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THERMAL CONDUCTIVITY OF POWDERS WITH UO» OR ThOp MICROSPHERES
IN VARTOUS GASES FROM 300 TO 1300 K

J. P, Moore, R. J. Dippenaar,* R.0.A. Hall,T and D. L. McElroy

ABSTRACT

The thermal conductivities of powders consisting of ThO; or
U0s microspheres in He, Ar, Ng, and Kr were measured by two
techniques over ‘a pressure tange of 0.03 to 0.6 MPa and a tem~
perature range of 300 to 1300 K. The powders had solid volume
packing fractions from 58.5 to 86.67 and were prepared by vibra-
tory compaction and by mixing. The highest thermal conductivity
measured was for a powder containing three particle sizes at a
packing fraction of 86.6% in helium gas. The applicability of
the data to practical reactor fuels is limited to the early
stages of fuel burnup because of restructuring.

A theoretical model is derived for heat transfer in powders
with spherical particles. This model ascribes the temperature
and pressure dependences of the results to limitation of the gas
molecule mean free path by the small voids between particles.
The model predicts the magnitude of the results obtained in
helium to within a few percent when reasonable assumptions are
used for the gas-solid accommodation coefficient., Although the
model successfully predicts the temperature and pressure depen—
dences of powders with heavier gas molecules (e.g., argon, Np),
the predicted magnitude of X is low by 20 to 30% because of
failure to meet an assumed condition for the calculations.

INTRODUCTION

The thermal conductivity of heterogenecus materials has beea of
interest for many years because of their many applications and because
they are encountered so much in nature. These materials include composites
of multiple solids, sands, soils, and powders, which consist of solid par-
ticles surrounded by a gas. Powders may consist of particles with
spherical, cylindrical, and irregular shapes. Powders formed by vibra-
torily compacting UOp or a mixture of U07 and ThO) microspheres have been

of recent iInterest as fuel for nuclear reactors. 1In this application, the

*Materials Science Department, University of South Africa, Pretoria.

TChemistry Division, AERE Harwell, Oxfordshire, England.



thermal conductivity is an ilmportant parameter for safe and economic
operation and must be accurately known under conditions that are likely to
occur during the fuel lifetime.

The present paper presents experimental thermal conductivity results
on several powders with spherical U0y or ThOj particles as functions of
temperature and gas phase over a modest range of gas pressure. Gases used
included Ny, He, Ar, and Kr; and particle diameters were from 25 to
1200 um.

Tt is desirable to be able to calculate the thermal conductivity of
powders and thus avoid the difficulties involved in making experimental
wmeasurewments on each differeant powder., This has served as an irresistible
lure for mwany researchers, who have spent extensive time devising models
for powder systems. Unfortunately, these models usually do not fit even a
limited set of experimental results, much less give assurance that they
can be used for predicting thermal conductivity values where no experi-
mental results exist. The best modern review of the various models is by
Crane et al.,l who concluded that all equation inaccuracles could be
attributed to either (1) distorted or unvealistic particle geometry,

(2) failure to consider solid-to-solid contact, or (3) invalid assumptions
about the heat flow. The third appears to be a universal problem and
comes from the necessity of assuming initially that either the isotherms
are planes perpendicular to the overall heat flow direction or that the
heat flow lines are straight and parallel. An additional problem in many
models 1is that they ignore the lowering of the gas thermal conductivity
due to the limitation of the mean free path of the gas molecules by small
interparticle spacing. We describe a model that considers both the gas
molecule mean free path restriction and radiation transfer in the inter—
particle voids. The calculated and experimental results have fair agree~—
ment for powders with helium in the voids. Agreement for other gases or
other particle systems might result from refinements to the model or an

improved data base.

MEASUREMENT APPARATUS

All thermal coaductivity measurements were made by using a radial

heat flow technique that does not require immersion of temperature sensors



directly into the powder bed. This eliminates the large uncertainty
regarding location of the temperature sensors at the expense of creating
another uncertainty caused by the temperature jump at the specimen
boundaries. The general approach is similar to one described by Flynn.2
The thermocouples were intercompared in situ by using an “"isothermal
correction,” which is described in Appendix A.

Two markedly different chambers were used for powder contalnment, and
these will be described briefly in the order of their use. The first
chamber, henceforth called ORNL~1, is shown in Fig. 1. The powder speci-
men was vibratorily compacted into the annulus between two stainless steel
tubes with outer diameters of 6.35 and 50.8 mm. A regulated direct

current was passed through the central tube so that it could be used as a
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Fig. 1. Cross—sectional view of ORNL~-1, showing the specimen annulus
between two concentric stainless steel tubes and the positioning of three
thermocouples at the midplane in the outer tube.



core heater. Type S thermocouples were positioned along the axis of the
core heater and in the walls of the outer chamber to determine tem-
peratures at critical places.

The powder chamber was positioned in a radial heat flow apparatus
normally usad for measuring the thermal conductivity of solids. This
apparatus has been described by Godfrey et al.3 The powder chamber merely
replaced the stack of solid disks normally used as a specimen. A three-
section muffle heater and top and bottom end guards were used to control
the absoclute temperature and to control the temperature gradients within
the powder chamber to ensure radial hesat flow. The control circuits
for the heaters and general details of the apparatus are described by
Godfrey et al,3

Data were obtained by passing a wmeasured direct currvent (between 10
and 40 A) through the core heater and adjusting the end guards and muffles
until the outer wall of the chamber was isothermal from top to bottom.
After the system equilibrated, the current through the core heater and the
electromotive forces of the thermocouples inside the core heater and
inside the chamber wall were determined. The procedure for calculating
the thermal conductivity and further details of ORNL~l are given in
Appendix A. The total determinate error of a thermal conductivity
measuremant with ORNL-1 is shown in Appendix A to be *2%Z. Sources of
indeterminate error include failure of the inside thermocouples to read
the actual temperature of the core heater, nonradial heat flow bhecause of
the thick metal at the bottom connecting the inner core heater to the
outer wall, and excessive Joule heat at the lower terminal where current
was introduced to the core heater. According to the measured temperature
profile inside the core heater during testing, the first socurce should be
small. Results of measuremenis on a guasi-standard Mg0 powdar agreed with
results from Godbee arcund room temperature but disagreed by as much as
—207% at 1300 K.

The second chamber, henceforth referred to as ORNL-2, is shown in
Fig. 2. 1t consisted of two conceatric stainless steel cylinders joined
at the top by three thin supports and at the lower emd by a thin domed
ring. An upper tube allowed both the introduction of the sample, which

was vibratorily compacted in situ, and the gas phase, the pressure of
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Fig. 2. Cross—sectional view of ORNL-2, showing the specimen annulus
between two concentric tubes, the core heater on the central axis of the
chamber, and the thermocouple locations.

which was controlled by a self~relieving pressure regulator system not
shown in the figure. In ORNL-2, the gas inside the specimen chamber was
not in contact with the gas surrounding the chamber. This facilitated
changing the gas type and pressure in the powder because only a small

volume was involved in any change.



Type S thermocouples were located inside the iuner and ocuter con-
centric cylinders to determine the temperature drop across the specimen
annulus. Details of the central core heater and other aspects of this
chamber are given in Appendix B.

In a fashion similar to that described for ORNL~1, this chamber was
mounted inside three muffle heaters as shown in Fig. 3. The muffle
heaters and enviroomental chamber surrounding them are normally used to
measure the thermal conductivity of seolids.,

The total determinate error of ORNL-2 is calculated to be *3.2%Z in
Appendix B. Indeterminate error could have been due to a large tem—

perature drop (relative to that across the specimen) from the "temperature
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jump” effect at the annulus walls. This is of greater concern for ORNL-2
because of the narrow specimen gap. Extraneous heat flow was examined by
using a finite~difference heat-conduction code,” which indicated that
measurewment errors at 1050 K would be +0.7%, +10.0%, and +20.0% at assumed
specimen thermal conductivities of 1.5, 0.7, and 0.3 W/ (m*K), respectively.
However, measurements were made on the three-particle blended bed of

UO» (bed 1) with temperature differences up to 25 K between the chamber
midplane and ends. These sensitivity measurements, which included
appropriate isothermal corrections, showed that temperature imbalance had
little influence on the results.

This second chamber, ORNL-2, was probably better than ORNL~-1 by vir-
ture of its better length-to~diameter ratio, smaller sample volume, and
separate gas system. The latter made it possible to change the gas type
and pressure in the specimen annulus without changing that in the regions
between specimen chamber and muffie heaters and between muffle heaters and

heat sink.
SPECIMEN DESCRIPTION

Seven different powder beds were studied, and these are described in
Table 1. All the solid particles were prepared by the “"sol~gel” processa’7
and carefully examined to eliminate most nonspherical particles and to
obtain particles with narrow size distributions. The U0y microspheres
had a particle density greater than 98% of theoretical. Analysis showed
that the primary Impurities in the T0) microspheres were Fe, Cr, Mn, and
S1i and that the total of metallic impurities was less than 200 ppm. The
fine particles (2545 um) had 10 to 20% nonspherical particles, and the
medium (280-320 um) and coarse (1150~1250 um) particles had less than
5% nonspherical particles. The volume fraction solid of each bed is given
in Table 1, and the volume fraction of each particle size is given for the
beds (1, 4, 7) contaihing more than one size.

The gases used in the measurements were taken directly from cylinders
of high-purity helium, nitrogen, and argon; krypton was available only in’

one purity. No attempt was made to further purify the gases before use.



Table 1. Characterization of powder specimens used in this study

Solid Particle Volume Measurement G
Bed material sizes fraction chamber asd Comment®
(um) solid used use
1 U0, 12000 0.511 ORNL~2 He, Ny, Kr  Blended and
300¢ 0.173 poured
2545 0.182
0.866
2 U0 1200P 0.615 ORNL~-2 He Poured
3 U0y 25-45 0.585 ORNL-2 He Poured
4 U0, 12000 0.439 ORNL~2 He, Wy Blended and
25—45 0.360 poured
0.799
5 ThO» 440 0.64 ORNL-1 He, Ar vC
6 ThOy <u4d 0.64 ORNL~1 He, Ar Ve
7 ThO, 440 0.64 ORNL~1 He, Ar vce
<a4d 0.20
0.84

ay¢ = Vibratorily compacted; that is, vibrated during loading. Poured
beds were vibratorily compacted after loading.

bparticle sizes between 1150 and 1250 ym.
Cparticle sizes between 280 and 300 um.

dMax1mum particle diameter was 44 um, and the mean diameter was about
20 um.

€l.arge particles vibratorily compacted and then small particles
infiltrated by vibration.

