc. Vol. 35 pp. 304-308 1952.

2. Douglas, R. W., and Isard, J. O., "An Apparatus for the Measure-
ments of Small Differential Expansions and Its Use for the Study
of Fused Silica", J. Sci. Inst,, Vol. 29, pp. 13-15, 1952.

3. Eyerly, G. B., and Lambertson, W. A., "Development of a Dilato-
meter for Temperatures of 1000 C to 2500 C", High-Temperature
Technology, J. Wiley and Sons, New York, pp. 449-450, 1956.

4. Mark, S. D., and Emanuelson, R, C., "A Thermal Expansion Appa-
ratus with a Silicon Carbide Dilatometer for Temperatures to
1500 C", Amer. Ceram. Soc. Bull., 37, pp. 193-196, 1956.

5. "ASTM Method of Test, E-228, for Linear Thermal Expansion of
Rigid Solids with a Vitreous Silica Dilatometer", ASTM Stan-
dards, Pt. 41, 1974.

6. Kollie, T. G., McElroy, D. L., and Hutton, J. T., "A Computer-
Operated Fused Quartz Differential Dilatometer", Amer. Inst.
Phys. Conf. Proc. No. 17 - Thermal Expansion, pp. 129-146,
New York, 1974.



APPENDiX B

Specific Heat Measurement Method
Specifications



Test Procedure No. EMTL-TP-SH-301

SPECIFIC HEAT MEASUREMENT

BY

DROP (ICE) CALORIMETER

Approved by:

Manager, EMTL //

Manager, Thermal Properties
Laboratory

October 25, 1979

THE ENERGY MATERIALS TESTING LABORATORY

A Division of

Fiber Materials, Inc.
Biddeford Industrial Park
Biddeford, Maine 04005



EMTL-TP-SH-301

113

SPECIFIC HEAT MEASUREMENT

BY

DROP (ICE) CALORIMETER

Foreword

This procedure is in essential conformance with ASTM
Specification D-2766, Standard Method of Test for Specific
Heat of Liquids and Solids. It includes consideration of
a number of modifications and refinements to the basic
specification, to permit measurements over extended tempera-
ture ranges'~and under potentially hostile environments.

1.0 Background

The temperature of a system can be changed by the addition
to or removal of heat. The amount of heat which must be exchanged
per unit mass and per unit temperature change at. any given temp-
erature and pressure is defined as the specific heat of the
system. The defining equation is:

where:

c = specific heat

Q = quantity of heat

m = mass of material

hT = change in material temperature

If the heat content, or enthalpy, is represented by the symbol
H, then the heat capacity at constant pressure of a unit mass is
given by:

G (dH)
p 2T p (2)

A similar equation can be used to express specific heat at constant-'-.
volume.
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References 1 and 2 are suggested for studies of the theory
of specific heat.

,,With regard to techniques for the measurement of
heat in solids, the primary methods are the adiabatic
the comparative method, the pulse-heating method, the
mixtures (drop method), and variations of these. The
described here is a variation of the drop method, and
times referred to as the ice calorimete=.

specific
method,
method of
technique
is some-

2.0 Description of the Method
I/In this method, the heat given up by a pre-heated specimen

in cooling to equilibrium in the calorimeter, is used. to melt
a portion of the ice in a sealed ice-water bath. The resulting
net change in volume of the bath is determined through use of a
transfer agent, usually mercury. Thus, through calibration, it
is possible to relate heat quantity to mercury volume (or weight)
exchange, for a given calorimeter. All heat transfer occurs at
the ice point.

A single drop of a specimen of known weight from a known
temperature provides an enthalpy value for that temperature. A
series of drops from various temperatures thus provides data for
a curve describing e..thalpy versus temperature. The slope or
derivative of this curve is the specific heat of the specimen.

3.0 Apparatus Calibration

3.1 An electric heater for which the power can be accurately
measured is lowered into the calorimeter.

3.2 The amount of mercury moved as a function of power input
is recorded to establish the constant for the apparatus.

3.3 Performance of the calorimeter is then checked through
enthalpy measurements of Reference Standard Alz 03
(SRM-720, Sapphire) acquired from the National Bureau
of Standards. Values of individual enthalpy points
must be within + 1 percent of the NBS value.

))3.4 For additional info .nation, consult Referen'ce 3 ~

4.0 Specimen Preparation

4.1 Since specific heat is a mass function, specimen
dimensions need not be defined. The only dimension
of concern is weight.
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4.2 In this procedure, the specimen will be contained in
a compatible capsule. Sealing of the capsule .is
necessary if there are atmosphere control problems,
or if reversible transformations incorporating heat,
effects are involved.

4.3 The specimen must be clean, and must be representa-
tive in composition of the material being evaluated.

5.0 Measurement Procedure

5.1 Following appropriate preparation and cleaning of all
calorimeter components, freeze an integral ice mantel
ont:p the outer surface of the calorimeter well (inner
surface of the ice-water sealed chamber) .

5.2 Assure that the ice-water bath temperature is at. the
freezing point of pure water at. the prevailing atmos-
pheric pressure.

5.3 Provide a reasonable quantity of mercury in an external
accounting system, which is connected by tube to the
reservoir of mercury inside the calorimeter. The
arrangement should be such that the vertical level of
mercury in the external reservoir is the same as that
inside the, system.

5.4 Load an encapsulated specimen into a furnace above the
calorimeter well, and heat to a temperature within the
range to be examined.

5.5 Nhile the specimen is heating, monitor on 10-minute
intervals any change in weight of the mercury in the
external accounting system. This provides baseline
data of trends due to changes in atmospheric pressure,
which will facilitate refinement of the measured enthal-
py data.

5.6 After at least four such monitorings, and assuming the
specimen has reached the desired temperature, drop the
encapsulated specimen into the calorimeter well,'aving
opened the connecting gate for a minimum time to keep
tne calorimeter well thermally isolated as much as
possible..

5.7 Continue to monitor exchange of mercury on 10-minute
intervals, until further changes are negligible.

5.8 Convert the total volume of mercury exchange to calories.
This provides an enthalpy value for the temperature to
which the specimen was preheated.
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5.9

5.10

A separate similar drop of an empty capsule provides,
by difference, the enthalpy contribution by the spe-
cimen alone, at the drop temperature.

The drop process, Paragraphs 5.6 through 5.9, is
repeated at a sufficient number of temperatures in
the range to be studied, to provide a reasonably well-
defined curve of enthalpy versus temperature.

6.0 Calculation of Specific Heat

6.1
6.2

Plot all enthalpy values versus temperature.

Establish a best-fit curve to the enthalpy data.

6.3 Calculate specific heat from the Paragraph 6.2 curve,
either by differentiating an equation which describes
the curve, or by graphically determining successive
slopes.

7.0'eportincn

7.1 Tabulate the enthalpy data.

7.2 Tabulate calculated specific heat values. (Optional)

7.3
7.4

Plot specific heat. versus temperature. (Optional)

Describe how specimen was prepared and encapsulated

8.0 General Comments

8.1 It is to be emphasized that the procedures and infor-
mation'utlined in this specification are merely a
guide to measurement of the indicated property, and
as such should not be presumed to include all possible
contingencies which might occur.

8.2 It is understood that the expansion measurement will
be set up and carried out by someone who has an adequate
background in thermal physics and related sciences, and
is experienced in all phases'f the procedures relating
to this measurement,.

8.3 This specification includes, by infe ence, the utiliza-
tion of advanced technology and quality workmanship in
all phases of the measurement. Employment of these
procedures by untrained or inexperienced personnel
might void the terms and spirit of this sp ci ication.
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THEBMAL CONDUCTIVITY MEASUREMENT

STEADY-STATE COMPARATIVE METHODS

Foreword

This procedure is in essential conformance with ASTM

Specification C-518, Standard Method of Test for Thermal
Conductivity of Materials by Means of the H~at Flow Meter.
Although ASTM, C-518 was written primarily to. apply to homoge-
'eous insulating, building, and other materials for which
thermal conductivities do not exceed approximately 2 Btu hr
ft F (1.13 mw cm 2 c 1), the basic p inciples can be applied
to a wide variety of methods, materials, and conductivity ranges.
The primary requirement is that the material;:-used as a heat-flow-
meter be certifiable with regard to the accuracy„of its thermal
conductivity.

1.0 Background

The„thermal conductivity of a material relates the heat
': flow to the temperature gradient under steady-state conditions.

This is in contrast to thermal diffusivity, which is a property
of interest where transient conditions prevails

The process by which heat is transferred is diffusional
even though the detailed mechanisms are not always the same
in different materials. Gases tend to have the lowest thermal
conductivity since the thermal energy is transported by the atoms
or molecules themselves which interact by collisions. Liquids
possess a mobility more cha'racteristic of a gas than of a solid,
yet have short.-range order not unlike the solid phase. Thus, in
most cases, the liquid phase has a conductivity which is inter-
mediate between the particular material's gas and solid phases.
Heat transfer in dielectric solids is mainly by elastic waves or
lattice vibrations - the quantized energy of which is sometimes
referred to as a phonon. In highly ordered solids, such as
single crystals, these phonons are able to travel relatively far
at low temperatures, and hence, high conductivities are observed.
Greater disorder from impurities, vacancies, crystallite bound-
aries, anharmonic coupling, etc., lead to more scattering of
phonons and this lowers .thermal conductivity. Electrical con-
ductors possess free electrons which offer yet another mode for
the transport of thermal energy; however, the general considera-
tions of disorder and scattering still apply. In some metals'he bulk of the thermal energy is transported by free electrons,

'which leads'o a relati~<i,!,.:,,'-;>ip between thermal conductivity and
electrical resistivity k."~wn as the t;iedemann-Franz law.
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Materials that are not opaque to electromagnetic radiation
in the visible and infrared are capable of heat transport by
photons in addition to phonons. Other heat-transpor't mechanisms
and complications, such as anisotropy, quite often require special
attention to measure and interpret. correctly thermal-conductivity
data. A number of procedures are available for evaluating heat-
flow mechanisms and conductivity in specific materials, and these
studies are an interesting part, of thermal-conductivity research.

