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THERMAL CONDUCTIVITY OF POWDERS WITH U02 OR Tho2 MICROSPHERES 
IN VARIOUS GASES FROM 300 TO 1300 K 

* J. P. Moore, R. J. Dippenaar, R.O.A.  Hall,t and D. L. McElroy 

ABSTRACT 

The thermal conductlvities of powders consisting of ThOZ or 
U02 microspheres in He, Ar, N2, and Kr were measured by two 
techniques over a pressure range of 0.03 to 0.6 MPa and a tem- 
perature range of 300 t o  1300 K. The powders had solid volume 
packing fractions from 58,5 to 86.6% 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 t o  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 rnodel predicts the magnitude o f  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, N z ) ,  
the predicted magnitude of X is low by 20 to 30% because of 
failure t o  meet an assumed condition for the calculations. 

INTRODUCTION 

The thermal conductivity of heterogeneous materials has been of 

interest for many years kcause of their many applications and because 

they are encountered so much in nature. 

of multiple solids, sands, soils, and powders, which consist of solid par- 

ticles surrounded by a gas. Powders may conslst of particles with 

spherical, cylindrical, and irregular shapes. Powders formed by vibra- 

torily compacting U02 or a mixture of U 0 2  and Tho2 microspheres have been 

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

These materials include composites 
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tChemis try Division, AEM Harwell,, Oxfordshire, England. 

University of South Africa, Pretoria. 
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thermal  c o n d u c t i v i t y  i s  an impor tan t  parameter  f o r  s a f e  and economic 

o p e r a t i o n  and must be a c c u r a t e l y  known under c o n d l t i o n s  that  are l i k e l y  t o  

occur  d u r i n g  I:he f u e l  l i f e t i m e .  

The p r e s e n t  paper  p r e s e n t s  exper-Lmental therlnial. c o n d u c t i v i t y  r e s u l t s  

on s e v e r a l  powders w i t h  splrertcal U 0 2  o r  Tho2 p a r t i c l e s  as f u n c t i o n s  of 

tempera ture  and gas phase over  a modest range of gas pres su re .  Gases used 

inc luded  N 2 ,  N e ,  A r ,  and K r ;  and p a r t l c l e  d i ame te r s  were from 25 to  

1200 Lima 

It is  d e s i r a b l e  t o  be a b l e  t o  c a l c u l a t e  the thermal  c o n d u c t i v i t y  of 

powders and thus  avoid  t h e  d i f f  i c u l t l e s  involved i n  making expe r imen ta l  

measurements on each d l f f e r c n t  powder. This has  se rved  as a n  i r r e s i s t i b l e  

lure f o r  many r e s e a r c h e r s ,  who have spen t  e x t e n s i v e  time d e v i s i n g  models 

for  powder systems.  U n f o r t u n a t e l y ,  these models usually do not  f i t  even a 

l i m i t e d  s e t  of exper imenta l  r e s u l t s ,  rlnuch less g i v e  a s su rance  t h a t  they  

can be used f o r  p r e d i c t i n g  thermal  c o n d u c t l v i t y  va lues  where no expe r i -  

m e n t a l  r e s u l t s  e x i s t ,  The b e s t  modern review o f  the varloias iimdels is by 

Crane et a l . , l  who concluded t h a t  a l l  equa t ion  i n a c c u r a c i e s  could be 

a t t r i b u t e d  to  e i t h e r  (1)  d i s t o r t e d  or u n r e a l i s t i c  p a r t i c l e  geometry,  

( 2 )  f a i l u r e  t o  cons ide r  s o l i d - t o - s o l i d  c o n t a c t  or  ( 3 )  i n v a l i d  assumptions 

about  the heal: f low. The t h i r d  appea r s  t o  be a u n i v e r s a l  problem and 

comes from the n e c e s s i t y  of assuming i n i t t a l l y  that  e h t h e r  t he  i so therms 

are p lanes  pe rpend icu la r  t o  t he  overa l l .  h e a t  f low d i r e c t i o n  o r  t h a t  t h e  

h e a t  f low l i n e s  are straight and para l le l .  An a d d i t i o n a l  problem Pn many 

models is that they  ignore  t h e  lower ing  of the gas thermal c o n d u c t i v i t y  

due t o  t he  l i m i t a t i o n  of the  mean f r e e  pa th  of t he  gas malecules  by s m a l l  

i n t e r p a r t i c l e  spac ing .  We d e s c r i b e  a model t h a t  c o n s i d e r s  both the gas 

molecule  mean f r e e  pa th  r e s t r i c t i o n  and r a d i a t i o n  t r a n s f e r  i n  t h e  inter- 

particle v o i d s "  The c a l c u l a t e d  and expe r imen ta l  resu3 . t~  have f a i r  agree-  

men t  f o r  powders wi th  hel ium I n  the voids .  Agreement f o r  o t h e r  gases o r  

o t h e r  part_icl.e systems might r e s u l t  from ref inements  t o  t he  model o r  a n  

improved d a t a  base.  