The annulus was evacuated and backfilled with the gas three times before

any measurements. On one sample of U0y microspheres, measurements made in
helium after using krypton suggested that this procedure was sufficient to
purge the vessel of the previous gas. We used ORNL-1 for the ThO, micro-

spheres and ORNL-2 for the UO9 microspheres,



RESULTS
Beds with U09 Microspheres

The thermal conductivities of the three-particle blended bed of U0y
(bed 1) in helium, nitrogen, and krypton at a pressure of 0.1 MPa are
shown in Fig. 4. The relative magnitudes of the three curves reflect the
different thermal conductivities of the three gases.

All values were taken during heating cycles except for the value
in nitrogen at 559.9 K [2.023 W/(m*K)], which was measured after heating
to 1071 K and exhibited marked hysteresis. This hysteresis is normally
ascribed to the mismatch in the thermal expansion coefficients of the
sample and contalnment, causing a settling of the fine fraction at high
temperatures, which results in a compression of the sample at lower
temperatures and thus an Increased conductivity. However, this increased
conductivity was not affected by tapping the outer chamber with a hammer

while still at temperature, and the iIncrease could be eliminated by
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Fig. 4. The thermal conductivity of the three-particle blended bed
of U0y with a solid fraction of 86.6%Z (bed 1) in He, N2, and Kr versus
temperature at a gas pressure of 0.1 MPa.
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cooling to room temperature and reheating to 559.1 K, resulting in a
value of 1.534 W/(m*K), which agrees excellently with the original curve.
The repeat values in helium, after cycling with nitrogen and krypton,
agree excellently with the original data, indicating that the bulk sample
characteristics were unchanged during the experiment. Too little krypton
was avallable to permit measurement of pressure dependence.

The thermal conductivities of this three-particle bed of U0y con-
taining helium or anitrogen are shown versus pressure at fixed temperatures
in Fig. 5. All data on this three-particle bed of U0y were within 10% of

the empirical expression

100/A = ~2.265 + 0.721(T — 273.15)0:6 4+ 11.75p~0.48

+ (M — 4.003)[0.4134 + 0.00027T

+ 0.0033(M — 4.003)] ,

25—

20 -

THEAMAL CONDUCTIVITY [W/{m - K)]

0.t 0.2 03 0.4 0.5 06
PRESSURE (MPa)

Fig. 5. The thermal conductivity of bed 1 versus gas pressure with
helium and with nitrogen in the interparticle voids.
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where M is the molecular weight of the gas, T is the absolute temperature
in X, P2 is the pressure in MPa, and A is the thermal conductivity in
W/ (m*K).

The thermal conductivity of the two—~particle blended bed of
U0y (bed 4) in helium and in nitrogen at a pressure of 0.1 MPa is shown as
a function of temperature in Fig. 6. No data were obtained on this bed in
krypton because a failure of a weld in the lower domed ring of the annulus
led to premature termination of the experimeﬁt. Figure 7 shows that the
pressure dependence of the thermallconductivity of this bed is much
greater with helium than it is with uitrogen In the voids.

The thermal conductivity of the large-particle poured bed of U0y
{(bed 2) and the small-particle poured bed of U0y (bed 3) in helium at a
pressure of 0.1 MPa are compared in Fig. 8 with results from beds 1 and 4.
The thermal conductivity of the bed with the coarse particles (1200 um)
increased with increasing temperature, but that with the fine particles
(25-45 um) decreased. The powder with the fine particles 1s more sen-

sitive to gas pressure, as shown in Fig. 9.
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Fig. 9. The thermal conductivity versus pressure of the large-
particle bed (bed 2) and small-particle bed (bed 3) of U0y at temperatures
of 715 and 790 K, respectively, showing that the specimen with the fine
particles is more strongly affected by gas pressure.

All thermal conductivity results at 0.1 MPa on the beds containing
U092 particles have been fitted to low—degree polynomial equations in

temperature, and the results are given in Table 2.
Beds with ThO9 Microspheres

The thermal conductivity results for the three beds containing

ThO9 microspheres are shown versus temperature in Fig. 10 with argon and
with helium in the voids between the solid particles at a pressure of
0.1 MPa (~1 atm). The thermal conductivities of the large-particle com-
pacted bed of ThOy (bed 5) with either argon or helium increase approxi-
mately linearly with increasing temperature. Although the bed with the
small ThO9 particles (bed 6) has the same density as the bed with large
particles (bed 5), the thermal conductivities of the small-particle bed
are‘much lower for a given gas. The thermal conductivity of this small~-

particle bed in helium decreases with increasing temperature up to 900 K



Table 2.

0.1 MPa to the function A = 4/T + B + CT + DT2,

Results from fitting the measured thermal conductivity at pressures of

in W/(m*X) and the temperature is in K.

The thermal conductivity is

Bed aizdpgiziia's Gas temgz?:;“re A B ¢ D Variance Peviartos @)
(X Av Max
U0y microspheres
1 86.6%, 3 sizes He 1068 3.108 —-0.293 E-5 0.1188 E-5 0.38 E-2 2.18 -5.12
1 86.6%, 3 sizes Ny 1072 2.458 —-0.215 E-2 0.823 E-6 0.178 E-3 0.63 1.05
1 86.6%, 3 sizes Kr 1055 1.690 ~0.2096 E-2 0.114 E-5 0.22 E-2 2.81 4.55
1 86.6%, 3 sizes He 768 -2.55 0.146 E-1 —0.12 E=2 Only 3 values put in
4 79.9%, 2 sizes Ny 1098 1.138 —0.84 E-3 0.456 E-5 0.119 E-3  0.646 1.05
4 79.9%, 2 sizes He 1077 0.467 E-3 0.1817 0.2816 E-6 0.88 E-3 1.646 3.88
2 51.5% 1200 um He 878 1.099 0.289 E-3 0.22 E-4 C.257 0.32
3 58.5%, 25-45 uym He 228 0.6038 0.274 E-3 0.44 E-3 2.62 6.24
ThOg microspheres
5 647, 440 un He 1270 1.106 0.427 E-4 0.26 E-6 0.3 E-3 0.73 1.6
5 647%, 440 un Ar 1690 0.2896 -0.2505 E-3 0.509 £-6 0.167 E-9 0.0012 0.003
5 647, 44 ym He 1271 0.1288 E+3 0.0765 0.1296 E-3 0.42 E-4 1.01 2.5
6 64%, 44 pm Ar 1090 0.1634 0.2271 E~4 0.75 E-5 0.89 1.7
7 847, mixed He 1273 501.36 0.2713 0.4384 E-3 0.64 E-2 4.22 10.7
7 847, mixed Ar 1273 0.8636 —0.585 E-3 0.378 E-6 0.76 E-4 0.71 1.4

71
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Fig. 10. Thermal conductivity versus temperature of beds containing
ThOs particles with argon and with helium in the interparticle volds at a
pressure of 0.1 MPa.

and increases slightly with temperature above 900 K, whereas that of the
same bed in argon increases smoothly over the entire temperature range.
These results have been fitted to low-degree polynomial equations, and
the results of these fits are given in Table 2.

Figure 11 shows the thermal conductivities of all three beds
containing ThOs particles (beds 5, 6, 7) in helium and argon versus
pressure at fixed temperatures. The thermal conductivity of the large~
particle compacted bed of ThO2 (bed 5) in argon varies by only 5% from
0.06 to 0.19 MPa, but that of the same bed in helium increases by 18%
over the same pressure range. The thermal conductivity of the small~
particle compacted bed of ThOs (bed 6) increases sharply with pressure
with either helium or argon in the bed. The pressure dependences of
the mixed bed with argon or helium in the voids are between those of

the monosize beds.
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Fig. 11. Thermal conductivity versus temperature of beds containing
ThO9 particles and with helium or with nitrogen in the voids.

Comparlson of UO2 and ThOg Microspheres

Since the thermal conductivities of solid UO9 and ThO9 are approxi-
mately the same at high temperatures,8 the results from ORNL-1 on powders
containing ThOp can be compared with those from ORNL-2 on powders containing
UO02. Such a comparison is shown in Fig. 12, which shows the thermal
conductivities of two U079 beds (beds 2 and 3) and two ThOp beds (beds 5
and 6) versus helium gas pressure at a common temperature. Because of the
chamber design, the data from the UO2 are at the higher pressure. The
results from the small-particle beds of UOp and ThOjp agree to within about
15% over the pressure range of overlap. This difference could be caused

by the smaller particles in the UO9 bed and, hence, a greater limitation
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Fig. 12. Comparison of the pressure dependences of results obtained
by using ORNL-1 on specimens containing ThOp particles and ORNL-2 on
specimens containing U0jp.

of the gas mean free paths within the voids between particles. Data shown
for the large—particle bed of U002 (bed 2) in helium were obtained at 715 K.
The results for the large-particle compacted bed of ThO9 in helium at

715 K were obtained by Interpolating between thermal conductivity versus
pressure results at 548 and 1095 K. The results on the large particles
agree to within 1% over the overlap range, but this may be fortuitous

since a little difference in thermal conductivity would be expected from

thelr different voild sizes.
DISCUSSION OF RESULTS
Heat Conduction in Powders Containing Spherical Particles
The thermal conductivity of é powder depends on many variables in a

complicated manner. These variables include the thermal conductivity of

the solid, the gas type, its thermal conductivity in bulk form, its
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pressure, the solid fraction, the particle geometry, and the particle
sizes. The gas pressure 1s 1lmportant because 1t controls the molecular
mean free path of the gas molecules within the interparticle voids. This,
in combination with the accommodation ccoefficient, controls the heat
transfer through the voids. Heat conduction by direct particle-particle
contact may also have a significant effect.

Attempts have been made in the past to derive models to calculate the
thermal conductivity of a gas~powder mixture, and fairly good agreement
was found between theory and experiment by a number of investigators:
Godbee,“ Shimokawa,9 Deissler and Eian,lo and Deissler and Boegli.11
However, when these models are applied to our case, they fall to explain
the marked difference in thermal conductivities of the different beds.

In view of the uncertainty and complexity of the parameters that
affect the thermal conductivity in such a powder-gas system, a rigorous
scientific treatment 18 not possible at this stage. Our approach is
therefore simplified. This model is presented in detail in Appendix C.
General assumptions in the model are as follows:

1. The system isotherms are parallel to the bounding planes of the
powder beds.

2. A simple hexagonal packing of solid spheres as proposed by
Shimokawa? was assumed. This leads to an assumed packing fraction of
0.605, which is close to the values listed in Table 1 for the powders
with single—size particles.