Many methods and techniques exist for the experimental
determination of the thermal conductivity of solids.. Selection
of a method is based upon the temperature range to be examined,
the range of thermal conductivity values anticipated, the

-" physical nature::,of the material, geometry of available samples,
required accuracy, economics, etc . Broadly, the methods are
identified in two principal categories, steady-state and trans-ient. Within the steady-state category are two basic methods,
absolute and comparative. The apparatus described here is
steady-state, comparative, and is intended for solids having
moderate-to-low conductivities.

2.0 Scope

2 ~ 1 This method covers the determination of thermal con-
ductivity of various classes of solids by use of a
heat.-flow meter.

2.2 Definition of thermal c.. 3uctivity by this method
implies that conductivity of the meter must be known
through measur'ement by some absolute technique, or
through traceability to work performed by or recognized
by the National Bureau of Standards.

2.3 For practical reasons, the meter should be selected on
the basis of its conductivity being in the same. general
range anticipated for that of the unknown..

2.4 The suggested limiting temperatures for this method
are -40 C and 1000 C (-40 F and 1832 F) .

3.0 Description of Terms

3.1 Thermal conductivity may be expressed in a variety of
units, as identified in Paragraph 9.0 Reports.

3.2 The quantities to be measured include temperatures,
rate of one dimension heat-flow, dimensions relative
to thermocouple locations, a'nd pertinent dimensions
of the specimen and heat-'low meter.

"fg<j
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4.0 Measurement Apparatus and Method

4.1 The significant components of a steady-state compara-
tive thermal conductivity apparatus consist of a heat
source, a heat-flow meter, a specimen to be evaluated,
and a heat sink. Ancillary equipment includes power
supplies, coolants, thermocouples, vacuum chambers,
recorders, etc., as need to satisfy specific conditions.

4.2 Depending on the type and conductivity range of the
specimen, the heat source can be in the form of a flat
plate or a cartridge; whatever is suitable to impart,
a uniform heat load to the receiving surface of the
specimen. The source is electrically heated by means
compatible with the materials and temperature ranges
involved. Facilities should be available to mon',tor
the voltage and current to the heater, although this
is not mandatory in all cases.

4.3 The heat-flow meter is a material of known thermal
conductivity, through which flows the same quantity
of heat which flows through the specimen; the components
are arranged in series. Thermocouples are positioned
in the meter such that, with its known conductivity,
calculation of the heat flow rate through it is possible.

4.4 The specimen should be in the form of a right cylinder,
the dimensions of which are dictated by its anticipated
conductivity. If the conductivity is expected to be
low, i.e., in the range of insulators, the specimen
should be a disk in which the diameter is large compared
with the thickness. Conversely, if the conductivity is
high, as in a metal, the specimen should be a rod, in
which the diameter is small compared with the length.

4 ~ 5 The sink can be any flat surface which can be maintained
in good physical contact with the specimen or meter,
and which can be cooled by a medium appropriate from the
standpoints of temperature range and, compatibility.

5 ~ 0 Apparatus for Thermal Conductivity Measurement of Geologic
Media

5.1

5.2

Materials in this category include salt, granite, tuff,
basalt, shale, caprock, or combinations of these.

l

The specimen shall be a disk, nominally three inches in
diameter by one inch thick. Grooves nominally 0.07 inch
wide and 0.07 inch, deep shall be machined across the
diameter of each face; these are for positioning of
thermocouples.



126

5.3 The heat-flow meter shall be of Pyroceram 9606, as
investigated and characterized by the National Bureau
of Standards (See reference 1) . Its diameter is
nominally three inches, and length, nominally two
inches.

5.4 The heat sink is a water-cooled copper plate on which
the heat-flow meter rests.

5.5 The meter is fitted with Type K thermocouples along
its axis,. and at. corresponding radial locations. The
axial thermocouples provide information to determine
heat flow through the specimen and the meter; the
radially-located thermocouples evaluate the quality
of one-dimension heat flow.

5.6 The heat source is a three-inch-diameter metal bar,
preferably nickel or a similar hi.'gh-conductivity
metal, into which are fitted a sufficient number of
cartridge electric heaters to provide at least 100
watts of power.

5.7 The entire assembly shall be mounted inside an evacu-
able chamber, for the purpose of minimizing atmospheric
contamination, or of effecting a significant, change in
the moisture content of the sample. The measurement
actually takes place in static air, to maintain, as
much as possible, in-situ conditions.

6.0 Apparatus Calibration

6.1 Statements here apply only for the apparatus as described
in Paragraph 5.0.

6.2 Calibration of the heat-flow meter is unnecessary sinceit was acquired from and has been characterized by the
National Bureau of Standards.

6.3 Certification that thermocouple wire falls within the
ANSI limits of error specified in ANSI-C'6.1 is obtained
from the supplier. Confirmation of this accuracy can be
achieved through measurements=-against a secondary
standard procured from the Nation Bureau of Standards.
However, for the materials class indicated in Paragraph
5 ', conformance to the ANSI specification is adequate.

6.4 Calibration of length-measuring instruments, principally
micrometers in this case, must fall within local require-
ments schedules'ere, calibration checks must be per-
formed on a six-month schedule.

6.5 Calibration of quantities re ative to the heat source
and the heat sink are not necessary.
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7.0 Measurement Procedure

7.1 Clean the specimen, using a material in which it is
not soluble.

7.2 Locate an insulated (2-hole ceramic) thermocouple in
each groove in the specimen, with the head on or near
the a.xis. To achieve good thermal bonding, cement the
bead into the groove, using a conductive, high-tempera-
ture cement.

7.3 Position the specimen on the heat-flow meter (in the
chamber), seperated from it by a thin, conductive
cloth. Graphite cloth is satisfactory.

7.4 Place a second cloth on top of the specimen.

7.5 Position the heat source on top of this cloth. The
entire assembly of heat source, specimen, and meter
should be aligned.

7.6 Insulate the assembly by surrounding and covering it
with a powder or granular insulation. Close the
chamber.

7.7 Flow coolant water through the heat sink.

7.8 Introduce power to the heater.

7.9 After thermal equilibrium is achieved throughout the
specimen - meter assembly, record all temperatures .

7.10 Proceed to another thermal equilibrium by increasing
the power setting to the heater, and again record all
temperatures.

7.11 Record data at each of a number of equilibria through
the range to be examined..

8.0 Calculations

8.1 From the above temperature data, used in combination
with dimension data on the specimen, calculate thermal
conductivity from the relation.

x g

A 5T

where X
' thermal conductivity

q/A = heat flow per unit cross-section area
x = thickness of specimen between its thermo-

couples
hT = temperature difference across distance x.
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8.2 This value of conductivity applies for the average
temperature through the specimen thickness.

8.3 Calculate a conductivity value for each thermal
equilibrium.

9.0 Data Reporting

9.1 1dentify the specimen, its pertinent dimensions, and
conditions.

9.2 Tabulate conductivity data versus temperature.

9.3 Plot data; and fit curve, if app opriate.

9.4 Present data in either of the following units:

wcm lc 1
Btu in hr 1 ft F

10.0 General Comments

10.1 It is to be emphasized that the procedures and infor-
mation outlined in this specification are merely a
guide to measurement of the indicated property, and
as such should not be presumed to include all possible

" contingencies which might occur.

10.2 It is understood that the conductivity measurement
will be set up and carried out by someone who has an
adequate background in thermal physi'cs and related
sciences, and is experienced in all phases of the
procedures relating to this measurement.

10.3 This specification includes, by inference, the utili-
zation of advanced technology and quality workmanship
in all phases of the measurement. Employment of these
procedures by untrai'ned or inexperienced personnel
might void the terms and spirit of this specification.

REFERENCE 1

'obinson,H.E., and Flynn, D.R., "The Current Status of Thermal
Conductivity Reference Standards at the National Bureau of
Standards," Proceedings of the Third Conference on Thermal
Conductivity, Oak Ridge National Laboratory, Tennessee (October
16-18, 1963).

<')
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THER~ DIFFUSIVITY

Measurement Method and Procedure

1.0 Background

Thermal diffusivity is a quantity which enters into equations
relating to heat flow under nonsteady-state conditions. Because
of its relationship to thermal conductivity, diftusivity is of
particular interest in studying steady-state as well as nonsteady-
state heat flow situations.

Thermal conductivity is usually defined as the quantity of
heat transmitted in a direction normal to a surface of unit area,
due to unit temperature gradient in unit time under steady-state
conditions. This was expressed bv Fourier(~) as:

where:

Q/A = quantity of heat flow through area A

= thermal conductivity

= temperature gradient through thickness xdT

ln cae/k where the thermal conductivity may be conaidered independ-
ent of temperature, that is, over a fairly short temperature range,
but where temperature varies with time, Equation (1) becomes:

dT dT
P Cp dt — X d

z., (2)

where:

p = material density

C specific heat at constant pressure
P

(>) References at end
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The quantity was defined by Thomson( ) as thermal diffusivity,
p Cp

so Equation (2) may be expressed:

dT d2T
Gt

where a is thermal diffusivity. Nore specific to this discussion,
the relationship of thermal conductivity and thermal diffusivity
is expressed as:

A=a p C
p

(4)

Detailed treatments of this derivation are presented by several
authors, including those cited in References 2-4.

The above outline explains briefly the promine'nce and importance
of thermal diffusivity measurements in studi:es involving thermal con-
ductivity in particular, and thermal transport in general. Thermal
diffusivity measurements bypass most of the difficult problems assoc-
iated with accurate, steady-state (conductivity) measurements, and
can be made with far less specimen inventory and at considerably
lower cost. The development of advanced measurement techniques has
encouraged use of the diffusivity approach to evaluato conductivity
on many classes of solids.