MEASUREMENT APPARATUS 

A l l  tlicrmal conduct i  v i t y  aeasurernents were inadr. by us ing  a r a d i a l  

h e a t  F l o w  technique  t h a t  does not. r e q n i r e  immersion of tempera ture  s e n s o r s  
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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 thermocouples were intercompared in situ by using an "isothermal 

correction," which is described in Appendix A. 

The general approach is similar to one described by Flynn.2 

Two markedly different chambers were used for  powder contafnment, and 
these will be described briefly in the order of their use. The first 

chamber, henceforth called O m - 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 

AI2O3 BUSHING - 
REMOVABLE 

TOP FLANGE 

INSICE MEASURWG 
THERMOCOUPLES 

OUTSIDE MEASURING 
TMRMOCOUPLES 
120- APART I SEE 
SECTION A A) 

THERMOCOUPLE WELL 

ORNL-DWG 67-121 35R 1 

----STAINLESS STEEL TUBE 
CORE HEATER 

* 8 POWDER FILLED ANNULUS 

MAIN CHAMBER 50.8 rnm OD X 4.8 ml7I 
WALL THICKNESS STAINLESS STEEL 

SECTION A.A 

Fig. 1. Cross-sectional view of O W - 1 ,  showing the specimen annulus 
hetween two concentric stainless steel tubes and the positioning of three 
thermocouples at the midplane in the outer tube. 
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core he ate^. Type S t;hei:uiocoupl~s were p o s i t i o n e d  a long  t h e  axis of the 

c o r e  hester and i n  the walls of t h e  o u t e r  chamber t o  determine tern- 

p e r a t u r e s  a t  c r i t i c a l  p l a c e s .  

The powder chamber w a s  p o s i t i o n e d  i n  a r a d i a l  h e a t  f l o w  a p p a r a t u s  

norillally used f o r  measuring the  thermal  conducclv i ty  of s o l i d s  (. This  

a p p a r a t u s  has been d e s c r i b e d  by Godfrey e t  al.3 

r e p l a c e d  the stack of s o l i d  d i s k s  normally  sed as a specimen. A tk ree-  

s e c t i o n  muff le  h e a t e r  and top and bott-om end gua rds  were used t o  c o n t r o l  

th.e a b s o l u t e  temperature  and t o  c o n t r o l  t h e  temperatinre g r a d i e n t s  w i t h i n  

t h e  powder chamber t o  e n s u r e  radtnl h e a t  flow. The c o n t r o l  c i r c u i t s  

f o r  t h e  h e a t e r s  and g e n e r a l  d e t a i l s  of t h e  a p p a r a t u s  are descr ibed by 

Godfrey et 

The powder chamber merely 

Data were obta ined  by pass ing  a measured d i r e c t  cwrrent (between 10 

and 40 A) through tE9e c o r e  heater and a d j u s t i n g  t h e  end guards and muff les  

u n t i l  t h e  autei-  wall of the  cliarnber w a s  I so thermal  from Lop t o  bottom. 

After the system e q u i l i b r a t e d ,  the c u r r e n t  through t h e  core  heater and the 

e l e c t r o m o t i v e  forces of the thermocouples f n s i d e  the h e a t e r  and 

i n s i d e  the chamber wall were determined The procedure f o r  c a l c u l a t i n g  

t h e  t-hemal c o n d u c t i v i t y  and f u r t h e r  d e t a i l s  of ORNL--1 are g iven  i n  

Appendix A, The t o t a l  d e t e r m i n a t e  error of a thermal  c o n d u c t i v i t y  

measurement w1tl-n ORMA-1 is shown i n  Appendix A t o  be "2%, Sources  of 

i n d e t e r m i n a t e  e r r o r  i n c l u d e  fal.lure of the i n s i d e  thermocouples t o  read  

t h e  a c t u a l  tempera ture  of t h e  core h e a t e r ,  nonradial .  lieat f l o e  because of 

the t k i e k  meta?. a t  the bottom coanecting the i n n e r  core h e a t e r  t o  the 

o u t e r  wall, and e x c e s s i v e  J o u l e  h e a t  a t  t h e  lower  terminal. where c u r r e n t  

was in t roduced  t o  the c o r e  h e a t e r .  According t o  t h e  measured tempera ture  

p r o f i l e  i n s i d e  the c o r e  h e a t e r  d u r i n g  t e s t i n g ,  t h e  f f r s t  s o u r c e  should be 

small. Reou1i:a of measurements on a q u a s i - s t a n d a r d  MgO powder agreed w i t h  

r e s u l t s  froin Godbee" around room tempera ture  h u t  d i s a g r e e d  by a s  much as 

-20% a t  1300 I(. 
The second chamber, h e n c e f o r t h  r e f e r r e d  t o  as OKNL-2,  is shown i n  

F ig .  2 .  T t  c o n s i s t e d  of two c o n c e n t r i c  s t a i n l e s s  s t e e l  c y l i n d e r s  j o i n e d  

a t  the t o p  by t h r e e  t h i n  s u p p o r ~ s  and a t  the lower. end by a t h i n  doiued 

r i n g .  An upper tube allowed both t h e  i n t r o d u c t i o n  of t h e  sample ,  which 

wes v i b r a t o r i l y  compacted i z i  s i t u ,  and the gas phase,  I-.'~P p r e s s u r e  o f  
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ORNL-DWG 82-7640 