3. The model for the two-particle-size powders consisted of a single
large particle surrounded by numerous fine particles. The two-particle
ThO9 powder (bed 7) contains 330 fine particles for each coarse particle.

4. 'The lowering of the gas thermal conductivity due to the limita-
tion of the molecular mean free path was calculated with a model proposed
by Kennard.l?

Appendix C shows that the effect of limiting the gas molecule mean
free path (rarefled gas condition) can be expressed in terms of a
“temperature jump distance” at the boundaries between solid and gas.

This distance depends on the accommodation coeficient, a, for the gas
and solid surfaces. The accommodation coefficient, which has a value

between O and 1, depends on the so0lid particles, the roughness of the
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particle surfaces, and the gas. Since the absolute value of this
important coefficient is unknown, it was treated as a variable in the
calculations. The model described in Appendix C also includes a term for
radlation within the voids. Values for the thermal conductivities of the
various powders were calculated from values for the thermal conductivities
of solid ThOp and U0y from Moore et al.® and values for those of the

various gases obtalned from a compilation of data.l3

Comparison of Experimental and Calculated Results for Specimens
Containing ThOp Particles

Experimental and calculated values of the thermal conductivity of
the single-~particle compacted beds of ThOs (beds 5 and 6) in helium are
compared In Fig. 13. The calculated thermal conductivity values for the
small-particle bed (bed 6) are more sensitive to the assumed a than are

those for the large-particle bed (bed 5) because of the smaller voids and,
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Fig. 13. A comparison of calculated and experimental thermal conduc-
tivity values for the large-particle bed 5 and small-particle bed 6 of
ThOs with helium at a pressure of 0.1 MPa. Calculated curves for two
values are shown for each specimen, and a curve for the thermal conduc-
tivity of bulk helfium is shown for comparison.
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hence, greater limitation of the gas molecule mean free path. For the
small-particle bed in helium, calculated values with an assumed o of 0.2
agree well with the experimental values. This same assumed coefficient
for the large—particle bed gave results that are about 25% too low.

In both cases, however, the calculated and experimenal temperature
dependences are in nominal agreement. An assumed a of 0.4 would lead to
calculated results in better agreement (-15% at 500 K) with the larger
particle bed. This higher value of a would lead to a calculated thermal
conductivity for the specimen with small particles that was about 407 too
high. However, a may indeed be closer to 0.4, and the calculations with
an a of 0.2 fortuitously agree with the experimental results because the
powder contained many particles smaller than 44 um (see Table 1). This
would lead to experimental values that were too low. Calculations made on
the assumptions that the microspheres in the small-particle bed of ThOjp
were 25 um instead of 44 um and that a was equal to 0.4 led to calculated
values that are within 107 of the experimental ones over the entire tem—
perature range.

Figure 13 also includes a curve for the thermal conductivity of bulk
helium for comparison with the results on powders. Above 600 K, the
experimental and calculated values for the small-particle compacted bed of
ThO9 (bed 6) in helium are much less than that of bulk helium even though
64 vol 7 of the specimen consists of a solid with a thermal conductivity
an order of magnitude greater than that of the gas. This illustrates the
effect of the poor heat transfer in the rarefied gas between particles.
Heat transfer by the helium gas in the larger voids in bed 5 is close to
what one would expect with bulk helium, so that the thermal couductivity
of bed 5 18 much greater than that of bed 6.

We showed earlier that the experimental thermal conductivity of the
small-pariicle compacted bed of ThOy (bed 6) was more sensitive to
pressure than was that of the large-particle bed (bed 5). The calculated
behavior agrees with this, as shown in Fig. 1l4. This figure also shows
that the experimental curves for the large-particle ThOj bed (bed 5),
which had a solid fraction of 64%, crosses that of the two-particle com—

pacted bed of ThO» (bed 7), which had a solid fraction loading of 847%.
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Fig. 14. Experimental and calculated thermal conductivity values for
the three beds at 631 X containing ThO, (beds 5, 6, and 7) versus helium
pressure. Calculated values are for a = 0.25.

The calculated curves also show this behavior, although the calculated
curves do differ in magnitude from the experimental ones and the curves
cross at different temperatures.

Experimental and calculated values for the two beds containing
single—size ThO9 particles with argon in the voids are compared in
Fig. 15. The o for argon molecules on the oxide surface would probably
be much greater than that for helium molecules,12 but calculations based
on the maximum value for a are still too low for both specimens, although
the agreement is within 107 for the small~particle bed of ThOy (bed 6) at
high temperatures.

A possible explanation for the good agreement between experimental
and calculated values in helium and the discrepancy in the case of argon
may be found by considering the shape of the 1sotherms for the two cases.

Deissler and Boegli11 have shown that the shape of the isotherms in the
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Fig. 15. A comparison of calculated and experimental thermal couduc—
tivity values for the large-particle (bed 5) and small~-particle (bed 6)
of ThO9 with argon in the volds at a pressure of 0.1 MPa.

unit cell is a function of the ratio of the thermal conductivities of the
solid and the gas. Since this ratio is approximately 8 and 70 with helium
and with argon, respectively, at 1300 K, the planar isotherm assumption

in the model is more valid for helium than for .sn:’gon.:“+ The assumption

is also more valid when helium is present in the case of smaller particles
for the following reason. Barring mean free path limitation in small
volds, most heat flowing through the unit cell described 1In Appendix C
would pass through the solid sphere and through the gas region near the
sphere~sphere contact because this would be the most advantageous path for
heat flow. 1In this case, however, the isotherms are far from planar.

When the gas mean free path 1s limited by the small voids around the
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contact, the thermal resistance around the contact becomes much greater
than that encountered elsewhere, so the heat flow would be reduced. When
a powder conslsts of a 44~um diam particle surrounded by helium and the
mean free path is assumed to be limited by void spacing, the effective
thermal conductivity varies by a factor of 2. However, the effective
thermal conductivity varies by a factor of 12 for calculations with mean
free path unlimited (i.e., with gas with bulk properties in the voids).
Heat flow would be more uniform in the former case and the isotherms would
be more nearly planar. When the particle size 1s Increased to 440 pum and
the mean free path is assumed to be limited, the calculated result falls
between the limited and unlimited cases for the 44~um particle.

Further refinements of the model must consider the influence of
deviation of the isotherms from planes that are parallel to the bounding
surfaces.

Thus, although the model has some problems, it indicates that the
pressure and temperature dependences of the powder thermal conductivities
are controlled by the void sizes, which depend on the particle size, and
by the limitation of the mean free path within these volds. The influence
of the latter on the powder thermal conductivity 1s shown in Fig. 16 as a
function of particle diameter. This figure shows the ratio of the thermal
conductivity calculated by the procedure described in Appendix C to calcu-
lated values using the same geometrical model but assuming bulk gas
properties. This ratio is near unity for powders containing particles
with a diameter of 4000 pm and any of the three gases shown but deviates
with decreasing particle size until it reaches 0.24, 0.5, and 0.58 at
40 ym with helfum, argon, and nitrogen, respectively, in the voids. The
influence in helium 1s greater because helium has a much greater mean free
path than does either argon or nitrogen.

In addition to the increasing thermal conductivity with increasing
particle size due to the lmportance of gas molecule mean free path limita-
tion, there 1s also an Increase at elevated temperatures due to a radia-
tion component, which is shown in Fig. 17 as a percentage of the total
heat flow. Values for the radiation component were obtained by first

calculating total thermal conductivity values with assumed emittances of
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Fig. 16. Ratio of the calculated thermal conductivity of a powder
with spherical particles assuming that the gas thermal conductivity is
lowered by the temperature jump effect to the value calculated assuming
that gas in the voids had bulk gas properties. Calculations are for ThOjp
particles at 1000 K, a gas pressure of 0.1 MPa, an emittance of 0.5, and
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0.5 and 0.0 and then calculating the difference between the two results.
The absolute magnitude of the radiation component 1s the same for the two
gases but the percentage contribution with argon is a factor of 3 greater

than with helium.,

Comparion of Experimental and Calculated Results for
Specimens Containing U0y Particles

The experimental and calculated results for the large-particle bed of
U0y (bed 2) and the small-particle bed of U0 (bed 3) in helium are com~—
pared in Fig. 18. Calculations based on an assumed a of 0.35 agree with
experimental results on the fine powder specimen (bed 3) to within 10% and
agree with results on the coarse powder specimen (bed 2) to within —20%.
This value for o describes the experimental pressure dependences, as shown
in Fig. 19. The greater influence of pressure on the thermal conductivity
of the fine-particle bed (bed 3) is caused by the rarefied gas in the

small voids of this materlal.
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The model described in Appendix C for a two-particle vibratorily com~
pacted bed cannot be used for the two-particle blended bed of U0y (bed 4)
for two reasons. First, bed 4 has many more fine particles than there are
in the model (approximately 105 versus 102). Second, the large particles
in bed 4 consume a much smaller part of the total specimen volume (43.9%
versus 64.0%). The first problem could be circumvented by calculating the
thermal conductivity of a unit cell consisting of the smaller particles
and then assuming that the large particles were In a medium with a thermal
conductivity equal to that calculated for the cell containing the small
particles. Although the calculation for the cell containing the small
particles in helium would be approximately correct, the difference between
actual packing of the large spheres (43.9%Z) and the value assumed In the
model (60.5%) is too great to conslider the calculations seriously. These
results do, however, reflect the same mean free path limitation effects as
those described for ThOj.

Another finite—difference method has been developed and applied to
the results on the three-particle blended bed of U092 (bed 1) with helium
in the voids.!® Those calculations use fixed values for the thermal

accommodation coefficient of helium on UO9 surfaces. The assumed!® values
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of o depend on temperature and range from 0.31 at 300 K to 0.23 at 1300 K.
These values are reasonably close to the accommodation coefficients that

were required to fit our data on single-size powder beds to our model.

Relationship of Experimental Results to Use of Microsphere
Powders for Reactor Fuel

Powders consisting of spherical Uy, gPug, 202 particles in helium gas
have been studied as possible reactor fuels and compared with solid fuels
with the same density.7,17-18 The results reported herein are only
applicable to the early stages of fuel burnup.* This, however, is a
critical period in the fuel lifetime because the thermal conductivity is
at a minimum and without prior knowledge of the conductivity one might
expose the fuel element to conditions under which it is likely to overheat.
During reactor operation severe restructuring occurs and raises the
thermal conductivity by changing the void space from a continuous gas
phase surrounding the spherical particles to lenticular voids and then to
long voids parallel to the direction of heat flow. During this restruc-—
turing the outer particles remain in good contact with the cladding and
prevent the occurrence of a large gap. The absence of this gap leads to
an effective thermal conductivity of the powder fuel that is 11% higher
than that of a solid fuel.l7,18 AdeslS has attempted to calculate the
effect of restructuring on the thermal conductivity of sphere—pac

U0y beds.
CONCLUSTIONS

1. Two techniques have been developed for measuring the thermal con-—
ductivity of powder from room temperature to 1300 K over a modest pressure
range. Experimental results from these two techniques on similar speci-
mens agreed to within 7%Z. The temperature jump effect at the walls of the
apparatus with a small annulus was insignificant and did not influence the

data accuracy.