2.0 Measurement Method

In the procedure described here, thermal diffusivity is measured
by a flash method. A short-duration pulse of thermal energy is absorbe(
on one face of a slab specimen, and allowed to propagate through the
thickness of the specimen. The thermal response of the opposite face's monitored as a function of time, and recorded with an oscilloscope.
Thermal diffusivity is then calculated as a relation of this time
function and the specimen thickness. This measurement method conforms
generally to Specification ASTM C-714-72, witn modifications to permit
accurate measurements to elevated

temperatures'arker

et al ( ) are usually credited with development of initial
work using flash methods to measure thermal diffusivity over a wide
range of temperatures. Subsequently, other researchers (References
6-11) have developed procedures and analyses which make possible the
application of the flash method to non-ideal specimen materials through
use of corrections for heat losses, finite dimensions, finite pulse
times, anisotropic structures, etc.
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The simplified relationship which has been derived to relate
diffusivity with specimen thickness and heat pulse traverse time
i.s basically:

lea (5)

where:

L specimen thickness

t. time for back-face temperature to
reach one-half its maximum

to parameter which is a function of heat
loss from the specimen. For the ideal
case of zero heat loss, the value of
this parameter is 0.139.

Heat loss correctj,ons have been identifieg by Taylor(', Cowan('),
Cape and Lehman( ), and Larson and Koyama<''>.

3.0 Measurement Apparatus

The essential features of the flash thermal diffusivity measure-
ment apparatus are illustrated schematically in Figure A-1. The
specimen, usually in the form of a disk, is positioned in an iso-
thermal zone of a furnace inside an evacuable chamber. The pulsed
heat source and the thermal response detector device, along with
associated instrumentation, are located external to this chamber.

The specific features of this apparatus include the following:

3.1 Specimen Design

The specimen is a disk nominally 0.500 inch (1.27cm) in dia-
met~ and with -a thickness such that the half-time required for
the heat pulse to traverse this thickness is of the order of 100
times the duration of the flash source. Longer or shorter half-
times, resulting from specimen thicknesses outside this range, will
require additional analysis. (See References 10,12,13) The specimen
faces must be flat and parallel.

3.2 Furnace Design

The furnace element is of tubular desi'gn, with power supply
adequate to achieve and maintain a given specimen temperature to
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within 0.1 degree K during the measurement. The element is enclosed
in an evacuable chamber, which includes p'rovision for maintenance and
control of inert gas pressure.

3.3 Temperature Measurement

The specimen ambient temperature is measured by thermocouple,
while the temperature excursion caused by the thermal pulse is
monitored by an infrared detector which views the back face of the
specimen remotely. This detector is selected to give appropriate
sensitivity for the temperature range being examined.

3.4 Flash Source

Our apparatus uses a pulsed laser to provide the heat source
for this measurement. The laser rod is of neodymium glass which
is triggered by a xenon flash lamp, and has a pulse duration of
approximately 1 ms.

3.5 Heat Pulse Recording

The signal from the IR detector is displayed on an oscilloscope
'hichis capable of digitizing the recorded quantities, as well as

providing an analog recording. Figure A-2 illustrates an example of
an oscilloscope trace, showing the parameters used to calculate ther-
mal diffusivity.

3.6 Temperature Range of Operation

Our present apparatus is capable of measuring thermal diffu-
sivity through the range from room temperature to 2760 C (5000 F).

3.7 Measurement Accuracy

Since .this is an absolute measurement method, no calibration
of the apparatus is required. However, it is essential that the
measurements be carried out with care, and that the operator must
have a comprehensive understanding of the many basic principles of
physics that are involved. Obviously, it is also necessary that
the various ancillary components; especially the oscillos'cope, be
properly calibrated.

The accuracy of diffusivity data derived by this method may
be certified by measurements on an acceptable standard reference
material. In our laboratory, we use Armco iron as the reference
standard in the temperature range RT-800 C, and ATJ graphite in the
range above 800 C. Both materials have been extensivelv character-
ized by manv laboratories, and the consensus of these data are used
as the reference standard curves.



f/

II

Figures A-3 and A-4 are plots of the thermal diffusivities
of these two reference materials, along with data recorded for
them in our apparatus. To insure valid performance of the appa-
ratus, such measurements are carried out as part of each program
involving a given set of materials. Generally, the curves indicate
that conformance is within t 5 percent of absolute values.
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4 ~ STEP BY STEP PROCEDURE

4.3. Changing Samples

1) Remove detector by loosening two set screws.
The detector is delicate, thus, care in removing
and storing is required..

2) Remove detector housing.

3) Loosen top of furnace by removing 'eight screws.

4) Remove bottom window by removing three screws
and releasing vacuum. The window will drop
out when vacuum is released.

5) Remove top of furnace.

6) Remove thermocouple.

7) Remove isothermal tube.

8) Remove ring and sample.

9) Lower the new sample using a ruler.

10) Insert isothermal tube.

11) 'Insert thermocouple.

12) Check thermecouple output.

13) Lay on top shield.

14) Check continuity of thermocouple using continuity
light to insure that thermocouple is touching metal
at the bottom.

15) Clean top window.

16) Lay on furnace top.

17) Blow off top window.

18) Clean bottom 0-ring inside furnace.

19) Insert lower window into recess and pull vacuum.

20) Bolt on lower'indow cooling block.
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21) Close top iris using drill bit as hole sizer.

22) Put on detector housing aligning magic marker
lines.

23) Put on detector aligning scratches.

24) Tighten two se+';~'screws.

25) Detector alignment is attained by moving detector
until maximum OS signal is obtained.

4.2 Laser Op~ration

1) Turn on ionized water circulating pump.

2) Check for water leaks around front and back rod
0-rings and around black and blue box mating line.

4.3 Furnace Operation

1) Turn on water to furnace chamber and furnace
electrodes.

2) Turn on furnace power with circuit breaker.

3) Pump down furnace three times and backfill to
15 inches vacuum of helium.

4) Adjust temperature of furnace using powerstat
and temperature versus setting curve.

5) For a RT point, the furnace and cooling water are
not operated.

4.4 Detector Operation

1) Add liquid nitrogen to InSb detector cryostat.
This must be done twice a day.

2) The Si detector does not require LNz.

3) The InSb detector is used to 1000 C with
SN 32717 lens.

4) The Si detector is used above 1000 C with glass
lens.

5) Above 1200 C the cooling adapter is used on the
'lens.
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6) Above 1500 C, the 1-59 filter is used.

7) Above 1800 C, the 1-69 filter is used.

8) The small black box is used with the InSb detector
and the large black box with the Si detector.

.4.5 Firing Procedure

1) Turn off Vertical and Horizontal expansions and
autocenter of OS.

2) Put time cursor at convenient value.

3) Turn laser power supply on, setting should
be 4 KV.

4) Remove brass shields, one above mirror, one below
furnace.

5) Turn on black box.

6) Record temperature.

7) Push Auto trigger.

8) Push Live storage.

9) Turn time base to 1 MS.

10) Zero digital mV signal using black box.

11) Autocenter line.
12) Push charge button.

13) Push Normal trigger.

14) Push Live storage button.

15) Push Hold Next storage.

16) Turn time base to convenient place.

17) Push'~ PIRE button.
((

18) C',heck data for peak height and 5 X T4.

19) Repeat as necessary.

20) Go to next channel.
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21) Go to Step 6.
22) Turn channel selector to all to check similarity

of data.

23) Turn off laser power.

24) Replace brass shields.

25) Turn off black box.

26) Record hard copy of data on chart recorder.

27) Turn furnace power up to next temperature.

4 ' Data Reduction

l) Record firing point by noting laser pip or by
time cursor setting.

2) Set hor'izontal base line.

a) Expand V and H expansions and move cursor to
line before firing point.

b) Find a point which repk-assents horizontal base
line before firing point.

c) Turn off Hand autocenter.

d) Adjust digital mV setting to zero using data
move and inverter.

e) Recenter data with autocenter.

3) Find peak.

a) Turn V and autocenter on and move to peak.

b) Turn off autocenter and turn on H.

c) Find a point that represents average peak value
and record mV value.

4) Find TQ.

a) Run cursor to 4 Peak mV value.

b) Find point that represents 4 peak value checking
that the line runs through center.
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c) Record time associated with Q Peak Value and
subtract Firing Point Time to detexmine T4.
Record this v/clue as TQ.

5) Calculate ~ factor.

a) Multiply TQ by 5 and add Firing Point time.

b) Run cursor to this time value.

c) Expand V and H and find mV. point which represents
the average mV value at 5 T9 + FP Time. Record
this mV value.

d) Divide 5 TQ mV value by Peak Value X 2 and look
this up on u curve.

e) Record this value.
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DENS ITY MEASUREMENT

BY

DISPLACEMENT

Foreword

This specification is in essential conformance with ASTM
Specification D-792, Standard Methods of Test for Specific
Gravity and Density of Plastics by Displacement, as it applies
to solids in tube, rod, or molded form.

1.0 Scope

This method of measuring the density of solids is especiall;
useful in evaluating those materials which are of irregular
shape, or which cannot be readily machined to a regular shape
so that density can be calculated from dimensions. It is also
useful in determining the porosity of porous materials.
Generally, the measurement is made at room temperature.

2.0 Principle of Technique

Based on work by Archimedes, a relationship has been
established to define density as a function of weight of an
object in static gas, and its weight when immersed in a fluid
of known density. Basically, the princ-'pie establishes a
relationship between density and buoyant force on immersion.It states that a body immersed in a fluid is buoyed up by
a force equal to the weight. of the fluid displaced. Thus,
the relationships can be expressed:

where F

g
V =

buoyant force
density of fluid
acceleration due to gravity
displaced volume

The quantities p and g are known, F is measured, and V,
the displaced volume of fluid and also the volume of the
immersed specimen, must, be calculated.
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Equation (1) may be rewritten:

F
pg

(2)

—= m (suspended mass)F
g

(3)

m
V(>IS

p
(4)

Where m is measured in weight units. Therefore, the
volume of the specimen is known, and its density is calculated
from

m

P s V

where ps = specimen density
a = specimen mass in air

3.0 Specimen Preparation

3.l A reasonable size and shape of specimen should be
selected, based on equipment capabilities.

.JP3.2 The selected specimen should be, representative of
the material being investigated.

3.3 The specimen should be clean.

4.0 Apparatus Components

4.l An analytical balance capable of accuracy to within
O.l percent of the specimen weight, and equipped
with a suspension wire to support the specimen.

4.2 Immersion fluid in a suitable container. The fluid
must be selected on the basis of its known density,
and capability with the specimen material. For the
geologic materials, toluene can generally be used.