SPECIMEN F l l L  
AND GAS EXCESS 

CHAMBER WALL AND 
PRESSURE VESSEL 
STAINLESS STEEL 

- CORE HEATER 

THERMOCOUPLE WELL 

THREE THERMOCOUPLES 
iN THE INNER AND OUTER WALL 

MIDPLANE V I E W  u 
0 20 40 60 

mm 

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. I n  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. 
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Type S thermocoupl-es were l o c a t e d  i n s i d e  the i n n e r  and o u t e r  con- 

c e n t r i c  cy l inders  to  determine t h e  tempera ture  d r o p  a c r o s s  the specimen 

annulus .  Details  of t h e  central core heater and o t h e r  a s p e c t s  of this 

chamber are given i n  Appendix R. 

I n  a f a s h i o n  simllar t o  that.  descr ibed  f o r  OKNL-1, t h i s  chamber was 

mounted i n s i d e  t h r e e  muff le  h e a t e r s  as shown i n  P ig .  3. The muff le  

h e a t e r s  and environmental  chamber surroundlng them are normally used t o  

measure the thermal c o n d u c t i v i t y  of s o l i d s  e 

Tlie total d e t e r m i n a t e  e r r o r  o f  ORNL-2 is tal-culated t o  be k3.22 in 

Appendix R. Indetermfnatz e r r o r  could have been due t o  a large tem- 

p e r a t u r e  drop ( r e l a t i v e  to tha t  a c r o s s  tile specimen) from the " tempera ture  

I /  ORNL-DWG 82-7637 
SPECIMEN F I L L  - 
AN0 GAS ACCESS 

PROFILE - 
THERMOCOUPLE 

4 

CORE HEATER- 

THREE SECTION 
HEATER 

BUBBLED ALUMINA 

MEASURING 
i - t m M o c n u P L E S  [ 6 I 

SAMPLE ANNULUS 

Fig.  3 .  Cutaway dtawi-ng of OWL-2 i n s t a l l e d  i n s i d e  three muffle 
h e a t e r s  * 
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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 

measurement 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 

UQ2 (bed 1) with temperature di€ferences up to 25 K between the chamber 

midplane and ends. These sensitivfty 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 muffle 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" 

and carefully examined to eliminate most nonspherical particles and to 

obtain particles with narrow size distributions. The UO2 microspheres 

had a particle density greater than 98% of theoretlcal. Analysis showed 

that the primary impurities in the TJ02 microspheres were Fe, C r ,  Mn, and 

Si and that the total of metallic impurities was less than 200 ppm. The 

fine particles (25-45 urn) had 10 to 20% nonspherical particles, and the 

medium (280-320 pm) and coarse (1150-1250 pm) 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)  containing more than one size. 
The gases used in the measurements were taken directly from cylinders 

of high-purlty helium, nitrogen, and argon; krypton was available only in 

one purity. No attempt was made to further purify the gases before use.  
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Table  1. C h a r a c t e r i z a t i o n  of powder specimens used i n  t h i s  s t u d y  

P a r t i c l e  Volume Neasurement 
S o l i d  s i z e s  f r a c t i o n  chamber Gas tomenta material used (urn> s o l i n  used 

1 u02 raoob 0.511 OuLL-2 He, N2, Rr Blended and 
poured 300C 0.173 

25-65 0.182 

0.866 

2 e702 120Qb 0.615 o m - 2  He Poured 

3 uo2 2 5 - 4 5  0.585 o m - 2  He Poured 

4 IT0 2 120Qh 0.439 ORIVE-2 He, N2 Blended and 
25-45 0.360 poured 

0.799 

5 Tho2 440 0.64 OwaL-1 H e ,  AP VC 

6 Tho2 <44d 0.64 o m -  1 He, Ar VC 

7 Tho 2 440 0.64 oREJT.4-1 H e ,  A r  VC e 
<44d 0.20 

~ 

0.84 

agC = V i b r a t o r i l y  compacted; t h a t  i s ,  v i b r a t e d  dur ing  loading.  Poured 
beds were v i b r a t o r i l y  compacted a f t e r  loading.  

b a r t i c l e  s i z e s  between 1150 and 1250 um. 

q a r t i c l e  s i z e s  between 280 and 300 pm. 

&axr;im~m p a r t i c l e  d iameter  was 44 pm, and the  mean diameter  was about 
20 pm. 

i n f i l t r a t e d  by v i b r a t i o n ,  
q,arge p a r t i c l e s  v i b r a t o r i l y  compacted and then small p a r t i c l e s  

The annulus was evacuated  and b a c k f i l l e d  ~ i t h  the gas  t h r e e  times before 

any measurements. On one sample of U 0 2  microspheres ,  measurements made i n  

hel ium a f t e r  u s ing  krypton  sugges ted  that t h i s  procedure w a s  s u f f i c i e n t  t o  

pu rge  t-he v e s s e l  of the p rev ious  gas, W e  used O N - 1  f o r  the Tho2 micro- 

sphm-es and O W - 2  f o r  the UO? microspheres .  
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RESULTS 

h UO2 Microsf heres 

The thermal conductivities of the three-particle blended bed of U 0 2  

(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. 