*Although the gas pressure in reactor fuels is greater than the
highest pressure attained during measurements on bed 1, Fig. 5 indicates
that the thermal conductivity of this bed has nearly saturated at 0.6 MPa.
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2. Experimentatal measurements of the thermal conductivity of

powders consisting of opaque, spherical particles of ThO9 or UO9 in

helium, argon, nitrogen, or krypton have shown the following:

Ae

The thermal conductivities of powders with large~diameter particles
(>300 ym) increase linearly with temperature when the gas pressure is
0.1 MPa (~1.0 atm). The thermal conductivities of these same powders
are relatively insensitive to pressure change.

The thermal conductivity of powders containing small particles (either
powders with only small particles or with mixed particle sizes) are
temperature Independent at 0.1 MPa with the heaviler gases such as
argen and nitrogen in the voids and have a negative temperature depen~
dence with helium In the voids. Helium provides a positive tem-
perature dependence at higher pressures. These powders also exhibit
strong pressure sensitivity, with the greatest sensitivity occurring
with helium in the voids.

The highest thermal conductivity measured was for a powder with three
different sizes of U0 particles in helium.

3. A theoretical model was developed for describing heat transfer in

powders with spherical particles. This model

3.

4.

describes the temperature and pressure dependence of the thermal con-
ductivity of most of the specimens studied experimentally,

attributes most of the behavior of powders with small particles to
limitation of the gas mean free path by small voids in the powder,
shows that the radiation component of the thermal conductivity is a
strvong function of particle size and is about 5 or 26% of the total
when helium or argon, respectively, 1s In the interparticle voids of a
powder with 100—um particles,

agrees with experimental results on powders containing argon or with
small-particle beds containing helium. This is attributed to the more
nearly planar isotherms for these systems.

The applicability of these data to reactor fuels is limited to the

early stages of fuel burnup because of restructuring.
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RECOMMENDATIONS

The theoretical model for heat transfer should be modified, if
possible, to take into account the fact that isotherms are not always
planes parallel to the bounding surfaces of the powder. 1In addition,
thermal conductivity should be measured on powders with small spherical
particles (<100 um in diameter) with a narrow size distribution to test
the theoretical model,

A powder of opaque microspheres would make an excellent thermal con-
ductivity standard in the low thermal conductivity range because proper
selection of interparticle gas and gas pressure would give a wide range of
thermal conductivity values. In addition, one could come much closer to
reproducing a specific solid fraction loading with all particles spherical
and the. same size than one could with irregularly shaped particles with a
wide size distribution. Therefore, careful measurements should be made on
a plentiful powder of this type to establish a good thermal conductivity

standard in the low thermal conductivity range.
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Appendix A

DETAILS OF SPECIMEN CHAMBER ORNL-1

The specimen chamber for ORNL-1, which 1s shown in Fig. 1, was
fabricated from a 50.8-mm-0D by 4.13-mm~ID by 203.2-mm~-long stainless
steel tube. A bottom flange was welded to this tube and a removable
flange was positioned on the top. A type 304L stainless steel tube with
an outer diameter of either 3.175 or 6.35 mm formed the core heater, and
it was threaded into the bottom flange and passed through an Alj04 bushing
in the top flange. Dimensional tolerance oa the flanges and bushing was
controlled to ensure central location of the core heater to within
#0.15 mn. Holes in the top flange permitted control of the gas type and
pressure inside the powder annulus. The nominal volume of this annulus
was 0.27 L. This specimen chamber was placed inside an environmental
chamber normally used for measuring the thermal conductivities of solids.

All temperature measurements were made with type S thermocouples
consisting of 0.25-mm-diam wires of Pt—10% Rh and platinum insulated with
two-hole high-purity Alj03 tubing. Three thermocouples were spaced 120°
apart in the outer chamber wall in the central plane of the cylinder. The
thermocouple wells in the chamber wall were 20 wm deep and 1.6 mm diam,
and the hot junction was centered inside a 1.6-mm~diam one-hole Aly0j3
tube at the bottom of the well. This configuration ensured a snug fit
between thermocouple and well in addition to placing the first 20 mm of
the thermocouple wire in an isothermal region.  This prevented heat flow
away from (or toward) the thermocouple hot junction. Two thermocouples
were insulated with l.6~mm~diam tubing and inserted into the central core
heater near the cylinder central plane. One of these thermocouples
entered from the core heater top and one from the bottom. In addition to
the measuring thermocouples just described, two thermocouples at each end
of the chamber wall monitored the temperature profile along the cylinder
wall. This cylinder wall was kept isothermal for each datum by adjusting

the temperatures of the various heaters surrounding the specimen chamber,

33
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When the system reached equilibrium, all thermocouple emfs and the
voltage drop across a standard resistor wired in serles with the core
heater were measured with a potentiometer. The thermocouple emfs were
converted to temperatures, and the thermal coonductivity was calculated

with

-

q In{rz/r9)
A= L2 (A1)
2w q° r2 74
T(r=0) — T(ry) — bT1g0 — In — + 1ln —
2MAgg rs r3
where
T(r=0) = the average temperature Indicated by the thermocouples in
the core heater,
T'(r4) = the average temperature indicated by the thermocouples in
the outer chamber wall,
¥y = the outer core heater radius,
ry = the inner radius of the outer stainless steel tube (i.e.,
the outer radius of the specimen annulus),
¥4 = the distance between the center of the core heater and the
thermocouple wells in the outer chamber wall,
ry = 1inside radius of the core heater,
rs = exp[(ln r3 + 1n r1)/2],
q° = the power per unit length dissipated by the core heater,
Agg = thermal conductivity of the core heater and chamber wall,
and

ATjs0 1s an internal calibration of the thermocouples, which was
obtained with the electrical current in the core heater at
zero and the chamber near isothermal counditions.

The use of the ATljg, as a correction for small spurious emfs has been

discussed by others.!

The term in the denominator containing In(7y/7s)
and 1n{r4/7r3) is a correction for the temperature drops between the inner
and outer specimen radiil and the thermocouple hot junctions in the
stainless steel walls.

The thermal conductivity of the stainless steel core heater and

chamber wall was determined by measuring thelr electrical resistivity



35

versus temperature and using an equation by Powell? that relates the
electrical resistivity and thermal conductivity. The heat generated per

unit length by the core heater was calculated by
q° = I2R/L ,

where 7 was the current flow through the core heater and K/l was the
resistance per unit length determined by measuring the voltage drop
between potential taps with a known spacing. The temperature near the
potential taps was measured with a thermocouple. The distance between
the potential taps was determined by comparison with knife edges of known
spacing. A relation between R/.L for the core heater and temperature was
carefully established by passing small currents through the core at
various temperatures between 300 and 1300 K. This approach eliminated
the need for placing potential taps on the core heater inside the powder
and simplified the assembly without adding significant error,

The fractional uncertainty in a thermal conductivity measurement

using ORNL-1 can be written as

A Aq” + Ary + Arg
q” r3 In(rz/ry) ro In(r3/ra)

A

A[T(r=0) — T(ry) — C”]
T(r=0) — T(r4) — C°

> (A2)

where ¢ = (q"/2mAgg)[In(ry/rs) + In(ry/73)]. This equation would indicate
a total determinate errvor of *27 for either size core heater.

Two primary sources of indeterminate error occur in the measurements.
The first of these 1is the "temperature jump” effect between the specimen

and adjacent metal walls. Equation (Al) assumes that the temperature
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drop at these surfaces is negligibly small. The magnitude of the error
caused by this assumption can be calculated approximately and checked
experimentally.

The temperature drop that occurs at a solid—-gas interface is written

by Kennard?

aT
Iy~ Ty = G = (43)

where Ty is the solid wall temperature and Tk is the temperature that the
gas would have if the temperature gradient in the gas normal to the wall,
3T/3n, continued without change to the wall surface. The constant G can

be approximated by

X
=2z 2 9 , | (A4)
o Y+1ncv

where
a = accommodation coefficient of the gas-wall interface,
Xg = thermal conductivity of the bulk gas,
n = viscosity of the gas,
Cp = specific heat of the gas at constant volume,
A = wmean free path of the gas molecules,
Y = the ratlo of (p to Cy. (Cp = specific heat at constant

pressure.)

The temperature drop is then

A
2 —qa 2 ) ar
Ty — Ty = A= . A5
K W a y+1 nCy an (4)
Since 9T/3n for the radial apparatus 1s given by
i I q
3T _ 3T | (A6)
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Eq. (AS5) becomes

-

2 —a Ag

Ty — Ty =
K d & Ay + L)nCymr

(A7)

The most significant aspect of this equation is the inverse relation
between Ty ~ Ty and the surface radius. This means that the "temperature
jump” effect at the inmer radius of the specimen exceeds that at the outer

radius. The combined error Tj would be

Tj___2-a Aq” i, 1) , (48)
O (v + Lynepn V3 12

and the percentage error caused by the temperature jump effect would be

T _ Ag”
% error = 100 - = 100 2 — ¢ 1 (L, + .1_..> . (A9)
6T ST 9 (v + LynCyn\r3 | 72

The accommodation coefficient is a measure of the efficiency of heat
transfer between a surface and the gas In contact with the surface. This
coefficient can vary from about 0.05 to 1.0 depending on the surface

material and finish and the gas type.“

The surfaces bounding the powder
bed were slightly oxidized stainless steel, which has a high accommodation
coefficient, but for calculation we shall assume a pessimistically low
value of 0.1. Values for v, Ag/ﬂCv, A, and Ag were obtained from
Kennard,3 Tsederberg,” and the TPRC data compilations.5

Calculations suggest that the ervor should be less in magnitude than
~0.67% and ~0.96% for core heaters with diameters of 3.175 and 6.35 mm,
respectively. Thus, the error would depend on the core heater size, and
measurements using different size core heaters would yield different
results 1f the error was significant. Measurements using the two core
heaters above indicated that this error was small.