4.3 A thermometer with accuracy appropriate to determine
the fluid temperature to within +2C.
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5.0 Procedure

5.1
5.2

Weigh the specimen in static air.
C

Weigh the specimen when totally immersed in the
fluid, suspended on a fine wire.

5.3 Note and record the fluid temperature.

0 Calculations

6.1
6.2

Determine the specimen volume from Eq. (4}

Calculate the specimen density from Eq. (5)

6.3 Make appropriate corrections in the above for
the part of the suspension wire which is immersed.

7.0 Report
O

7.1 Give brief description of specimen, how prepared,
etc.

7.2 Present results in suitable units.

7.3 Where appropriate, calculate the relation of density
verses temperature. This involves utilization of
linear thermal expansion data for the material, and
the assumption that the material expands isotropically.

8.0 General Comments

8.1 It is to be emphasized that the procedures and
information outlined in this specification are
merely a guide to measurement of the indicated
property, and as such should not be presumed to
include all possible contingencies which might
occurs

8.2 It is understood that the density measurement, will
be set up and carried out by .someone who has an
adequate background in thermal physics and related
sciences, and is experienced in all phases of the
procedures relating to this measurement.

&.3 . This specification includes, by inference, the
utilization of advanced technology and quality
workmanship in all phases of the, measurement.
Employment of these procedures by unstrained or
inexperience6 personnel might void th)k terms an6
spirit of this specification.
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E ~0 Materials
Testing Laboratory

February 20, 1981

Oak Ridge National Laboratory
Union Carbide Corporation
Post Office Box X
Oak Ridge, Tenn. 37830

Attention: Marvin T. Morgan
Waste Isolation Group
Chemical Technology Division

Subject: Thermal Conductivity Evaluation of
Pyroceram 9606

Dear Marvin:

Since our last communication, we have continued
our efforts to determine more exactly the thermal
conductivity of the Pyroceram 9606 material used
in our comparative thermal conductivity measure-
ment apparatus. This is especially important in
relation to our work in support of the Battelle
ONWI Program. I regret the delay in getting re-
sults of this work to you, but since the work
could not be funded, we.had to fit it in whenever
possible.

Our investigation consisted of several phases, as
follows:

1) A review of existing literature;

2) A review and re-evaluation of conductivity
data measured as early as 1969 on our supply
of Pyroceram 9606, which was purchased from
the U. S. National Bureau of Standards, by
Battelle;

3) A review of Battelle and literature data on
the thermal diffusivity of Pyroceram 9606;
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4) New thermal diffusivity measurements and
specific heat measurements on samples of
our NBS Pyroceram as fabricated in 1969
and on new samples cut recently;

5) Thermal diffusivity measurements on three
samples of Pyroceram 9606 furnished. by ORNL;

6) Comparison of akl thermal diffusivity data
measured by us and as reported in the lite-
rature, and steady-state measured at.
Battelle;

7) Derivation of thermal conductivity data from
all available sources, including those of
Item (6) "above;

8) Comparison of all thermal conductivity data
of Item (7) above, among themselves, and
with values being used by GRNL as supplied
with their measurement instrument by its
manufacturer, Dynatech Corporation;

9) Derivation of equations for each set of our
thermal diffusivity data and thermal con-
ductivity data;

10) Derivation of a recommended equation, or equa-
tions, for the thermal conductivity-tempera-
ture relation of Pyroceram 9606, to be used
on the ONWI and other programs.

The attached tables and figures present all of the
information derived in this informal study. Comments
on each follow:

Table 1 gives results of thermal diffusivity measure-
ments and calculated thermal conductivity values for the
original diffusivity specimen cut from the original
supply in 1969. It also gives equations for both
diffusivity and conductivity curves versus temperatures,
and ccrrelation coefficients qualifying the data fit.
Finally, it .gives pertinent specimen details.

Tables 2 and 3 give corresponding data for two new spe-
cimens, recently fabricated from the original Br"ttelle-
NBS supply.,
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Tables 4,, 5, and 6 give measured thermal diffusi-
vity and derived thermal conductivity data for
three samples furnished by ORNL. The'RNL, 45
(Table 4) disk is from a 4" plate from which the

ORNL reference meters were cut. According to your
information, this plate was purchased from Corning
Glass, Inc., and its conductivity averaged 5% high-
er than the original me'ters furnished with your
Dynatech instrument. ORNL disks 52 and 43 were cut
from a separate 1" disk, by ORNL. Note that the
bulk density of ORNL 45 is 2.54 g cm ', while that
of the other two ORNL disks, and the two recent FMI
disks (Tables 2 and 3), is 2.59 g cm"3 in each case.
Correspondingly, the derived conductivity of $ 5 is
slightly lower than that of the others.

Table 7 is a compilation of the thermal diffusivity
data of Tables 1-6, presented for comparative purposes
at nominal temperatures. Each value was derived from
the equation assigned to diffusivity data on the indi-
vidual tables'n addition, this table includes data
on Pyroceram 9606 by Rudkin and.by Gibby, from the
cited literature. For these latter two, we fitted
equations to their data, to evaluate points at the in-
dicated temperatures. Note that all of the values at
a given temperature are very similar. Mean values are
listed for each temperature ; the low values of stan-
dard deviations and variances among all the values at
a given temperature attest to the close agreements.
Finally, Table 7 gives bulk densities of all diffusi-
vity specimens measured by us.

Figure 1 is a plot of actual data points of thermal dif-
fusivity for all of the eight specimens identified on
Table 7. Note that all points, including those by Rudkin
and Qibby, are closely enough grouped to describe a curve
of the property vs. temperature with high confidence.
There appears to be no doubt. that the thermal diffusivity
values as measured are accurate, and that derivation of
thermal conductivity from these data, using the defini-
tive relationship

'A

pCp

(where A is thermal conductivity, ~ is thermal diffusivity,
p is density, and Cp is specific heat}, is justified if
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specific heat and density are well known. Density
can be measured accurately without difficulty.

Figure 2 shows the specific heat curve for Pyroceram
9606 that. we used in calculating thermal conductivity
values from diffusivity data. This curve is taken
from literature by Corning. We justify its use on
the basis of our own specific heat measurements on a
sample of our Pyroceram. These values, derived from
enthalpy measurements in a Bunsen-type ice calorime-
ter, are illustrated as an I on Figure 2. Obviously,
the agreement with the Corning curve justifies use of
the latter for this study.

Table 8 is a set of steady-state data on the BMI-NBS
Pyroceram, as measured at Battelle early in the 1970s.
In this case, the measurements were made using a Type
347 Stainless Steel reference standard. Although this
is not an ideal material to use as a standard when
evaluating a ceramic, it was selected because its con-
ductivity has been well established, and because of its
stability and availability. Very few materials satisfy
these requirements.

Table 9 presents a summation of, thermal conductivity va-
lues from all our measurements, including the steady-
state measurements of Table 8. Here again, the values
are given at nominal temperatures, and were determined
in each case from the equations which appear to best fit
the tabulated data. Mean values for each temperature
provide the basis for a recommended curve of conductivity
vs. temperature, and the small standard deviations and
variances demonstrate how closely all of the sets of data
fit the mean.

Figure 3 is a plot of the seven sets of conductivity data
presented in Tables 1-6 and 8. Again, these are actual
data, as derived from individual thermal diffusivity mea-
surements for the Tables 1-6 specimens. The similarity
ot, all data sets tends to establish confidence in each.

A significant result of this entire study is that all of
the seven sets of data generated by Battelle and the EMTL
Division of Fiber Materials, and the two sets generated
by Rudkin and by Gibby, involving at least five different
sources or lots of material, provide results that are in
good agreement with each other. Further, when compared
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with conductivity Values being used by ORNL, as
furnished by Dynatech, these values are all signi-
ficantly lower. As indicated in the final two co-
lumns of Table 9, the ORNL/Dynatech values of con-
ductivity for Pyroceram 9606 are 5 to 10 percent
higher than the consensus of all data generated and/
or collected in this study. The obvious consequence
is that conductivity values generated on unknown ma-
terials by comparison with this Pyroceram will be
similarly affected.

Figure 4 compares the three thermal conductivity curves
for Pyroceram 9606, involved in this study. The lower so-
lid curve represents the consensus of all data generated
at. BMI and at FMI, and by Rudkin and Gibby, if we pre-
sume they used specific heat values close to those of
Figure 2. The upper solid curve represents values being
used by QRNL. The shorter, dashed curve represents va-
lues which we have used to date in evaluating the ONWI
materials.

We have generated tentative equations for the recon+end-
ed (lower) curve of Figure 4. To assure reasonably good
fits to the data, the curve was segmented into three tem-
perature ranges. The equations are:

X = A+B lnT

2.

where A = 0.0417476
B = -0.0018029
T = deg C, 0 to 300

X = AeBT

3.

where A = o.o334745
B = -0.00023175
T = deg C, 300 to 700

= AeBT

yves)

where A = 0.0325836
B = -0.0001913
T = deg C, 700 to ~1000
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The net result of this study is that we have renewed
confidence in our initial evaluations of Pyroceram
9606 thermal conductivity, and therefore that thermal
conductivity values reported by us on the ONWI mate-
rials are reliable.

During our last discussion, you indicated that ORNL
was measuring thermal diffusivity on some of the same
Pyroceram we have investigated here. I will be grate-
ful to know results of these measurements.

After you have had a chance to study this work, call
and let me have your comments. I'ill send a copy of
this to Gil Raines for his information.