A l l  values were taken during heating cycles except f o r  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 containment, 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 increase could be eliminated by 

ORNL-DWG 81.7841 

0 5  
400 800 am loo0 1200 

TEMPERATURE (KI 

Fig. 4 .  The thermal conductivity of the three-particle blended bed 
of U02 with a solid fraction of 86.6% (bed I> in He, N2, and Kr versus 
temperature at a gas pressure of 0.1 MPa. 
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cooling to room temperature arid reheating t o  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 cyeltng 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 available to permit measurement of pressure dependence. 

The thermal conductivities of this three-particle bed of U02 con- 

taining hel.hurn or  nitrogen are shown versus pressure at fixed temperatures 

in F i g l  5.  All data on this three-particle bed of U32 were within 10% of 

the empirical expression 

1 O O / X  = -2.265 -f 0.72l(T - 273.15)Oo6 + 11.75P-0*48 

+ (M - 4.003)[0.4134 + O*0002[r 

+ O.O033(M - 4 . 0 0 3 ) ]  , 

ORNL DWG 82 1-42 



where M is the molecular weight of the gas, T is  the absolute temperature 

in K, P is the pressure in MPa, and X is the thermal conductivity i n  
W/(m*K). 

The thermal conductivity of the two-particle blended bed of 

UQZ (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 experiment. Figure 7 shows that the 

pressure dependence of  the thermal conductivity of this bed is much 

greater with helium than it is with nitrogen in the voids. 

The thermal conductivity of the large-partfcle poured bed of U02 

(bed 2) and the small-particle poured bed of U02 (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 urn) 
increased with increasing temperature, but that with the fine particles 

(25-45 urn) decreased. The powder with the fine particles is more sen- 

sitive to gas pressure, as shown in Fig. 9. 

Q 6 -_.__ L..& - - L - - - . . . . . ~ - - . - - ~ - ~ - _ _  
400 600 800 loOD 1200 

TEMPERATURE (KI 

Fig. 6.  The thermal conductivity of the two-particle blended bed o f  
UOz (bed 4 )  versus temperature at a gas pressure of 0.1 MPa. 
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0 1  L 
Pig. 7. The pressure dependence of thermal conductivity for bed 4 

showing that it is more sensitive to pressure with hellurn than it is with 
nitrogen in the interparticle voids. 

Fig. 8. The thermal conductivity versus temperature €or all beds 
containing U 0 2  particles with helium in the voids at a pressure of 
0.1 MPa. 
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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 U02 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 

U 0 2  particles have been fitted to low-degree polynomial equations in 

temperature, and the results are given in Table 2. 

Beds with Tho2 Microspheres 

The thermal conductivfty results for  the three beds containing 

Tho2 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 Tho2 (bed 5 )  with either argon or helium increase approxi- 

mately linearly with increasing temperature. Although the bed with the 

small Tho2 particles (bed 6) has the same density as the bed with large 
particles (bed 51, the thermal conductivities of the small-particle bed 
are much lower f o r  a given gas. The thermal conductivity of this small- 

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



Table 2. R e s u l t s  from f i t t i n g  t h e  measured thermal c o n d u c t i v i t y  at ~ E ~ S S U R S  of 

i n  W/(m*K> and t h e  temperature is in K. 
0.1 ma to the f u n c t i o n  x = A / T  + B -+ CT + D T ~ .  The thermal conductivity is 

Upper 

(K) 
Gas temperature A 

Bed density 
Bed and  part i c l e s  B C 

Deviation ( X )  

Av M2.x 
Variance D 

u02 rnicm6pheres 

1 86.62, 3 s i z e s  H e  1068 3.108 -0.293 E-5 0.1188 E-5 0.38 E-2 2.18 -5.12 

I 86.6%, 3 s i ze s  Kr 1055 1.690 4 . 2 0 9 6  E-2 0.114 E-5 0.22 E-2 2.81 4.55 

4 79.9%, 2 s i z e s  N2 1098 1.138 - 0 . 8 4  E-3 0.456 E-6 0.119 E-3 0.646 1.05 

1 86.6%, 3 s i z e s  N2 1072 2.458 -0.215 E-2 0.823 E-6 0.178 E-3 0.63 1.05 

Only 3 values put i n  
P 1 86.6%, 3 sizes H e  768 - 2 . 5 5  0.146 E-1 -0 .12  E-2 

4 79.9%, 2 s i z e s  He 107 7 0.467 E-3 0.1817 0.28'16 E-6 0.88 E-3 1.646 3.88 
0.32 
6.24 

3.22 E-4 0.257 2 61.5% 1200 urn lie 878 1.099 0.289 E-3 

3 58.5%, 25-45  iiln He 8213 0.6038 0.274 E-3 0.44 E-3 2.62 

Tho2 h c  m6pheres 

5 64%, 440 urn He 1270 I .  106  0.427 E-4 0.26 E-6 0 . 3  E-3 0.73 1 . 6  
5 64%, 440 Dm Ar 1c190 0.2896 -0 .2505 E-3 0.539 E-6 0.167 3-9 0.0012 0.003 