Calculation of the thermal conductivity using Egq. (Al) rvequires
the assumption that the system 1s infinitely long. TFailure of the system

to meet this assumption leads to nonradial heat flow at the specimen
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midplane, which, in turn, leads to an error not included in Eq. (A2).

To assess this Indeterminate error, the system was thermally analyzed by
using a finlte-difference heat conduction code in a manner described by
Godfrey et al.® This analysis showed that the maximum error due to this
scurce would be about +8% and would occur for the powder specimens with

a thermal conductivity near 0.2 W/(m*K). This error is approximately
proportional to the reciprocal of the specimen thermal conductivity and
would thus be much less than +87% for most of the results presented for
powders containing ThOs. This error was due primarily to the fact that
the lower end of the core heater was in good thermal contact with the
outer chamber wall and usually had about the same temperature as the outer
wall, which was adjusted to be isothermal. This placed a temperature
gradient on the core heater, which caused heat to flow axially away from
the center of the core heater and thus lead to positlve errors. This
chamber would have been much better had the need for vibratory compaction
not prevented the threaded connection at the bottom of the core heater
from being replaced with an oxide bushing similar to the one shown at

the top.

This system was tested with an MgO powder with a density 587 of
theoretical. Although the results were only a few percent below those
obtained by Godbee’ at room temperature, results at 1300 K were about 207
below Godbee's values, even after a negative connection of 107 was applied
to his high~temperature data. This correction was necessary because a
heat shunting error 1an his data was discovered after publication. The
cause of the remaining 207 discrepancy in unknown, but it is probably due
to experimental error with ORNL-1 and possibly slight differences in

powder densities.
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Appendix B
DETAILS OF SPECIMEN CHAMBER ORNL-2

The specimen chamber designated ORNL-2 and shown in Fig. 2 consisted
of two concentric stainless steel tubes attached so that the powder
specimen would fill the annulus between the tubes. The inner diameter
of the outer tube and the outer diameter of the inner tube were 40.16 mm
and 19.12 mm, respectively, which led to a specimen gap of 10.52 mm.

The height of the powder specimen in the annulus was 223 mm. A thin domed
ring at the bottom of the annulus connected the two tubes and served as
the bottom of the specimen chamber. The strength of this domed ring
limited the upper pressure of this chamber to 0.6 MPa at an upper
temperature of 1000 K.

The core heater, which is shown in Fig. Bl, consisted of a platinum
wilre noninductively wound on a grooved ceramic support. The distance
between potential taps attached to the platinum wire was measured with a
traveling-stage microscope. This assembly was inserted into the 1nside
of the inner stainless steel tube so that it was at the central axis
of the chamber.

Platinum and Pt-10% Rh thermocouple wire (0.25 mm diam) was annealed
to remove the strain during manufacture, and thermocouples fabricated from
this wire were inserted into the long thermocouple wells in the chamber.
The close fit between the thermocouple insulation and the long depth of
immersion minimized the temperature gradient at the thermocouple hot
junction. Six thermocouples, three in the inner cylinder and three in
the outer cylinder, were positioned in the chamber midplane to measure
the temperature drop across the specimen. Additional thermocouples were
placed in the cylinder walls at the ends to monltor the axial gradient.

The chamber was positioned in a large environmental chamber and was
surrounded by three 100~mm~diam independently controlled muffle heaters,
as shown in Fig. 3. 7For each data point the temperatures of these three
heaters were adjusted until the axial variation on the specimen chamber

was less than 0.5 K.
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Fig. Bl. Core heater for radial heat flow apparatus.

Joule heat was generated in the core heater by passing a regulated
direct current through the platinum heater wire. The power generated per
unit length was determined by measuring the voltage drops between the
potential taps and across a standard resistor wired In series with the
core heater windings. The heat output from the core heater was usually
adjusted to yield a temperature drop of from 5 to 15 K across the specimen
annulus. When the system reached steady state, the voltages from the
thermocouples were measured with a six-dial potentiometer. After
standardization, a precision of 0.01 uV could be achieved. The voltages
on the core heater and the voltage drop across the standard resistor were

measured with a less precise potentiometer because the greater accuracy of
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the six~dial was not needed for these large signals. The thermocouple
voltages were converted to temperature, and the thermal coanductivity was
calculated by using Eq. (Al) of Appendix A except that T(r=0) was replaced
with T'(rg), where r5 was now the distance from the system central axis to
the thermocouple wells in the laner tube, and g~° was determined from the
voltage and current. The total determinate error for ORNL-2, based on an
analysis similar to that given in Appendix A, was 23.2%.

Indeterminate errors in this system were similar to those discussed
in Appendix A for ORNL-1. Thermal wodeling showed that at 1050 K error
due to nonradial heat flow at the specimen midplane would be +0.7%, +10%,
and +20% for specimen conductivities of 1.5, 0.7, and 0.3 W/(m*X),
respectively.

Measurements on a powder coansisting of 500-um-diam spherical Al;03
particles in nitrogen at a pressure of 0.1 MPa gave values of 0.3361,
0.4365, 0.4687, and 0.5222 W/(m*K) at temperatures of 414.5, 631.5, 721.9,
and 887.4 K, respectively, These results are about 7% above calibration
values obtained on this same powder in a chamber so large (90 mm diam x
355 mm high) that it was not subject to many of the potential errors in
ORNL-2. This positive deviation from the calibration values agrees with
the prediction from the thermal modeling studies. For a system with such
a small specimen volume this is a relatively low error.

Measurements in ORNL-2 made on samples of MgO powder gave results that
were lower than those reported by previous workers,1 but this difference

may be due to a different specimen density.
Reference
1. H. W. Godbee, Thermal Conductivity of Magnesia, Alumina, and Zirconia

Powders in Air at Atmospheric Pressure from 200°F to 1500°F,

ORNL-3510, April 1966.






Appendix C

MODELS FOR HEAT CONDUCTION IN VIBRATORILY COMPACTED
POWDERS WITH SPHERICAL PARTICLES

Models were derived for heat conduction in the vibratorily compacted
specimens containing ThOj particles. One of the most important assump-—
tions in all calculations was that the isotherms are parallel to the
beunding surfaces of the specimen annulus,

Cl. Model for Powders with a Single Size Particle

Cl.1. Geometrical Model of Sphere Packing

We needed to construct a model for the packing of solid spheres that
would yield the correct demsity. The model proposed by Shimokawa! was
used to describe the beds containing single~size spheres.

Simple hexagonal packing of solid spheres was assumed. A projection
onto the (010) plane 1s shown in Fig. Cl(a) and a (001) plane projection
in Fig. CI(b). The spheres are in contact, and the projections of the
unit cell used for the calculation of thermal conductivity are outlined.
A sketch of the unit cell in Fig. C2 shows a section parallel to the basal
plane and an exploded view of the cell as a whole. One half [Fig. C2(¢)]
of the unit cell was further subdivided into the components shown in (d)
and (e). Figure C2(f) is a section through the component shown in
Fig. C2(4d).

An analysis of the geometry pertaining to this unit cell (cell A) is
given in Sect. Cl.2, which shows that the solid fraction in this cell is
0.605., This is sufficiently near the values of 0.585 to 0.64 1in the beds
with single-size particles listed in Table 1 that this model may be used

for the analysis.

o~
(¥
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(a)

(b) SECT.E-E’

Fig. Cl. Plane projections of the unit cell for a 60.5%-dense bed,
showing (a) the projection ounto the (010) plane and (b) the projection
onto the (001) plane.
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Fig. C2. Unit cell for a 60.5%-dense bed, showing (a) the basal
plane projection, (b) and (c) exploded views of the unit cell, (d) the

cylindrical component, (e) the hexagonal component, and (f) a section
through' the cylindrical component.
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Cl.2. Analysis of Unit Cell A

The volume of the unit cell is found from Fig. Cl(b). In triangle
AQU:
AQ = 2R.
QS = R.
Therefore, AS = Y3R.
P 1s the center of gravity of triangle AQU.
Therefore, 4P = (2/3)(¥Y3R).
Area of parallelogram APTW = AP(AX) = (2/3)(Y3R)(R) = (2/3)Y3R2.
Total base area of unit cell = 3(2/3)(V/3R2) = 2/3R2,
Volume of unit cell, Vy = base area x height = 2V/3R2(2R) = 4Y3R3.
Volume of “"cylinder-sphere” component [Fig. C2(d)], V, = TR2(2R) = 2unR3.
Volume of solid in unit cell [Fig. C2(b), (c)] Vg = (4/3)uR3.
Volume of "hexagonal-cylinder” component [Fig. C2(e)], V, = Vg —V, =
283(2¢3 — W),
Volume fraction solid = Vg/Vy = (4/3)mR3/4/3R3 = 0.605 = 60.5%.
Volume fraction of "cylinder-sphere” component, fpy = Vo/Vy = 27R3/4V3R3 =
0.907.
Volume fraction of "hexagonal-cylinder" component, fy = V,/Vp =
2R3(2¥3 — 7)/4Y3R3 = 0.093.

Cl.3 Model for the Calculation of Effective Thermal Conductivity

We assumed that heat flowed in the Z-direction (Fig. C2). The two
components of the unit cell, "cylinder—sphere” component [Fig. C2(d)] and
"hexagonal—cylinder” component [Fig. C2(e)], were treated separately as
thermal resistances in parallel. The effective thermal conductivity of
the unit cell was calculated as follows:

1. The effective thermal conductivity for conduction heat transfer
in the "cylinder—sphere” component of the unit cell was determined. This
was done by summing the effective thermal conductivities of parallel con-
centric cylinders. The thermal conductivity of each elemental cylinder in
turn was determined by considering the gas and solid within such a

cylinder as thermal resistances in series.
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2. The effective thermal conductivity for conduction heat transfer
in the "hexagonal—-cylinder” component of the unit cell was determined.

3. The contribution of radiation heat transfer to each component was

calculated.
4. The total effective thermal conductivity of the unit cell was

determined by considering the two components as thermal resistances in

parallel.
A schematic representation of the method is given in Fig. C3. The

details of each calculation will next be considered.

ORNL-DWG 827652
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Fig. C3. Schematic analog of method used to determine the effective
thermal conductivity of a 60.5%Z-dense bed.
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Conduction Heat Transfer in "Cylinder-Sphere” Component. A section

through one half of the unit cell is given in Fig. C2(f). Line 4-4 is a
line of symmetry, so that it was necessary to analyze only one quarter of
the "cylinder-sphere” component, and this section is shown in Fig. C4.

The effective thermal conductivity of an elemental cylinder, distance Y
from the center and of width ¥, was first calculated. The solid and gas
within one such cylinder were considered as thermal resistances in series,
because we assumed that the heat flow was perpendicular to the isotherms.