Sincerely,

John F. Lagedrost
Manager
ThermoPhysics Lab

JFL/j
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TABLE 1

THERMAL DIFFUSIVITY/CONDUCTIVITY

Program: Conductivity Standards
Billet No.: Pyroceram 9606 (Original Standard, 1969)

Temperature
C

Diffusivitycm's-'pecific heat
cal

g-'-'onductivity
w

cm-'-'9

113

55

149

198

290

406

0.0185

0.0146

0.0164

0.0136

0.0131

0.0119

0.0111

0.181

0.216

0.198

0.223

0.231

0.244

0.259

0 ..0362

0.0342

0.0351

0.0327

0.0327

0.0314

0.0311

~ = 0.0036286 -0.0024 ln(Tc/10") X = 0.0255678 -0.0017656 ln(Tc/10")

cc = 0.99%3 cc = 0.947

Specimen details:
RT Thickness, in.
RT Diameter
Weight, g
Density, g

cm-'.0374.0.4998
0.3098
2.5765
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TABLE 2

THERMAL DIFFUSIVITY/CONDUCTIVITY

Program: Conductivity Standards
Billet No.: BMI Pyroceram 9606

Temperature Diffusivity, Specific heat, Conductivity,
C cm s 'al g

' ' cm '

18

52

98

153

202

305

403

511

603

698

0.01800

0.01656

0.01525

0.01393

0.01312

0.01198

0.01095

0.01016

0.00961

0.00924

0.181

0.196

0.211

0.223

0.232

0.247

0.258

0.269

0.277

0.284

0.03543

0 '3529
0.03499

0.03378

0.03308

0.03216

0.03072

0.02970

0.02895

0.02854

.~ = 0.00289-0.00253 ln(Tc/104) X =-0.0357e

cc = 0.974 cc = 0.988

Specimen details:
RT Thickness, in.
Density, g cm I 0.0402

2.5972
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TABLE 3

THERMAL DIFFUSIVITY/CONDUCTIVITY

Program: Conductivity Standards
Billet No.: BMI Pyroceram 9606

Temperature
C

Diffusivitycm',s-'pecific heat
cal

g-'-'onductivity
w cm-'

28

46

101

146

208

302

411

504

618

720

0.01767

0.01695

0.01525

0.01421

0.01306

0.01162

0.01067

0.01004

0.00965

0.00929

0.187

0.194

0.212

0.222

0.233

0.246

0.259

0.268

0.278

0.286

0.03589

0.03571

0.03512

0.03425

0.03303

0.03105

0.03000

0.02923

0.02913

0.02885

0.002095 -0.002751n(Tc/10")

cc = 0.987

g = 0 03579e -3.518(Tc/10 )

cc = 0.928

Specimen details:

RT Thickness, in.
Density, g

cm-'.04022.5941
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TABLE 4

THERMAL DIFFUSIVITY/CONDUCTIVITY

Program: Conductivity Standards
Billet No.: ORNL Pyroceram 9606 45

Temperature
C

Diffusivitycm's-'pecific heat, Conductivity,
cal g-'-' cm-'

'8

52

98

147

200

309

411

525

613

701

0.01830

0.01660

0.01503

0.01373

0.01253

0.01136

0.01043

0.00997

0.00955

0.00914

0.181

0.196

0.211

0.222

0.232

0.247

0.259

0.270

0 '78
0.284

0.03530

0.03467

0.03378

0.03247

0.03097

0.02989

0.02877

0.02868

0.02827

0.02766

~ = 0.002228-0.00265 ln (Tc/10") A = 0.02194-0.00231 ln (Tc/10")

cc = 0.987. cc = 0.940

Specimen details:
RT Thickness, in.
Density, g cm

0.0399
2.5452
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TABLE 5

THERMAL DIFFUSIVITY/CONDUCTIVITY

Program: Conductivity Standards
Billet No.: ORNL Pyroceram 9606 ¹2

Temperature
C

Diffusivity
cm

s-'pecific heat, Conductivity,
cal g '-'

cm-'-'3

47

103

149

200

312

412

509

607

705

0.01716

0.01643

0.01451

0 '1350
,,0 '1275

0.01161

0.01072

0.01004

0.00951

0.00918

0.188

0.197

0.212

0.222

0.232

0.248

0.259

0.269

0.277

0.284

0.03499

0.03512

0.03337

0.03253

0.03208

0.03123

0.03012

0 '2930
0.02857

0.02828

0.00225 -0.00265 ln(Tc/10") A = 0.022646 -0.00229 ln(Tc/10")

cc = 0.997 cc = 0.967

Specimen details:

RT thickness, in.
Density, g cm-

0.0390
2.5917
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TABLE 6

THERMAL DIFFUSIVITY/CONDUCTIVITY

Program: Conductivity Standards
Billet No.: ORNL Pyroceram 9606 43

Temperature
C

Diffusivity
cm s

Specific heat,
cal g-'-'onductivity,

w cm-iC

18

24

47

97

149

196

'04
409

506

612

713

0.01792

0.01759

0.01653

0.01487

0.01370

0.01279

0.01162

0 ~ 01077

0.01026

0.00972

0.00934

0.181

0.184

0.194

0.210

0.222

0.231

0.247

0.259

0.268

0.278

0.285

0.03520

0.03513

0.03480

0.03388

0.03300

0.03205

0.03115

0.03028

0.02982

0.02933

0.02890

0.003139 -0.002425 ln (Tc/104)

cc = 0.990

p p348 -2 ~ 9365 (Tc/10")

cc = 0.947

Specimen details-:

RT Thickness, in.
Density, g cm

0.0327
2.5922



TABLE 7

THERMAL DIFFUS IVITY OF PYROCERAM 96 06

Temperature BMI
C 1969

FML EMTL
586 587

Thermal Di ffusivity, cm s-, xl0
ORNL ORNL ORNL¹5 ¹2 ¹3
588 589 590

Std.
Rudkin Gi5by Mean, Dev. f

(1) (2) x10 x10
Var .,

x10

20
100
200

18 ~ 54
14 ~ 68
13 ~ 02

18 ~ 63
14.56
12.80

19 ~ 19 18.69
14 ~ 76 " 14.43
12.85 12 ~ 59

18.71
14 ~ 45
12 ~ 62

18 ~ 21
14 ~ 31
12 ~ 63

18.18
14 ~ 38
12.75

19.44
14.89
12.93

18 ~ 70
14 ~ 56
12.77

0.436
0 ~ 203
0.156

0.166
0 ~ 036
0 ~ 021

300
400
500

12 ~ 04
11~ 35
10.82

11.77 11.74
11~ 05 .- 10 ~ 95
10.48 10 ~ 33

11.52
10.76
10 ~ 17

11~ 54
10.78
10.19

11.64
10.94
10.40

11.79
11.11
10 ~ 59

11.79 11.73
10 ~ 97 10.99
10.34 10.42

0 ~ 166
0.189
0.215

0.024
0 ~ 031
0.040

600
700
800

900
1000

10 ~ 38
10.01
9 ~ 69

9 ~ 41
9 ~ 15

10 ~ 02
9.63
9.29

8.99
8.72

9 ~ 83-
9.41
9.04

8 ~ 72
8.43

9.68
9.28
8.92

8 ~ 61
8 ~ 33

9.71
9 ~ 30
8 ~ 94

8.63
8 ~ 35

9.96
9.59
9 ~ 26

8 ~ 98
8 ~ 72

10.16
9 ~ 79
9.W

9 ~ 20
8 ~ 95

9.83
9.39
9,:02

8 ~ 68
8.39

9.95
9 ~ 55
9.21

8.90
8 ~ 63

0.237
0 ~ 256
0 ~ 276

0 .293
0 ~ 306

0 ~ 049
0 ~ 057
0 ~ 067

0.075
0.082

Density,
g cm

2 ~ 577 2 ~ 597 2.594 2.545 2.592 2.592

(1) Rudkin, R. L ~,

(2) Gibby, R. L ~,

"Thermal Di ffusivity Measurements on Metals and Ceramics at High Temperatures, "
USAF Report No. ASD-TDR-62-24, Part II, 1-16 (1963),

"The Therma 1 Dif fusivity and. Thermal Conductivity of Stoichiometric
(U~ >Pu> >) O g:- Pacific Northwest Laboratory Report BNWL-704, 1-39 (1968) .
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TABLE 8

THERMAL CONDUCTIUITY

Program: Conductivity Standards
Billet No.: BMI Pyroceram 9606

Measurement by Steady-State Comparative,
Vsing Type 347 Stainless Steel

Temperature,
C

Conductivity
w cm

'-'13

130

0.0315

0.0338

0.0312

168

349

0.0319

0.0331

0 '301

274

201

413

0.0307

0.0318

0.0306

104

86

0.0332

0.0351

0.0346

359

220

0.030&

0.0298

0.0327



TABLE 9. THERMAL CONDUCTIVITY OF PYROCERAM 9606

C 1

From
S-S

(BMI)
BMI

1969

Con'ductivity, w cm 'C
'romThermal Diffusivity

EMTL EMTL ORNL 85 ORNL f2
586 587 588 589

ORNL t3
590

St<1.
Dev.

Mean x10
Var.
«10

ORNL/

Dynatech
Values

Dev. from
Mean.

Percent (+)
I

20 i 0.03850 0.03654 0.03547 0.03554 0.03630 0.03690 0.03460 0.03626 1.252 1.344 0.04014 10.70

0.03716100
j

200 I 0.03212 0.03247 0.03334 0.03336 0.03016 0.03160 0.03282 1.086 0.034950.03227 1.125

0.03129 1.053 0.951 0.03340300 0.03099 0.03176 0.03221 0.03220 0 '2930 0.03068 0.03187

0.03404 0.03370 0.03451 0.03455 '-'.03161 0.03319 0.03379 0.03363 1.008 0.871 10.50

8.30

6.74

400 0.03019 0.03125 0.03112 0.03109 0.02870 0.03002 0.03094 0.03047 0.917 0 '21 . 0.03219 5.64

500 0.02957 0.03086 0.03007 0.03002 0.02823 0.02951 0.03005 0.02976 0.806 0.557 ; 0.03120 4.84

600 0.02907 0.03054 0.02905 0.02898, 0.02785 0.02909 0.02918 0.02911 0.781 0.523
i

0 03045 4 60

700

800

0.02864 0.03026 0.02807 0.02798 0.02752 0.02874 0.02834

0.02827 0.03003 0.02712 0.02701 0.02724 0.02843 0.02752

0.02851 0.877

0.02795 1.011

4.52

0.990 0.02921 4.51

0.659 i 0.02980
I

1000 0.02765 0.02963 0.02532 0.02517 '.02678 0.02792 0.02595 0.02692 1.605 2.209

900 0.02794 0.02982 0.02620 0.02608 0.02700 0.02816 0.02672 0.02742 1.325 1.504 0.0288

0.0285

5.03

5.87
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APPENDIX G

Comparison of Laboratory Measured

Thermal Conductivity With

Recommended Values for Fused Silica
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APPENDIX G. Comparison of Thermal Conductivity Data
from Laboratory Measurements with (1)"Recommended" Values from the Literature
For Fused Silica

Temperature
K C

Recommended
Conductivity

w cm 1C 1

Measured
Conductivity(2)

w cm-1C 1
Difference

«/I

273

300

350

400

450

500

600

700

800

27

77

127

177

227

327

427

527

0.0133
0.0138
0.0145
0.0151
0.0157
0.0162
0.0175
0.0192
0.0217

0.0133
0.0138
0.0146
0.0155

0 0.0164
0.0172
0.0189
0.0207
0.0225

0.7
2.7
4.4
5.9
7.8
7.5
3.6

(1) See Reference 5.