5 64%, 44 pm H e  1271 0.1288 E+3 0.0765 0.1296 E-3 0.42 E-4 1.01 2.5 
6 6 4 % ,  44  pm A r  1090 0.1634 0.2271 E-4 0.75 E-5 0.89 1 .7  

7 84%, mixed H e  ,1273 501.36 0.2713 0.4384 E-3 0.64 E-2 4.22 10.7 
7 84%,  mixed Ar 1273 0.8636 -0.585 E-3 0.378 E-6 0.76 E-4 0.71 1.4 
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Fig. 10. Thermal conductivity versus temperature of beds containing 
Tho2 particles with argon and with helium in the interparticle voids at a 
pressure of 0.1 MPa. 

and increases slightly with temperature above 900 K, whereas that of the 

same bed i n  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 Tho2 part-lcles (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 t o  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 Tho2 (bed 6 )  increases sharply with pressure 

with either helium or argon in the bed. The pressure dependences of 

the mixed bed with argon or hel-Lum in the voids are between those of 

the monosize beds. 
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Pig. 11. Thermal conductivity versus temperature of beds containing 
Tho2 particles and with helium or  with nitrogen in the voids. 

Comparison of U 0 2  and Tho2 Microspheres 

Since the thermal conductivities of solid U 0 2  and Tho2 are approxi- 

mately the same at high temperatures,* the results from OWL-1 on powders 

containing Tho2 can be- compared with those from OWL-2 on powders containing 

U02. 

conductlvities of two U62 beds (beds 2 and 3)  and two Tho2 beds (beds 5 

and 6 )  versus helium gas pressure at a common temperature. Because of the 

chamber design, the data from the U 0 2  are at the hlgher  pressure. The 

results from the small-particle beds of U02 and Tho2 agree to within about 

15% over the pressure range of overlap. T h i s  difference could be caused 

by the smaller particles in the UO2 bed and, hence, a greater limitation 

Such a comparison is shown in Fig. 12 whl.ch shows the thermal 
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Fig. 12. Comparison of the pressure dependences of results obtained 
by using ORNL-1 on specimens containing Tho2 particles and ORNL-2 on 
specimens containing U02.  

of the gas mean free paths within the voids between particles. Data shown 

for the large-particle bed of U02 (bed 2) in helium were obtained at 715 K +  

The results for the large-particle compacted bed of Tho2 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 t o  within 1% over the overlap range, but this may be fortuitous 

since a little difference in thermal conductivity would be expected from 

thefr different void s izes .  

DISCUSSION OF RESULTS 

Heat Conduction in Powders Containing Spherical Particles 

The thermal conductivity of a 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 is important. because it controls the molecular 

mean free path of the gas molecules wlthin the interparticle voids* This, 

i n  combination w f t h  t h e  accommodation coefficient, controls the heat 

transfer through the v o i d s .  Neat 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: 

GodbeeS4 Shimokawa,' Deissler and Eian,l0 and Deissler and Boegli.ll 

However, when these models are applied t o  our case, they fail to explain 

the marked difference in thermal conductivities of the different beds. 

Tn view of the uncertainty and complexity of the parameters that 

affect the  thermal conductivity in such a powder-gas system, a rigorous 

scientific treatment i s  not possible at this stage. Our appraach 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. T h f s  leads to an assumed packing fraction of 

0.605, whfch is close to the values listed in Table 1 for the powders 

with single-size particles. 

3. The model for the two-partlcle-size powders consisted of a single 

large particle surrounded by numerous fine particles. The two-particle 

Tho2 powder (bed 7) contains 330 ff-ne particles fo r  each coarse particle. 

4 .  The lowering of the gas thermal conductivity due t o  the limita- 

tion o f  the molecular mean free path was calculated with a model proposed 

by Kennard. 

Appendix C shows that the effect of limitlng the gas molecule mean 

free path (rarefied 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 s  for the gas 

and solid surfaces. The accommodation coefficknt, which has a value 

between 0 and 1, depends on the solid 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 

radiation within the voids. Values for the thermal conductivities of the 
various powders were calculated from values for the thermal conductivities 

of solid Tho2 and U02 from Moore et ale8 and values for those of the 

various gases obtained from a compilation of data.13 

Comparison of Experimental and Calculated Results for Specimens 
Containing Tho2 Particles 

Experimental and calculated values of the thermal conductivity of 

the single-particle compacted beds of Tho2 (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, 

BED 5 W I T H  HELIUM 
IEXPERIMENTALI -., 

_1 
4 z 
u1 
X 
!- 

(EXPERIMENTALI I 

400 800 1WO 1203 1400 
TEMPERATURE it(l 

Fig. 13. A comparison of calculated and experimental thermal conduc- 
tivity values for the large-particle bed 5 and small-particle bed 6 of 
Tho2 with helium at a pressure of 0.1 ma. Calculated curves for two a 
values are shown f o r  each specimen, and a curve for the thermal conduc- 
tivity of bulk helium is shown for comparison. 



hence, g r e a t e r  l i m i t a t i o n  of t h e  gas  molecule mean f r e e  pa th .  For t h e  

s m a l l - p a r t i c l e  bed in hel ium, c a l c u l a t e d  v a l u e s  w i t h  an  assumed a of 0.2 

a g r e e  well w i t h  t h e  exper imenta l  va lues .  Thf s  same assumed c o e f f i c i e n t  

f o r  t h e  l a r g e - p a r t i c l e  bed gave r e s u l t s  t h a t  are about 25% too  low. 