The effective thermal conductivity of the elemental cylinder 7 was then

given by
2NN I B |
A xsxc/(fsxc + fcxs) . (CL)
where
AY = effective thermal conductivity of elemental cylinder %,
As = rthermal conductivity of the solid,

ORNL-DWG 82-7653
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Fig. C4. One quarter of the cylindrical component of the unit cell
for a 60.5%—dense bed.
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1]

AZ thermal conductivity of the portion of gas in the elemental
cylinder,
fg = solid fraction in elemental cylinder, and

fg = gas fraction In elemental cylinder.

The solid conductivity was found from known experimental values,
and the solid and gas fractions were determined from the geometry of the

system:
f, = (& —D/2)/R (c2)
fg = (L—Ff,) =D/2R (€3)
where

D= 2(R —/R2 — 2y (c4)

The conductivity of the gas had to be calculated because assumption
of bulk properties for the gas in the space between the solids was not
justified. Near the contact between the solid particles, the distance
between the spheres approaches the mean free path of the gas molecules.
Rarefied gas properties were therefore expected in this region, and the
"temperature~Jjump” effect was considered.

Smoluchowski? and Knudsen® have shown that a discontinuity of
temperature occurs at a wall bounding an unequally heated gas. This
situation is shown schematically in Fig. C5. The temperature gradient
is dT/dx in the gas between walls A and B. However, the temperature
measured at wall A was not Tx but Tj. The distance G (the temperature
jump distance) 1s a measure of the discontinuity in temperature and was

expressed by Eq. (A3) iIn Appendix A, which can be approximated with
Ty — Ty = G AT/d (C5)

where d 1s the distance between plates.
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Fig. C5. Schematic illustration of the temperature-jump effect.

An expression for G in terms of properties is given as a variation

of Eq. (A4) or

2 —a (21RT)1/2 Ag

G . (C6)
o Y+ 1 CyP
where
R = gas constant,
T = absolute temperature,
P = pressure,

and the other constants have been defined in Appendix A.

When the temperature jump is small compared with the temperature dif-
ference between walls, the heat transferred by conduction between the two

walls A and B distance d apart may be approximated with

q = Agh aT/bx (c7)
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q = heat transferred from wall B to wall A,

Ag = thermal conductivity of the bulk gas,

4 = gurface area,

AT = temperature difference between the walls, and

Ax = (d+ 2G) = effective distance between the walls if a
linear temperature gradient is assumed. This is valid
only if G is small compared with d. :

Therefore,
q = AgA AT/(d + 2G) . (C8)

An effective thermal conductivity of the gas between the two walls, Ag,

may be defined in analogy to Fourier's equation:
g = AiA AT/d . (€9)

Combination of Eqs. (C8) and (C9) yields

A A
3 = g4 g . (C10)

¢ d+ 26 1+ 2G/d

Further consideration of Fig. C4 shows that the effective thermal conduc~-
tivity of the gas in each elemental cylinder can be computed as a function
of D, the distance between the spheres. This value was substituted in
Eq. (Cl), and the effective thermal conductivity of each elemental
cylinder was then calculated.

Equation (C10) loses 1ts validity in the region of contact between
the spherical particles, and rarefied gas properties have to be considered
when the distance D between the solid spheres is less than A, the mean

free path of gas molecules. Kennard" gives an expression for the heat
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conduction between two parallel plates under rarefied gas conditions.

A similar expression for the case under consideration is derived in

Appendix D. This equation is

RAR al(y + 1) CyPD
A = Lk , (C11)
e 2(2 —a) (2nRTHL/2
RAR
where Ae = effective therwal conductivity of the gas under rarefied

conditions.

When U < A, Eq. (Cll) was used to determine the effective thermal
conductivity of the gas In each elemental cylinder. Constants used to
calculate G and AgAR are given in Table Fl of Appendix F.

Conduction Heat Transfer in Hexagonal-Cylinder Component. The effec~

tive thermal conductivity of the gas in this space is given, in analogy
to Eq. (C10), by

g (C12)

where D = 2R.

Contribution of Radiation. The amouunt of heat transferred by
[

radiation between two identical parallel plates’ can be expressed as

- 4
q = NidZAr(Tli -1, (C13)
where
Ny, = refractive index of medium between surfaces,
o = Stefan-Boltzmann constant,

= emittance of radiating surfaces,
Ap = radiating surface area, and

T7, T» = absolute temperatures of radiating surfaces.
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The term containing the absolute temperatures can be written as
(Ty — T9)(Ty + Tp)(T2 + T3). If we assume that (Ty + Tp) = 27 and
(73 + 13) = 27%, Eq. (C13) becomes

g = N20SAn(Ty — T4T> .

Therefore,

2
q = 4y

o8, (AT . (C14)
An effective thermal conductivity for radiation may be defined in analogy
to Fourier's equation for the space between the two parallel surfaces,

separated a distance I, and one obtains
g = AgAp ATID . (C15)

Combination of Eqs. (Cl4) and (Cl5) yields

3

A D . (C16)

Ny = 4NZGET

The radiation contribution to the conductivity in the "hexagonal-cylinder”

component is given by
Ny = antorr3(2R) . (c17)

The effective thermal conductivity of the gas in each elemental cylinder
in the "cylinder—-sphere” component of the unit cell is therfore the sum of

the conduction and radiation coefficients of thermal conductivity:

A =27+ AZ , (C18)
where
Ag = total effective thermal conductivity of the gas 1In an
elemental cylinder
Ag = thermal conductivity of gas space due to gas, and

Aa = radiation contribution to the total thermal conductivity.
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A similar argument applies to the "hexagonal-cylinder” component of the
unit cell.
Total Effective Thermal Conductivity of Cell A, The total effective

thermal conductivity of cell A can now be determined by taking the thermal
resistance of the "cylinder-sphere” component in parallel with that of the
"hexagonal—-cylinder™ component. The total effective thermal conductivity

of unit cell A can now be expressed as

TA

. = fcyxcy +-fHAH . (C19)
where
AgA = total effective thermal conductivity of unit cell A,
Agy = effective thermal conductivity of "ecylinder—-sphere” component,
Ay = effective thermal conductivity of "hexagonal-cylinder”
component,
fcy = volume fraction of "cylinder—sphere” component, and
fy = volume fraction of "hexagonal-cylinder” component.

Section Cl.2 shows that fey = Ve/Vp = 0.907 and fp = Vp/Vp = 0.093.
The effective thermal conductivity in the cylindrical component can

be written as

N (c20)

[

)\G
¥ 121

where
h = number of elemental cylinders,
Aé = effective thermal conductivity of elemental cylinder, and
fi = vyolume fraction of elemental cylinder.

The last two quantities can be written as

i = [¥2 — (¥ — W)2]/R2 (Fig. C4&) (€21)
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and

Z Asxg
e T T (“22)
fsxe :+ chs

where Xg = effective thermal conductivity of gas with radiation taken 1nto
account (Eq. C18).

The effective thermal conductivity in the hexagonal component is

’rﬁ

Mg = Ag/ (1 + G/R) + 2y, (c23)

where AZ = radiation contribution for the hexagonal component of the unit
cell. The variables used in the computer program for calculating the
thermal conductivity of the powder with a 60.5%7 loading are given in

Appendix F and the program 1Is listed in Appendix G.
C2. Model for the Two-Particle Compacted Bed of ThOs (Bed 7)

It will be recalled that the two-particle compacted bed of ThOj
(bed 7) described in Table 1 was prepared by first vibratorily compacting
particles with a diameter of 440 um. Particles with diameters up to 44 um
were then Infiltrated into the voids between large particles by further
vibration. This simplified analysis assumed that all the small particles
had diameters of 44 um.

C2.1 Geometrical Model of Sphere Packing

We assumed that coarse microépheres (440 um) were packed in a simple
hexagonal mode. The fine microspheres (44 um) were then stacked in the
gas spaces left between the coarsé spheres. We further assumed that the
fine microspheres were In turn also stacked in a simple hexagonal array in
the available space.

The composite unit cell, consisting of both 440- and 44-um~-diam

microspheres, was subdivided in the same way as before, into "cylinder-

sphere” and "hexagonal-cylinder” components [Fig. C2(d) and (e)].
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Figure C6 is a section through the cylindrical component. To simplify the
analysis, we assumed the coarse microsphere to be notched as shown. The
gas space between the coarse particles could accommodate three vertical
columns of small particle unit cells, as shown in Fig. C6.

Small microsphere unit cells can also be stacked in the gas space
forming the "hexagonal—cylinder”™ component of the coarse particle unit
cell as shown in Fig. C7(a). 1In this case we also assumed that the small
particles were packed by putting a column of small particle unit cells
into the available gas space.

A basal plane projection of a composite unit cell thus formed hy
coarse and fine microspheres is shown in Fig. C7(b). It 1s evident that
close packing of hexagonal unit cells cannot be achieved in a cylindrical
volume. For this reason gas columns, as shown in Fig. C6, were introduced

to compensate for the gas volume not taken up by small unit cells.

ORNL-DWG 82-7655
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Fig. C6. Section through one quarter of the cylindrical component of
the unit cell for an 80.5%-dense bed.
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(b}

Fig. C7. Projections onto the basal plane of the unit cell for
80.5%—dense bed.
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Geometrically some 270 small (44-um-diam) unit cells can be packed in
the "cylinder—sphere” component of a large (440-um-diam) unit cell and
60 small unit cells in the "hexagonal-cylinder” component. A composite
unit cell that was used for analyzing the heat transfer 1in beds of 84%
solid density consists therefore of one 440-um~diam particle and 330
particles with a diameter of 44 um. Such a composite unit cell is
geometrically analyzed in Sect. C2.2. The volume fraction of solid was
calculated as 0.805, whereas that obtained for the two-particle compacted
bed of ThOp (bed 7) was actually 0.84.

C2.2 Analysis of Unit Cell B

Volume of big unit cell (440-um particle) = WIR3
Volume of small unit cell (44-um particle) = 4/§YR/10)3

Number of small unit cells in column I (Fig. C6) = 0
Number of small unit cells in column II (Fig. C6) = 18
Number of small unit cells in column IIT (Fig. C6) = 72
Number of small unit cells in column IV (Fig. C6) = 180

Total of small unit cells in "cylinder-sphere” component
(Figs. €6 and C7) of big unit cell = 270
Total number of small unit cells in "hexagonal—cylinder”

component (Figs. C6 and C7) of big unit cell = 60

Therefore, total number of small unit cells in

composite unit cell = 330

Volume of 44—um-diam solid particles = 4/3(R/10)3 x 330 x 0.605 = 1.3821R3

Volume of 440-um-diam solld particles = 4/3R3 x 1 = 4.1888R3

Therefore, total solid volume in composite cell = 5.5709R3
5.5709R3

Volume fraction solid =
6.9284R3

Therefore, volume fraction solid = 0.804 = 80.4%.
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C2.3 Analysis of the Thermal Conductivity in the Composite Unit Cell

Because of symmetry, we needed to consider only one quarter of the
"cylinder-sphere” component of the unit cell, a section of which is shown
in Fig. C6. This "cylinder-sphere” component was subdivided into four
columns as shown. Each column (actually a cylinder) was treated
separately as shown below.