(2) Measured values were interpolated to temperature using linear
regression fit. of laboratory data.
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MICHAEL BAILEY

HARVARD UNIVERSITY

CHARLES W. BURNHAM

RAAIOND SIEVER

HATTIESBURG PUBUC UBRARY
HIGH COUNTRY CITIZENS ALUANCE

DON BACHMAN
HIGH PLAINS UNDERCROUND WATER DIST

TROY SUBLETT

HICH PLAINS WATER DISTRICT
DON MCREYNOLDS
DON D. SMITH

HITACHI WORKS, HITACHI lTD
MAKOTO KIKUCHI

ILLINOIS STATE GEOLOGICAL SURVEY
ROBERT E. BERGSTROM
E, DONALD MCKAY, III

IMPERIAL COLLEGE OF SCIENCE AND
TECHNOLOGY - ENGlAND

B, K. ATKINSON
INDIANA GEOLOGICAL SURVEY

MAURICE BIGGS
INDIANA UNIVERSITY

HAYDN H. MURRAY
CHARLES J. VITALIANO

INSTITUT FUR TIEFLAGERUNC - W. CERMANY
WERNT BREWITZ
H. GIES
KLAUS KUHN

E. R. SOLTER
INSTITUTE OF GEOLOGICAL SCIENCES-

ENGlAND
STEPHEN THOMAS HORSEMAN

INT'ER/FACE ASSOCIATES INC
RON GINGERICH

INTERA ENVIRONMENTAL CONSULTANTS INC
F. J. PEARSON, JR.
LARRY RICKERTSEN
ROBERT WILEMS

INTERNATIONAl ENERGY ASSOCIATES LTD
BLYTHE K. LYONS

INTERNATIONAL ENERCY SYSTEMS CORP
JOHN A. BOWLES

INTERNATIONAL ENCINEERING COMPANY
INC

TERRY L STEINBORN

MAX ZASLAWSKY

INTERNATIONAL RESEARCH AND

EVALUATION

R. DANFORD
INTERNATIONAL SALT COMPANY

LEWIS P. BUSH

JOHN VOIGT
IOWA STATE UNIVERSITY

BERNARD I. SPINRAD

ISMES - ITALY

F. GERA

J.F.T.ACAPITO B.ASSOCIATES INC
MICHAEL P. HARDY

JACKSON METROPOLITAN UBRARY
JACKSON STATE UNIVERSITY

ESTUS SMITH

JACKSON-CEORGE RECIONAlUBRARY
JAY L SMITH COMPANY INC

JAY L SMITH

JOHNS HOPKINS UNIVERSITY

JARED L COHON
JOINT STUDY COMMITTEE ON ENERGY

'i. W. EDWARDS, JR.
JORDAN GORRILL ASSOCIATES

JOHN D. TEWHEY

KAISER ENGINEERS INC
W. J. DODSON

KANSAS DEPT OF HEAlTH AND

ENVIRONMENT

GERALD W. ALLEN

KANSAS STATE GEOLOGICAL SURVEY
WILLIAM W. HAMBLETON

KARNBRANSlESAKERHET - SWEDEN

LARS B. NILSSON

KELLER WREATH ASSOCIATES
FRANK WREATH

KERNFORSCHUNGSZENTRUM KARLSRUHE

GMBH - W. GERMANY

K. D. CLOSS
KIHN ASSOCIATES

HARRY KIHN

KlM ENGINEERING INC
B.GEORGE KNIAZEWYCZ

KOREA INSTITUTE OF ENERGY AND

RESOURCES (KIER)
CHONG SU KIM

KIRIL
KRSP RADIO

DAN BAMMES
KUTA RADIO
KYO'fO UNIVERSITY - JAPAN

YORITERU INOUE

lACHEL HANSEN k ASSOCIATES INC
DOUGLAS E. HANSEN

LAKE SUPERIOR REGION RADIOACTIVE

WASTE PROJECT
C. DIXON

LAWRENCE BERKELEY lABORATORY
JOHN A. APr5
EUGENE BINNALL

THOMAS DOE
NORMAN M. EDELSTEIN

M. S. KING

JANE LONG
ROBIN SPENCFR

CHIN FU TSANG

J. WANG
PAUL'A. WITHERSPOON
HAROLD WOLLENBERG
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LAWRENCE llVERMORE NATIONAL

lABORATORY
TED BUTKOVICH
DAE H. CHUNG

HUGH HEARD

FRANCOIS E. HEUZE

DONALD D. JACKSON

R.JEFF LYTLE

NAI-HSIEN MAO
LAWRENCE D. RAMSPOTT (2)