I n  both cases, however, t h e  c a l c u l a t e d  and experirnenal tempera ture  

dependences are In nominal agreement. An assumed a of 0.4 would l e a d  t o  

c a l c u l a t e d  r e s u l t s  i n  b e t t e r  agreement (-15% a t  500 K )  w i t h  t h e  l a r g e r  

p a r t i c l e  bed. T h i s  h i g h e r  v a l u e  o f  a would l e a d  to a c a l c u l a t e d  thermal  

c o n d u c t i v i t y  f o r  t h e  specimen w i t h  s m a l l  p a r t i c l e s  t h a t  was about  40% too 

high .  However, a may indeed be c l o s e r  t o  0.4,  and t h e  c a l c u l a t i o n s  with 

an a of 0.2 f o r t u i t o u s l y  a g r e e  w i t h  t h e  exper imenta l  r e s u l t s  because t h e  

powder conta ined  many p a r t i c l e s  smaller than  44  vrn ( s e e  Table  1). T h i s  

would l e a d  to exper imenta l  values that were too low. C a l c u l a t i o n s  

t h e  assumptPons t h a t  !:tie microspheres  i n  t h e  s m a l l - p a r t i c l e  bed of Tho2 

were 25 kim i n s t e a d  of 44 prn and t h a t  a w a s  equal. t a  Q.4 l e d  t o  c a l c u l a t e d  

v a l u e s  t h a t  are w i t h f n  10% Qf t h e  exper imenta l  ones over  t h e  e n t i r e  t e m -  

p e r a t u r e  range 

F i g u r e  13 also i n c l u d e s  a curve  f o r  t h e  thermal  c o n d u c t i v i t y  of bulk 

helium f o r  comparison w l t h  t h e  r e s u l t s  on powderse Above 600 E(, t h e  

exper imenta l  and c a l c u l a t e d  v a l u e s  f o r  t h e  s m a l l - p a r t i c l e  compacted bed of 

ThQ2 (bed 6 )  i n  helium are much less than  t h a t  of bulk  hel ium even though 

6 4  v o l  X of  t h e  specimen c o n s i s t s  of a s o l i d  w i t h  a thermal  c o n d u c t i v i t y  

an  o r d e r  of magrrl.tudc g r e a t e r  than t h a t  of the gas.  This  i l l u s t r a t e s  t h e  

e f f e c t  of t h e  poor h e a t  t r a n s f e r  i n  t h e  r a r e f i e d  gas between p a r t i c l e s .  

Heat t r a n s f e r  by t h e  helium gas  i n  t h e  l a r g e r  vo ids  i n  bed 5 i s  c l o s e  t o  

what one would expect with  bulk hel.ium, s o  t h a t  t h e  thermal  c o n d u c t i v i t y  

o f  bed 5 i s  much g r e a t e r  than  t h a t  of bed 6 .  
We showed ear l ier  t h a t  t h e  exper:Lmental thermal  conduct iv i - ty  of t h e  

small-parti.ele colnpacted bed of Tho2 (bed 6 )  w a s  more s e n s i t t v e  t o  

p r e s s u r e  than w a s  t h a t  of t h e  l a r g e - p a r t i c l e  bed (bed 5).  The c a l c u l a t e d  

behavior  a g r e e s  wlth t h i s ,  as shown i n  F ig .  1 4 .  T h i s  f i g u r e  a l s o  shows 

t h a t  t h e  exper imenta l  curves  fo r  t h e  l a r g e - p a r t i c l e  Tho2 bed (hed 5 ) ,  

which had a s o l i d  f r a c t i o n  of 6 4 % ,  c r o s s e s  that: of t h e  t w o - p a r t l c l e  com- 

pacted bed of Tho2 (bed 7 ) ,  which had a s o l i d  f r a c t i o n  loading  of 84%. 
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Fig. 14. Experimental and calculated thermal conductivity values for 
the three beds at 631 K containing Tho2 (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 i n  magnitude from the experimental ones and the curves 

cross at different temperatures. 

Experimental and calculated values f o r  the two beds containing 

slngle-size Tho2 particles with argon in the voids are compared in 

Fig. 15. 

be much greater than that for helium molecules , l2 but calculations based 
on the maximum value for a are still too low for both specimens, although 

the agreement is within BOX for the  small-particle bed of Tho2 (bed 6 )  at 

high temperatures. 