Column I. For 0 < Y < 0.4F the analysis was done as in model A.

That 1is, the effective thermal conductivities of elemental vertical
cylinders were calculated and these cylinders were then treated as thermal

resistances in parallel (Fig. C3). Therefore,

S '(Agfi) , (C24)

—

where
Ag = effective thermal conductivity of cylinder I,
% = number of elemental cylinders,
Az = thermal conductivity of elemental cylinder, and
fT = volume fraction of elemental cylinder.

Column IT. The thermal conductivity of the gas space (Fig. C6) was

determined as before:

*g
e+ A €25
¢ 1+2/ ¢’ (€23)
where N 1s the length of the gas space and the other terms have been
previously defined.
The thermal resistances of the solid and the gas space were taken in

series, resulting 1In the expression

A
8 C
A e (C26)
i o +f9A

s'g e’s
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where
Az*g = effective thermal conductivity of solid plus gas in
column II,
As = thermal comnductivity of solid,
fs = volume fraction of solid, and
fg = volume fraction of gas-.

The effective thermal conductivity of column II was then determined by
taking llki*g in series with the thermal resistance of the column of small

(44 um) unit cells, henceforth referred to as the composite. Therefore,

8-g
A;I - - A Xe :c;?p As—g , (C27)
&~g comp comp &
where
AgI = effective thermal conductlivity of column IT,
comp = zifecfive thermal conductivity of composite (column of
um~-diam unit cells),
fsng = volume fraction of solid plus gas in column 1T, and
fcomp = vyolume fraction of composite.

The thermal conductivity of a column of small (44~pm~diam) unit cells,
comp® was determined by the analysis om unit cell A.
Column III. The thermal resistances of the composite and gas space
in this column were considered as being in parallel (Fig. C6). The effec—

tive thermal conductivity of the gas plus composite was then given by

g-¢ g
xe fgkc + f;ompxcomp ’ (C28)
where
Ag—c = effective thermal counductivity of gas plus composite,
Xg = effective thermal conductivity of gas,

effective thermal conductivity of composite,
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fg = wolume fraction of gas, and
. ) .
fcomp volume fractlon of composite.

The effective thermal conductivity of the gas, Ag, was determined from
Eq. {C25). To determine the final effective thermal conductivity, we took
the thermal resistance lfkgwg in series with the thermal resistance of the

&

s0lid, obtaining the expression

g
. A X
At - g8 ) (€29)
- il 54 + -
fHA fgwak$
where
AIII
o = @affective thermal conductivity of column ITY,
AS = golid cenductivity,
fs = vyplume fraction of solid, aund
fgwc = wvolume fracticn of gas plus composite.

Column IV. The effective thermal conductivity of column IV was
determined in the same way as was that of column III.

"Hexagonal~Cylinder” Component of Unit Cell {(Column V). The hexa-~

gonal component of the unit cell consists of columns of small (44~pm—diam)
unit cells and gas. The effectlve thermal cooductivity of this hexagounal

component was determined by taking the thermal resistance of the cowmposite
(columns of small unit cells) in parallel. This treatment led to

M

>

e PRI 4
fc\c t ‘complcomp (€30)

where
AZ = gffective thermal conductivity of hexagonal component,
kg = effective thermal conductivity of gas,
Aecomp = effectlve conductivity of couposite,

fg = vyolume fraction of gas, and

fcomp =  yolume fraction of composite.
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Effective Thermal Conductivity of Unit Cell B. The effective thermal

conductivity of the whole unit cell was finally determined by taking the

thermal resistances of the five columns in parallel, which led to

TB _ I It II1 v v
Ae = flxe + fzxe + f3ke + féle + fSAe ’ (€31)
where
AzB = effective thermal conductivity of unit cell B,
Ag = effective thermal conductivity of column %, and
; = volume fraction of column Ze (T =1,2,...,5)

A schematic analog of the method used is given in Fig. C8, and a numerical
analysis of the volume fractions for unit cell B is given in Appendix E.

The variables used in the computer program for calculating the
thermal conductivity of this powder with a total loading of 80.5% are
given in Appendix F and the computer program is given in Appendix H.
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A, = THERMAL RESISTANCE OF SOLID

A, = THERMAL RESISTANCE OF GAS

X' = THERMAL RESISTANCE OF RADIATION

A = THERMAL RESISTANCE OF COMPOSITE

xg’H = THERMAL RESISTANCE OF GAS IN HEXAGONAL COMPONENT

A = THERMAL RESISTANCE OF RADIATION IN HEXAGONAL COMPONENT

H

&1:THERMALRESSTANCEOFCOMPOETEINHEXAGONALCOMPONENT

H

Fig. C8. Schematic analeog of the method used to determine the effec~
tive thermal conductivity of the unit cell for the 80.5%~dense bed.






Appendix D
EXPRESSION FOR THE THERMAL CONDUCTIVITY OF A RAREFIED GAS

Smoluchowskil! and Knudsen? have derived expressions for the thermal
conductivity of a rarefied gas, but the notation of Kennard® will be used.
The heat transferred per unit area between two identical parallel plates
(where the distance between the plates is smaller than the mean free path

of a gas) can be expressed as

q _a(y + 1) CPX(T — 1) o)
4 202 —a) 2MRT* ’
where

I'y = temperature of one plate,

Ty = temperature of the other plate,

P* = PYTX]T,

P* = vpressure of gas at temperature T*,

T* is defined by 1/YT¥ = (L/VTF + 1//T%)/2,

Z? = [Yi +‘(1 —'a)zb]/(z _'a)> T§ = [Tz + (1 —'0)71]/(2 “‘a))

and the other terms have been defined previously.

If the temperature difference between the plates, A7, is small,

P* ~ P

and

Vi

r

T = (I'y +T9)/2 .
Equation (D1) then becomes

aly + 1) Cup
2(1 —a) (2uRTY1/2 (4F

..2 = . D2
) (92)

67



68
An effective thermal conductivity for the gas between the two plates,
distance D apart, may be defined as

qla = AR apip (D3)

From Eq. (D2) and Eq. (D3),

rar (Y + 1)  CpPD
e . D4
¢ 2(2 — a) (2nRT)1/2 (D4)
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Appendix E

Volume for Constituents of Composite Unit Cell (Cell B)
from Figs. C2, C6, and C7

v
I II 111 v "Hexagonal-
xR3 xp3 xR3 xi3 cylinder™
x R3
440-um solid microsphere 0.9474 1.0668 1.2524 0.9222
Small unit cells in 0 0.1247 0.4988 1.2471
"eylinder—sphere”
portion of composite
cell
Gas in "cylinder-sphere” 0.1044 0.0658 0.0237 0.0299
portion of composite
cell
Small unit cells in 0.4157
"hexagonal—-cylinder”
portion of composite
cell
Gas in "hexagonal-sphere” 0.2295
portion of composite
cell
Total volume of column 1.0518 © 1.2573 1.7749 2.1992 0.6452
Volume fraction of colummn  0.1518 0.1815 0.2562 0.3174 0.0931

Numerical Evaluation of Volume Fractions in Unit Cell B for Column II

A
- g + 420513 (0.05R)
g 1 + 2G/0.05R T

A \C
Az—g = ——__éi-.g._——-—
féxg * fgks
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1.0668

€ 1.0668 + 0.0658

fg =1-—f_ = 0.0581

A5d
AII e comp

¢ 9.

comp’ e 8~g comp

; 1.0668 + 0.0658
8~ 1.0668 + 0.0658 + 1.247

Feomp = 1 = gy = 0.0992

For Column III

g-¢ g4
Ae fixc fcomp comp

A

A =L+ uyerr o,

¢ 1 + 2G/0.3R

fg 0.0237
¢ 0.0237 + 0.4988

fcomp =1 —-fg = 0.9546

AR
AIII - e
e

8

g-c £
fsxe * fg—cks

p 1.2524
& 1.2524 + 0.4988 + 0.0237

fé_c =1—f_, =0.2944 .

= 0.9008

3R)

= 0.0454

0.7056
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For Columm IV

S S

e’e comp comp

A
V= g

2 T3
% e+ 4NTOL 0.6R
€ 1 + 2G/0.6R r ( )

1.2471
= = 0.9766
comp 1.2471 + 0.0299
fg =1 ‘”fcomp = 0.0234
Q’-C
AIV - Ae As
© FATC 4 r 2
s e g~c s
0.9222
= = (0.4193
8  0.9222 4+ 1.2471 + 0.0299
fgoo=1—1F,=0.5807 .
For Column V
V _ 9,9
Ae fekc + fcomp comp
A 2
oo D 4 anterrR
¢ 1 + 2G/R r
g 0.2295
g = = 0.3557

0.2295 + 0.4157

fcomp =1 —f'g = 0.6443 .
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Total Effective Thermal Conductivity of Cell B

AR | I I1L v v
Ao = fihe t e e T wte T AvA

Therefore,

2= 0.15183% + 0.18150 1T + 0.25622 % & 0.31742TY + 0.09312Y .
e e e e e e



Appendix F

NUMBERICAL EVALUATION OF THE EFFECTIVE THERMAL CONDUCTIVITY
FOR 60.5%- AND 80.5%~DENSE BEDS

Constants used in Egs. (C6) and (Cll) for calculating the temperature
jump distance and the effective heat transfer between two parallel plates

separated a distance less than ¢ are given in Table Fl for argon, helium,

and nitrogen.
Tables F2 and F3 describe the variables used in the computer programs,

which are given In Appendices G and H, for calculating the powder thermal

conductivity.
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Table Fl. Constants used in

the calculatlions of temperature jump and heat transfer in rarefied regions

Gas _ Cp M B C,Ub ¥¢ 2 3:6/12 A o 1/2-
[J/(kg*K)] [J/(kg*K)] [J/(kg*K)] (m2+x1/2.pa/w) (x) (W/Pa-M-K1/2)
Argon 519 39.944 208.4 311 1.669 4.3 x 1072 6.7 x 1078 7.7 x 1077
Helium 519 4.003 1261 3929 1.321 1.35 x 102 1.9 x 107 9.7 x 1076
Nitrogen 1100 28.01 297.1 800 1.37 1.6 x 102 7.0 x 1078 1.5 x 1076 =