W. G. SUTCLIFFE

TECHNICAL INFORMATION DEPARTMENT

L-53

JESSE L YOW, IR.
LEAGUE OF WOMEN VOTERS OF UTAH

PA ULA MADSEN

LOCKHEFD ENGINEERING 8I MANAGEMENT

COMPANY
cTEVE NACHT

LOS ALAMOS NATIONAL LABORATORY

P. L BUSSOLINI

D. G. FOSTER, JR.
WAYNE R. HANSEN

W. C. MYERS

ROBERT E. RIECKER

KURT WOLFSBERG

I.OS ALAMOS TECHNICAL ASSOCIATES INC

R. I. KINGSBURY

LOUISIANA DEPT OF TRANSPORTATION 8I

DEVELOPMENT

GEORGE H. CRAMER, II

LOUISIANA GEOLOGICAL SURVEY

PEGGY ROONEY AUTIN

CHARLES G. GROAT

SYED HAQUE

LOUISIANA NUCLEAR ENERGY DIVISION

L. HALL BOHLINGER (3)
LOUISIANA STATE UNIVERSITY

JEFFREY S. HANOR

JIMMIE H. HOOVER

LOUISIANA TECH UNIVERSITY

LIBRARY

LOUISIANA TECHNICAL UNIVERSITY

R. H. THOMPSON

LOVE OIL COMPANY INC

PAT ANDERSON

LUBBOCK COUNTY SOIL AND WATER

CONSERVATION DISTRICT

DON LANGSTON

MARTIN MARIETTA AEROSPACE - DENVER

DIVISION
RICHARD BISSi SGER

MARYlAND DEPT OF HEALTH & MENTAL

SCIENCE
MAX EISENBERG

MASSACHUSETTS DEPT OF ENVIRONMENTAl

QUALITY ENGINEERING

JOSEPH A. SINNOTT

MASSACHUSETTS INSTITUTE Of
TECHNOLOGY

W. F. BRACE

JOHN DEUTCH
RICHARD K. LESTER

MARSHA LEVINE

MATERIAlS RESEARCH lABORATORY LTD-

CANADA

S. SINGH
MCDERMOTF INTERNATIONAL

KAREN L. FURLOW

MCMASTER UNIVERSITY - CANADA

L W. SHEMILT

MEllEN GEOlOCICAL ASSOCiATES INC

FREDERIC F. MELLEN

MEMBERS OF THE GENERAL PUBUC

L ROBERT ANDERSON

KURT BALLINC

BRUCE BERGER

PAT BILLING

BRET BLOSSER

JAMES BOYD
THOMAS G. BRADFORD

ROGER H. BROOKS
HAZEL CHAPMAN, PH.D.
LAWRENCE CHASE, PH.D.
TOM 8 SUSAN CLAWSON

STEVE CONEWAY

JIM CONKWRIGHT
M. VAL DALTON

JOANN TEMPLE DENNETT

KENNETH & ALICE M. DROGIN
DANNELLE D. DUDEK

CHARLES S, DUNN

JEAN EARDLEY

THAUMAS P. EHR

ART FORAN
BOB GAMMELIN

CARL A. GIESE

MICHAEL J. GILBERT

STEVE 8I SUE GILSDORF

DARYL GLAMANN

JUDY C. GOETTE

HARRY D. GOODE
OSWALD H. GREAGER

DOUGLAS H. GREENLEE

KENNETH GUSCOTT
WILLIAM R. HAASE

C. F. HAJEK

A. M. HALE

ROBERT HIGGINS

ARLIE HOWELL

HAROLD JACOBS
DAVID W. JOHNSON
KENNETH S. JOHNSON
CRAIG W. JONES

JOSEPH KEYSER

SCOTT,KRAMER
THOMAS H. LANGEVIN

HARRY E. LEGRAND

W. D. MCDOUGALD

MAX MCDOWELL

JEFF MEADOWS
A. ALAN MOGHISSI
BARBARA MORRA
THEA NORDLING
CAROLINE PETTI

SHAILER S. PHILBRICK

MAR !N RATHKL

REP. C. HARDY REDD

TOM 8I MARY REES

TIM RL';FLL

BRUCE F. RUEGER

JOANNE SAVOIE

OWEN SEVERANCE

NORMAN C. SMITH

PATRICIA SNYDER

W. LEE STOKES

P. E. STRALEY-GREGA

MARGUERITE SWEENEY

JOEL SWISHER

M I SZULINSKI

GORDON THOMPSON

NED TILI.MAN

MARK UDALL

BILL WALSH

MARTIN & ELAINE WALTER

JIMMY L WHITE

RICHARD J. WILLIS

LINDA WITTKOPF

SUSAN WOOLLEY

MESA COUNTY PUBLIC LIBRARY

GEORGE VAN CAMP

MICHIGAN DEPT OF NATURAL RESOURCES

R. THOMAS SEGALL

MICHIGAN DEPT OF PUBLIC HEALTH

GEORGE W, BRUCHMANN

LEE E. JAGER

MICH)CAN ENVIRONMENTAL PROTECTION

COMMITTEE
DAVE CHAPMAN

MICHIGAN STATE UNIVERSITY

WILLIAM C. TAYLOR

MICHIGAN TECHNICAL UNIVERSITY

DAE S. YOUNG

MINNESOTA ENVIRONMENTAL QUALITY

BOARD
RICHARD PATON

MINNESOTA GEOLOGICAL SURVEY

LINDA L. LEHMAN

MATT S. WALTON

MINNESOTA STATE ENERCY ACENCY

MISSISSIPPI ATTORNEY GENERALS OFFICE

MACK CAMERON

MISSISSIPPI BUREAU OF GEOLOGY
MICHAEL B. E. BOGRAD

MISSISSIPPI CITIZENS AGAINST NUCLEAR

DISPOSAL

STANLEY DEAN FLINT

MISSISSIPPI DEPT OF ENERGY AND

TRANSPORTATION
RONALD J. FORSYTHE

MISSISSIPPI DEPT OF NATURAL RESOURCES

ALVIN R. BICKER, JR.
CHARLES L BLALOCK

CURTIS W. STOVER

MISSISSIPPI DEPT OF WILDLIFE

CONSERVATION
KENNETH L. GORDON

MISSISSIPPI EMERGENCY MANAGEMENT

AGENCY

JAMES E. MAHER

MISSISSIPPI LIBRARY COMMISSION
SARA TUBB

MISSISSIPPI STATE BOARD OF HEALTH

EDDIE S. FUENTE

GUY R. WILSON

MISSISSIPPI STATE UNIVERSITY

TROY J. LASWELL

VICTOR L. ZITTA

MITRE CORP
LESTER A. ETTLINGER

MITSUBISHI METAL CORP
TATSUO ARIMA

MOAB NUCI.EAR WASTE INFORMATION

OFFICE
MICHAELENE PENDLETON (2)

MONTANA BUREAU OF MINES AND

GEOLOCY
EDWARD C. BINGLER

MONTICELLO HIGH SCHOOL LIBRARY

MEDIA CENTER

MONTICELLO NUCLEAR WAS'TE

INFORMATION OFI ICE

CARL EISEMAN'2)
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MORRISON-KNUDSEN COMPANY INC
SERGI KAMINSKY

NATIONAl ACADEMY OF SCIENCES

JOHN T. HOLLOWAY

HAROLD L JAMES
NATIONAL AERONAUTICS AND SPACE

ADMINISTRATION

MICHAEL R. HELFERT

MICHAEL ZOLENSKY

NATIONAL BUREAU OF STANDARDS

RILEY M. CHUNG
NATIONAL HYDROLOCY RESEARCH

INSTITUTE - CANADA

DENNIS J. BOTTOMLEY
K, U. WEYER

NATIONAL PARK SERVICE

DONALD F. GILLESPIE

CECIL D. LEWIS, JR.
THOMAS C. WYLIE

NATIONAL PARKS SI CONSERVATION
ASSOCIATION

T. DESTRY JARVIS
TERRI MARTIN

NATIONAL SCIENCE FOUNDATION
ROYAL E. ROSTENBACH

NAVAL WEAPONS STATION EARLE

GENNARO MELLIS

NEVADA OFFICE OF COMMUNITY SERVICES

J. HAWKE

NEW ENGLAND NUCLEAR CORP
CHARLES B. KILLIAN

NEW JERSEY INSTITUTE OF TECHNOLOGY

BEN STEVENSON

NEW MEXICO BUREAU OF GEOLOGY
BILL HATCHELL

NEW MEXICO BUREAU OF MINES AND

MINERAL RESOURCES
FRANK E. KOTTLOWSKI

NEW MEXICO fNVIRONMENTAl EVALUATION

GROUP
ROBERT H. NEILL

NElV YORK DEPT OF HEALTH

DAVID AXELROD, M.D.
NEW YORK ENERGY RESEARCH h

DEVELOPMENT AUTHORITY

JOHN P. SPATH (8)
NEW YORK GEOLOGICAL SURVEY

ROBERT H. FAKUNDINY

NEW YORK LECISLATIVE COMMISSION ON
SCIENCE Bt TECHNOLOCY

JAMES T. MCFARLAND
NEW YORK STATE ASSEMBLY

ANGELO ORAZI0
NEW YORK 5TATE ENERGY RESEARCH AND

DEVELOPMENT AUTHORITY

JOHN C. DEMPSEY
NEW YORK STATE GEOLOGICAL SURVEY

JAMES R. ALBANESE

ROBERT H. FICKIES

NEW YORK STATE PUBLIC SERVICE

COMMISSION
FRED HAAG

NEW YORK STATE SENATE RESEARCH SERVICE
DAVID WHITEHEAD

NORTH CAROLINA DEPT OF NATURAL

RESOURCES Bt COMMUNITY DEVELOPMENT

NORTH CAROLINA STATE SENATE

W. CRAIG LAWING

NORTH CAROLINA STATE UNIVERSITY

M. KIMBERLEY

NORTH DAKOTA GEOLOGICAL SURVEY

DON L. HALVORSON

NORTHEAST UTILITIES SERVICE COMPANY
PATRICIA ANN OCONNELL

NORTHWESTERN UNIVERSITY

BERNARD J. WOOD
NTR GOVERNMENT SERVICES

THOMAS V. REYNOLDS

NUCLEAR ASSURANCE CORP
JOHN V. HOUSTON
JEAN RI ON

NUCLEAR ENERGY AGENCY/OECD - FRANCE

ANTHONY MULLER

NUCLEAR SAFETY RESEARCH ASSOCIATION
IZUMI KURIHARA

NUClEAR SYSTEMS ASSOCIATES INC
CHARLES J. DIVONA

NUS CORP
W. G. BELTER

N. BARRIE MCLEOD
DOUGLAS D. ORVIS
TONG M. PARK

DOUGLAS W. TONKAY

NUTECH ENGINEERS INC
GARRISON KOST

OAK RIDGE NATIONAl LABORATORY

J. O. BLOMEKE
LE5LIE R. DOLE
CATHY 5. FORE

C. A. JOHNSON
DAVID C. KOCHER

T. F. LOMENICK

ELLEN D. SMITH

STEPHEN 5. STOW
OKLAHOMA GEOLOGICAL SURVEY

CHARLES J. MANKIN

ONTARIO HYDRO - CANADA

R. W. BARNES

J. A. CHADHA
K. A. CORNELL

C. F. LEE

ONTARIO MINISTRY OF THE ENVIRONMENT-
CANADA

JAAK VIIRLAND

ORANCE COUNTY COMMUNITY COll,EGE
LAWRENCE E. OBRIEN

OTHA INC
JOSEPH A. LIEBERMAN

P.O.W.E.L
RALPH DILLER

PACIFIC CAS AND ELECTRIC COMPANY
ADRIAN C. SMITH, JR.

PACIFIC NORTHWEST LABORATORY
DON J. BRADLEY

L L. CLARK

HARVEY DOVE
FLOYD N. HODGES
J. H. JARRETT

CHARLES T. KINCAID

J. E. MENDEL

J. M. RUSIN

R. JEFF SERNE

I'ARSONS BRINCKERHOFF EJUADE B
DOUCLAS INC

T. R. KUESEL

ROBERT PRIETO
MARK E. STEINER

I'B-KBB INC
jUDITH G. HACKNEY

I'ENSERTH Y ELELTROMELT INTERNATIONAl

INC
LARRY PENBERTHY

PENNSYLVANIA STATE UNIVERSITY

MARY BARNES

MICHAEL GRUTZECK
DELLA M. ROY
WILLIAM B.WHIT

PERMIAN BASIN RECIONAL PLANNING

COMMISSION
E, W. CRAWFORD

PERRY COUNTY CITIZENS AGAINST NUClEAR
WASTE DISPOSAL

MRS. DURLEY HANSON

WARREN STRICKLAND

PETTIS WALLEY

PERR Y COUNTY SCHOOLS
MANIEL A. COCHRAN

PHllADELPHIA ELECTRIC COMPANY
JOHN J. TUCKER

PHYSIKALISCH-TECHNISCHE SUNDESANSTALT
- W. GERMANY

PETER BRENNECKE

HORST SCHNEIDER

POINT BEACH NUCLEAR PlANT
JAMES J. ZACH

POTASH CORP OF SASKATCHEWAN MINING
LTD-CANADA

PARVIZ MOTTAHED

PRESEJUE ISLE COURTHOUSE
PSE*G

JOHN J. MOLNER
PUBLIC LAW UTILITIES CROUP

DORIS FALKENHEINER

PUBLIC SERVICE INDIANA

ROBERT S. WEGENG

PURDUE UNIVERSITY
PAUL 5. LYKOUDIS

R.J.SHLEMON AND ASSOCIATES INC
R. j. SHLEMON

RALPH M. PARSONS COMPANY
JERROLD A. HAGEL

RE/SPEC INC
GARY D. CALLAHAN

WILLIAM C. MCCLAIN
RED ROCK 4-WHEElERS

GEORGE SCHULTZ

RHODE ISLAND COVERNORS ENERCY OFFICE
BRUCE VILD

RHODE ISlAND GOVERNORS OFFICE
JOHN A. IVEY

RIO ALGOM CORP
DUANE MATLOCK

ROCKWELL HANFORD OPERATIONS
RONALD C. ARNETT

HARRY BABAD
R. J. GIMERA
KUNSOO KIM

KARL M. LA RUE

STEVEN J. PHILLIPS

MICHAEL J. SMITH
DAVID L SOUTH

ROCKWEll INTERNATIONAL ENERGY SYSTEMS
GROUP

HARRY PEARLMAN

ROGERS B ASSOCIATES ENGINEERING CORP
ARTHUR SUTHERLAND

ROCERS, GOLDEN 4 HAlPERN

JACK A. HALPERN

ROY F. WESTON INC
WILLIAM IVES

RONALD MACDONALD
VIC MONTENYOHL
SAM PANNO
ROBERT SCHULER

HARRY W. SMEDES
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RPC INC
JAMES VANCE