The a for argon molecules on the oxide surface would probably 

A p o s s i b l e  explanatlon 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 isotherms for the two cases. 
Deissler and Boegli’’ have shown that the shape of the isotherms in the 
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Pig .  15. A comparison of c a l c u l a t e d  and exper imenta l  thermal  coaduc- 
t i v i t y  v a l u e s  f o r  t h e  l a r g e - p a r t i c l e  (bed 5 )  and s m a l l - p a r t i c l e  (bed 6 )  
of Tho2 w i t h  argon i n  t h e  voids  a t  a p r e s s u r e  of 0.1 ma. 

u n i t  c e l l  i s  a f u n c t i o n  of t h e  r a t i o  of the thermal  c o n d u c t i v i t i e s  of t h e  

solid and t h e  gas. Sfnce t h i s  r a t l o  is approximately 8 arid 70 w i t h  helium 

and w i t h  a rgon ,  r e s p e c t i v e l y ,  a t  1300 K, t h e  p l a n a r  i so therm assumption 

i n  t h e  model i s  more v a l i d  f o r  helium than f o r  arg011.l~ The assumption 

i s  a l s o  more v a l i d  when helium I s  p r e s e n t  in the  case of smaller p a r t i c l e s  

f o r  the fo l lowing  reason.  Bar r ing  mean free pa th  1fmi.tat-lon i n  smz3.1 

v o i d s ,  most h e a t  f lowing through t h e  u n i t  c e l l  d e s c r i b e d  i n  Appendix C 

would pass  through t h e  s o l i d  sphere  and through t h e  gas  reg ion  near  t h e  

sphere-sphere c o n t a c t  because t h i s  would be t h e  most advantageous pa th  f o r  

h e a t  flow. I n  t h i s  case, however, t h e  i so therms are f a r  from p l a n a r .  

When t h e  gas  mean f r e e  p a t h  is l i m i t e d  by t h e  small volds around t h e  
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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 consists of 8 44-um diam particle surrounded by helium and the 

mean free path is assumed to be limited by void spacing, the effective 

thermal conductivity varles by a factor of 2. However, the effective 
thermal conductivity varies by a factor of 12 for calculations with mean 

free path unlimited (i.ee, 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 i s  increased to 440 pm and 

the mean free path is assumed to be limited, the calculated result falls 

between the limited and unlimited cases for the 44-pm particle. 

Further refinements of the model must consider the influence of 

deviation of the isotherms from planes that are parallel to the bounding 

surf aces. 

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 voids. The influence 

of the latter on the powder thermal conductivity is 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 urn 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 um with helium, argon, and nitrogen, respectively, in the voids. The 

Lnfluence in helium is 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 importance of gas molecule mean free path limita- 

tion, there is 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. 
particles a t  1000 K, a gas pressure of 0.1 MPa, an emittance of 0.5, and 
a values of 0.2, 0.8, and 0.8 for helium, argon, and nitrogen, 
respectively. 

Calculations are for Tho2 

ORNL DWG 82 7630 
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Fig. 17. Percentage contributlon of the radiation component t o  the 
thermal conductivity of powders with spherical particles as a function of 
the particle diameter. 
and the radiation component was defPned as the difference in thermal con- 
ductivity calculated with emittance values of 0.5 and 0.0. 

Parameters were similar to those stated in Fig. 16, 
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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 is 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 UO2 Particles 

The experimental and calculated results for the large-particle bed of 

U02 (bed 2) and the small-particle bed of U02 (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)  t o  within 10% and 

agree with results on the coarse powder specimen (bed 2) to with-in -20%. 

This value for a describes the experimental pressure dependences, as shown 

in Fig. 19 .  The greater influence of pressure on the thermal conductivity 

of the She-particle bed (bed 3) is caused by the rarefied gas in the 

small voids of this material. 

ORNL-DWG 82.7647 
3.0 I ..............__... ~ .._._______I.__ 

0.4 1 

LARGE.PARTICLE U 0 2  BED 
(BED Zi IN HELIUM 

- - -  (EXPERIMENTAL). 

e _ _  -0.2 ASSUMED@ - -- -- --- ___--- -0.1 I -- 

2.0 

5 .-.-----e- ____-  -_---------- 
_ _ . C - - - - - -  

t ’ & I  EXPERIMENTAL) 

, SMALL PARTICLE U 0 2  BED 
(8ED 3) IN HELIUM 

-- - __ 0.1 I 1 - - ...- O Z L -  

------------ r 
1 1_____ 1 J 

800 l oo0  1200 1400 
0 1  L - -I-- 

400 600 
TEMPERATURE (KI 

Fig. 18. Experimental and calculated thermal conductivity values 
for the large- and small-particle beds of U02 in helium at a pressure of 
0.1 MPa. Calculated curves are for four a values. 



26 
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Fig. 19. Experimental and calculated thermal conductivity values for 
an a = 0.35 versus pressure for the large- and small-particle beds of U02 
containing helium at a temperature of 715 K. 

The model described in Appendix C for a two-particle vibratorily com- 

pacted bed cannot be used for the two-particle blended bed of U02 (bed 4) 

for two reasons. First, bed 4 has many more fine particles than there are 

in the model (approximately lo5 versus lo2). 
in bed 4 consume a much smaller part of the total specimen volume ( 4 3 . 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 ( 4 3 . 9 % )  and the value assumed in the 

model (60.5%) is t o o  great to consider the calculations seriously. These 

results do, however, re f lec t  the same mean free path limitation effects as 

those described f o r  Th02. 