AR = 8323/M (J/kgX).

bey = ¢p — 2.
c"{ = Cp/cvo
dg =

TTL/23 /P where T = (27RYL/2/¢y + 1)Cp;

eXBAR = gpa/(2 — W)TH/2, where § = Cp(y + 1)A/2(27R)1/2,



Table F2.
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Description of terms used to calculate the thermal
conductivity of powder with a single size particle
and program location of the term

Line Variable Text Term definition
notation
1.06 RP — Particle diameter
El b Emittance
1.08 RP R Particle radius (redefinition of RP)
N Number of regions for use of rarefied equations
1.10 r Constant 1in Egq. (C5)? and Table Fl
c2 0 Constant in Eq. (Cl1)% and Table F1l
Pr P Pressure Iin atmospheres
1.20 X T Absolute temperature (K)
SC Ag Solid conductivity
BGC xg Bulk gas conductivity
1.30 A a Thermal accommodation coefficient
2.01 G G Temperature jump distance
2.10 W W Thickness of elemental cylinder (Fig. C4)
2.20 R R Radius of thoria sphere
3.01 Y Y Distance of elemental cylinder from center of
unit cell (Fig. C4)
3.31 KFR fi Volume fraction of elemental cylinder
D D Distance between solid spheres (Fig. C4)
3.70 GFR fi Gas fraction in elemental cylinder
3.70 SFR fa Solid fraction in elemental cylinder
3.70 GC Ag Effective gas thermal conductivity in elemental
cylinder
3.92 CC AZ Effective thermal conductivity of elemental
cylinder
ETC NS
TH AG Effective thermal conductivity of cylindrical
Y component
4.01 P AgA Thermal conductivity of unit cell

The values of these constants are in metric units in Table Fl but are

adjusted in the computer programs so that P can be entered in atmospheres
and the particle diameter can be entered in micrometers.
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Table F3. Description of terms used to calculate the thermal conductivity
of powders contalning 440~-um-diam particles, 44—um~diam particles,
and a combination of the two sizes

Line Variable Text Term definition
notation
4.01 p AzA Effective thermal conductivity of unit cell A
containing spheres 44 pm in diameter
7.10 Q XiA Effective thermal conductivity of unit cell A
containing spheres 440 um in diameter
8.10 L1 s Effective thermal conductivity of gas in
’ column I cell B
8.20 L2 Ad Effective thermal conductivity of gas in
e
column IT cell B
8§.30 L3 Ai Effective thermal conductivity of gas in
- column ITI cell B
8.40 L4 Ai Effective thermal conductivity of gas in
column IV cell B
9.10 Ml AZ‘g Equation (C21)
EiC A;I Equation (C22)
9.20 M2 Ag”c Equation (C23)
10.20  E2C A Equation (C24)
11.10 M3 Agnc Equation (C23) applied to columm IV
11.10 E3C X;V Equation (C24) applied to column IV
11.20  E4C A Equation (C25)
e
13.10 TC AZB Equation (C26) = effective thermal conductivity

of cell B containing 440- and 44-um-diam
microspheres




Appendix G

COMPUTER PROGRAM IN FOCAL LANGUAGE* FOR CALCULATING THE THERMAL
CONDUCTIVITY OF POWDERS WITH A SINGLE SIZE SPHERICAL PARTICLE

C~-FOCAL . J4.CODASTII 335344

01,01 C THERMAL COND OF MONO SIZE MICROSFHERE FWDR #MOORE 1981
01.02 € ENTER COND IN W/M-KyFRESSURE IN ATMOS,FART DIA IN MICRO-M
01,03 €C 6§ CONST UV = 13.%4s43.0+21.9%E~4é FOR HEsARsSN2sRESFECTIVELY
01.04 £ § CONST C2=0,970,0.077,0.150 FOR HEsARsNZ2yRESFECTIVELY
01.06 A "FARTICLE DIA"sRFy "EMITTANCE®vELST !

01.07 C CALC FARTICLE RADIUS & THE # OF INTERVALS FOR TINY BAFS (NJ
01.08 8 RP=RF/2,0%8 N=0,34%FSQT(2,.0kRF)#T "N="3T Z3.01sN;T * "
01.10 A "CONST V & C2 ="sVU,C2y "FRESSURE="yFRT |

01420 A "TEMP"»X» "SOLID COND" 8Ty "GAS COND="yBGCST |

01.30 A "ACC COEF"sAST 1

01.40 T "ACC COEF="3T %4.02¢A5T

02.01 8§ G=(VX{{(2-A)/A)XKBRGCX(FSAT(X)))/FR

02,10 S W=1%0.0001

02.20 & R=RF%0,0001

02.31 5 C=038 TH=0

02.40 F I=1yRFiD 3.0

02.50 G 4.01

03.01 8 Y=C+Wi8 C=Y$5 H=Y-W

03.31 8 RKFR=(CKC-HXH) /(RXR) S D=2 {R-FBRT(R"2-YXY))

03.70 8 GFR=N/R%238 SFR=1-GFR

03,75 € GO TO RAREFIED GAS REGION AT CENTER OF FARTICLE FOR "N® SFaCES 7
03,81 I (I-N)3.82,3.82,3.84

03.82 8§ GU=((C2R(AS(2-ANXKFRI/Z(FBRAT(XI )1 +22 . 68E-10%EL1XTkX ™3

03.83 6 3.92

03,84 8 HC=BGC/{(1+(2%G) /1)

03.91 S GC=BOBC/{1+(2%XG)/D)+22,6BE~10%E1RDkX"3

03.92 8 CC=(GCKBL) /(SCAGFRIGCXEFR) 8 ETC=CCKKFRIS ETC=ETC+THIS TH=ETC
04,01 8 P=THX.P07+.093% (HC+22 . 68E-10%2, OKELRRXX™"3)

05,08 7 ° CONDI OF "3T %6.02y2.0%RF#T %6.044F

05.10 T 113%5 A=A0.155G 1.40

31,98 W 1.01!

31.99 L R 1273G 2.20

X

*DEC™ PDP-8e computer language modified to become CODASIII at ORNL.
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Appendix H

COMPUTER PROGRAM IN FOCAL LANGUAGE FOR CALCULATING THE THERMAL
CONDUCTIVITY OF POWDERS WITH 440-um-DIAM PARTICLES,
44-ym PARTICLES, AND A COMBINATION OF THE TWO SIZES

C-FOCAL . J4.CODASTIT 33534W

01.01 C -~ THERMAL COND. OF POWDERFRIAN L. 1974, FILE 106,
01.02 C ENTER COND IN W/M"'K,FRESSURE IN ATMOS

01.03 C SET CONST=13.54,43.0,21.9E-6 FOR HE» ARy ENZyRESFECTIVELY
01.04 £ S CONST C2=0.970+0.077+0.150 FOR HEyARyNEyRESFECTIVELY
01.06 A "EMITTANCE"»EL1#T ¢
01,10 A "CONST U & C2=°+V,C2y "PRESSURE" yFRFT !
01.20 A "TEMF":X»"SOLID COND",SC» "GAS COND"BGCHT ¢
01.30 A "ACC COEF"-AFT !
01,40 T "ACC COEF="3T %4,02,A%T !
01.50 I (A-172.01,2,01,0
2,01 5 G=(Vk{((2-A)/A)XBGCX(FERT (X)) ) /PR
02,10 § W=1%0.0001385 R=22%0.0001+%5 C=038 TH=05G N=2
02.40 F I=1,225D 3.0
02,50 G 4.01
03.01 8§ Y=CHWHS C=Y38 H=Y-U
03,31 6 KFR=(CRKC-HKH) /(R¥XR) 8 D=2k (R-FSQT(RT2-YXY))
03,70 8 GFR=D/R¥238 SFR=1-GFR
03.73 C GO TO RAREFIED GAS REGION AT CENTER OF FARTICLE FOR "N® SFACES 7
03.81 I (I~-N>3.82,3.82,3.84
03.82 5 GU=((C2¥(A/(Z-A)IKFR) Z(FSAT(XD )3 +22. 68E~1LOKETRKIIKKX ™3
03.83 6§ 3.92
03.84 8§ HU=RGC/(1+(2%G)/D) 58 GC=RGC/ L+ (2XRGH /LN +22 . 68BE-10XDKELR K "3
03.92 8 CC=(GC*SC) /(SCXGFR+GLXSFR) #8 ETC=CCRKFR$S ETC=ETC+THFIS TH=ETC
04.01 8 P=THR.P07+,093X{HC+22.868BE~10XE1%.0044%X™3)
05.01 7 -~ "+ "THs COND OF 44MIC."," "sXeFr!
5.02 § C=038 Y=038 TH=03%8 N=7
046,02 8 R=220%,.000135 W=1%0.0001
06,05 F I=1,220%00 3.0
06,086 G 7.10
07.10 8 Q THXK » 907+ OP3IK(HC+H22.68E- 10*51* 044%X™ 3)
07.20 T r"TH. COND OF 44OMIC. "y AeQy !
07,21 8 C=0%8 W=,0001%8 V=05 TH=
07.30 F I=1s%90%0 3
07.40 G 8,10
08.10 8 L1 BGL/{1+2%G6/(R¥.03))+22,68BE~10%E1X,0011%X"3
08.20 8 =BGC/(14+2%6/ (RX.3))+22.6BE~10XE1X . 0066%XX™3
08.30 8 L3 BGL/ (1+2KG/(RX.6))+422.68E-10XE1%. 0132%X"3
08,40 S L4=BGC/(1+2%XG/R)422,48E~10XE1%,044%X"3F
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09,10 S M1=8SCEL1/(8C¥,0581+.1%.92419)358 E1C=M1IXFP/ (11X, 0992+F%,.5008)
0920 S MZ=P¥0.9T464HL2% . 045458 E2C=GC¥ME/(GC%. 2944 4M2% . 70060

11,10 & ME=LIK,0234tFPX,. 76436 EIC=SCAMI/ (M3, 41P34+BL%,05807)

11.20 § EAC=LA%0.3557+F%0.6443

13,10 & TC=TH¥,15i8+E1CK IBIGHEZCK . 25H2+E3CK . 31 744+4E40%, 0731

13.20 7 * "y"TH, COND OF 440/44MIC. %" "Xy Ty

13,30 7 11138 a=A+0.23G 1.40
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