S.E.LOGAN & ASSOCIATES INC

STANLEY E. LOGAN

S.M. STOLLER CORP
ROBERT W. KUPP

SAI 7 LAKE CITY TRIBUNE

JIM WOOLF
SAN DIEGO GAS & ELECTRIC COME'ANY

LOUIS BERNATH

SAN JOSE STATE UNIVERSITY SCHOOL OF
ENGINEERING

R. N. ANDERSON

SAN JUAN COUNTY COMMISSIONER

ROBERT LOW
SAN JUAN COUNTY SHERIFF

5. RIGBY WRIGHT
SAN JUAN RECORD

DEBORAH A. MARCUS

JOYCE MARTIN

SANDIA NATIONAL LABORATORIES

KEN BEALL

SHARLA BERTRAM

MARGARET 5. CHU

JOE A. FERNANDEZ

NANCY C. FINLEY

R. W. LYNCH

RUDOLPH V. MATALUCCI

NESTOR R. ORTIZ
SCOTT SINNOCK
WOLFGANG WAWERSIK

WENDELL D. WEART

WIPP CENTRAL FILES

SARGENT & LUNDY ENGINEERS

LAWREi'ACE L. HOLISH

SAVANNAH RIVER LABORATORY

CAROL JANTZEN

I. WENDELL MARINE

WILLIAM R. MCDONELL

SCIAKY BROTHERS

JOHN C. JASPER

SCIENCE APPLICATIONS INC

JEFFREY ARBITAL

NADIA DAYEM

BARRY DIAL

MICHAEL 8. CRO55
jAMES E. HAMMELMAN

J. ROBERT LARIVIERE

DAVID H. LESTER

JOHN E. MOSIER
HOWARD PRATT

MICHAEL E. SPAETH

M. D. VOEGELE

KRI SHAN K, WAHI

ROBERT A. YODER
SCRIPPS INSTITUTE OF OCEANOGRAPHY

(A<15J
HUBERT STAUDICEL

SENECA COUNTY DEPT OF PLANNING &
DEVELOPME" T

SERATA GEOMECHANICS INC
FRANK TSAI

SHAFER EXPLORATION COMPANY

WILLIAM E. SHAFER

SHANNON & WILSON INC
HARVEY W. PARKER

SHELL Oll COMPANY
PHILIP BERGER

SHIMIZU CONSTRUCTION COMPANY LTD

JUNJI TAKAGI

SHIMIZU CONSTRUCTION COMPANY LTD

JAPAN
TAKASHI ISHII

SIERRA CLUB
MARVIN RESNIKOFF
BROOKS YEAGER

SIERRA CLUB - ColORADO OPEN SPACE

COUNCIL
ROYYOUNG

SLICKROCK COUNTRY COUNCIL
BRUCE HUCKO
LUCY K. WALLINGFORD

SNAKE RIVER ALI.IANCE

TIM MCNEIL

SOCIETY OF PROFESSIONAl ARCHEOlOGISTS
L M, PIERSON

SOGO TECHNOLOGY INC
TIO C. CHEN

SOUTH DAKOTA GEOLOGICAL SURVEY

RICHARD BRETZ

SOUTH DAKOTA SCHOOL OF MINES AND

TECHNOLOGY
CANER ZANBAK

SOUTHEAST UTAH ASSOCIATION OF
GOVERNMENTS

WILLIAM D. HOWELL

SOUTHERN STATES ENERGY BOARD

J. F. CLARK

NANCY KAISER

SOUTHWEST RESEARCH AND INFORMATION
CENTER

DON HANCOCK
ALISON P. MONROE

SPRINGVIllE CITY UBRARY
ST & E TECHNICAL SERVICES INC

STANLEY M. KLAINER

STANFORD UNIVERSITY

KONRAD B. KRAUSKOPF
IRWIN REMSON

STATE UNIVERSITY OF NEW YORK AT
BINGHAMTON

FRANCIS T. WU
STATE UNIVERSIT'Y OF NEW YORK COLlEGE AT

CORTLAND
JAMES E. BUGH

STONE & WEBSTER ENGINEERING CORP
JOHN H. PECK

ARLENE C. PORT
EVERETT M. WASHER

STUDIO GEOLOGICO FOMAR - ITALY

A.IMARTORANA (I
SWEDISH GEOLOGICAL

LEIF CARi.SSON
SWISHER COUNTY LIBRARY

SYRACUSE UNIVERSITY

WALTER MEYER

J. E. ROBINSON
SYSTEMS SCIENCE AND SOFTWARE

PETER LAGUS

T.M. GATES INC
TODD M. GATES

TECHNICAL INFORMATION PROJECT
DONALD PAY

TElEDYNE PIPE
TOBY A. MAPLES

TERRA TEK INC
KHOSROW BAKHTAR

NICK BARTON
DANIEL D. BUSH

TERRAMETRICS INC
HOWARD B.DUTRO

TEXAS A & M UNIVERSITY

JOHN HANDIN

ROY W. HANN, JR.
EARL HOSKINS
STEVE MURDOCK
GARY ROBBINS
JAMES E. RUSSELL

)) TEXAS BUREAU OF ECONOMIC GEOLOGY
WILLIAM L. FISHER

TEXAS DEPT OF HEAlTH
DAVID K. LACKER

TEXAS DEPT OF WATER RESOURCES
C. R. BASKIN

TEXAS ENERGY COORDINATORS OFFICE
ARNULFO ORTIZ

TEXAS GOVERNORS OFFICE OF GENERAl
COUNSEL

R. DANIEL SMITH
TEXAS HOUSE OF REPRESENTATIVES

ELLEN SALYERS

TEXAS STATE HOUSE OF REPRESENTATIVES
PETE LANEY

THE EARTH TECHNOLOGY CORP
JOSEPH G, GIBSON
FIA VITAR

MATT WERNER

KENNETH L. WILSON
THE JACKSON CLARION-LEDGER

MARK SCHLEIFSTEIN
THOMSEN ASSOCIATES

C. T. GAYNOR, II

TRANSNUCLEAR INC
BILL R. TEER

TRU WASTE SYSTEMS OFFICE
K. V. GILBERT

TRW INC
PETER ALEXANDER

TUN ISMAIL ATOMIC RESEARCH CENTRE
(PUSPATIJ

SAIUISURDIN BIN AHAIUIAD

U.H.D.E. - W. GERMANY
FRANK STEINBRUNN

U.S. ARMY CORPS OF ENGINEERS
DON BANKS

ALAN BUCK
U.S.BUREAU OF lAND MANAGEMENT

LYNN JACKSON
MARY PLUMB

EDWARD R. SCHERICK

Dj GREGORY F THAYN

U.S. BUREAU OF RECLAMATION
CLIFFORD I. BARRETT .

JOHN BROWN
AL R. JONEZ
REGE LEACH

U.S. DEPT OF COMMERCE
PETER A RONA

U.S. DEPT OF ENERGY

CHED BRADLEY

R. COOPERSTEIN
LAWRENCE H. HARMON
CARL NEWTON,

JAMES TURI
U.S. DEPT OF ENERGY - ALBUQUERQUE

OPERATIONS OFFICE
PHILIP LARRAGOITE

jOSEPH M. MCGOUGH
DORNER T. SCHUELER

U8. DEPT OF ENERGY - CHICAGO
OPERATIONS OFFICE
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NURI BULUT

PAUL KEARNS

GARY C. MARSHALL

C. MORIIISON
PUBLIC i'!EADING ROOM
R. SELBY

U.S. DEPT OF ENERCY - CRYSTAlllNE ROCK

PROJECT OFFICE
SALLY A. MANN

U.S. DEPT OF ENERGY - DAllAS SUPPORT

OFFICE
CURTIS E. CARLSON, JR.

LLS.DEPT OF ENERCY - DIVISION OF WASTE

REPOSITORY DEPLOYMENT

JEFF SMILEY

U.S. DEPT OF ENERCY - GEOLOGIC
REPOSITORY DIVISION

J. W. BENNETT

C. R. COOLEY JZJ

J. FIORE
MARK W. FREI

RALPH STEIN

U.S. DEPT OF ENERGY 'RAND JUNCTION

OFFICE
WAYNE ROBERTS

U.R DEPT OF ENERGY - HEADQUARTERS

PUBLIC READING ROOM
U.S. DEPT OF ENERCY - IDAHO OPERATIONS

OFFICE
JAMES F. LEONARD

'UBLIC READING ROOM
U,S. DEPT OF ENERCY - NEVADA OPERATIONS

OFFICE
PUBLIC READING ROOM

U.S. DEPT OF ENERGY - NUCLEAR WASTE

POllCY ACT OFFICE
JANIE SHAHEEN

U.S. DEPT OF ENERGY - NWTS PROGRAM
OFFICE

J. O. NEFF

U.S. DEPT OF ENERGY - OAK RIDGE

OPERATIONS OFFICE
PUBLIC READING ROOM

U.S. DEPT OF ENERCY - OFFICE OF BASIC
ENERGY SCIENCES

MARK W. WITTELS

U.S. DEPT OF ENERGY - OFFICE OF ENERGY

RESEARCH

FRANK J. WOBBER
U.S. DEPT OF ENERGY - OFFICE OF PROJECT

AND FACILITIES MANAGEMENT
D. U HARTMAN

U.S. DEPT OF ENERGY - REGION VIII

SIGRID HIGDON
U.S. DEPT OF ENERGY - SAN FRANCISCO

OPERATIONS OFFICE
ENERGY RESOURCES CENTER

PUBLIC READING ROOM
U.S. DEPT OF ENERCY - SAVANNAH RIVER

OPERAT!ONS OFFICE
T. B. HINDMAN

UW DEPT OF ENERGY - TECHNICAL

INFORMATION CENTER (31FJ
U.S. DEPT OF lABOR

ALEX G. SCIULLI

KELVIN K. WU
U.S. DEPT OF THE INTERIOR

PAUL A. HSIEH
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