Second, the large particles 

Another finite-difference method has been developed and applied to 

the results on the three-particle blended bed of U02 (bed 1) with lielium 

in the ~0ids.l~ Those calculations use fixed values for the thermal 

accommodation coefficient of helium on U02 surfaces. The assumedL6 values 
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of a 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 U0.8Puo.202 particles in helium gas 

have been studied as possible reactor fuels and compared with solid fuels 

with the same d e n ~ i t y . ~ , ~ ~ ~ ~ ~  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 rafses the 

thermal conductivity by changing the void space from a continuous gas 

phase surrounding the spherical particles t o  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 wZth the cladding and 

prevent. the occurrence of a large gap. 

an effective thermal conductivity of the powder fuel that is 11% higher 
than that o€ a solid fae1.17’18 Ades” has attempted to calculate the 

effect of restructurlng on the thermal conductivity of sphere-pac 

U 0 2  beds. 

The absence of this gap leads t o  

CONCLUSIONS 

1. Two techniques have been developed for measuring the thermal con- 

ductivity of powder from room temperature t o  1300 K over a modest pressure 

range. Experimental results from these two techniques on similar speci- 
mens agreed to within 7%. 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 conductlvity of this bed ha8 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 Tho2 or U02 in 

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

a. The thermal conductivities of powders with large-diameter particles 

(>300 pm) 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. 

b. The thermal conductivity of powders containing small particles (either 

powders wlth only small particles or with mixed particle sizes) are 

temperature independent at 0.1 MPa with the heavier gases such as 

a r g ~ n  atid 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. 

c. The highest thermal conductivity measured was for a powder with three 

different sizes of U 0 2  particles in helium. 

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

powders with spherical particles. This model 

a. describes the temperature and pressure dependence of the thermal con- 

ductivity of most of the specimens studied experimentally, 

b. attributes most of the behavior of powders wlth small particles to 

limitation of the gas mean free path by small voids in the powder, 

e .  shows that the radiation component of the thermal condiictivity is a 

strong €unction of parrlcle size and is about 5 or 26% o f  the total 

when helium or argon, respectively, i s  in the interparticle voids o f  a 

powder wbth 100-vm particles 

d .  agrees wiith experimental results on powders contalning argon or with 

small-particle beds containing helium. Th-ls is attributed to the more 

nearly planar isotherms far  these systems. 

4 .  The applicabflity o€ 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. In addition, 

thermal conductivity should be measured OR powders with small spherical 

particles ((100 pm in diameter) with a narrow size distribution to test 

the theoretical model e 

A powder of opaque microspheres would make an excellent thermal con- 

ductivity standard in the l o w  thermal conductdvity 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 s i z e  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 CFlAMBER O m - I  

The specimen chamber for ORNL-1, which is shown i n  Pig.  1, w a s  

f a b r i c a t e d  from a 50.8-mm-OD by 4.13-mm-ID by 203.2-mm-long s t a i n l e s s  

steel  tube.  A bottom f l a n g e  w a s  welded t o  t h i s  tube  and a removable 

f l a n g e  w a s  p o s i t i o n e d  on the  top.  A type 304L s t a i n l e s s  s teel  tube wi th  

an  o u t e r  d iameter  of e i t h e r  3.175 o r  6.35 m formed t h e  core  h e a t e r ,  and 

i t  was threaded i n t o  t h e  bottom f l a n g e  and passed through an A1203 bushing 

i n  the  top  f l ange .  Dimensional t o l e r a n c e  on t he  f l a n g e s  and bushing w a s  
c o n t r o l l e d  t o  ensu re  c e n t r a l  l o c a t t o n  of the  core  h e a t e r  t o  w i t h i n  

W0.15 mm. Holes i n  t h e  top  f l a n g e  pe rmi t t ed  c o n t r o l  of t h e  gas  type and 

p r e s s u r e  i n s i d e  t h e  powder annulus. The nominal volume o f  t h l s  annulus  

was 0.27 Le This  specimen chamher w a s  p laced  i n s i d e  an environmental  

chamber normally used for measuring the  thermal  c o n d u c t i v i t i e s  of s o l i d s .  

A l l  t empera ture  measurements were made wi th  type S thermocouples 

c o n s i s t i n g  of 0.25-m-diam wires of Pt-10% E& and p la t inum i n s u l a t e d  wi th  

two-hole h lgh -pur i ty  A1203 tub ing .  Three thermocouples were spaced 120" 
a p a r t  i n  t he  o u t e r  chamber w a l l  i n  t he  c e n t r a l  p lane  of the  c y l i n d e r ,  The 

thermocouple w e l l s  i n  t h e  chamber w a l l  were 20 m deep and 1 .6  m diam, 

and the  hot  j u n c t i o n  was cen te red  i n s i d e  a 1.6-m-diam one-hole A1203 

tube  a t  t h e  bottom of the  w e l l .  Th i s  c o n f i g u r a t i o n  ensured  a snug f i t  

between thermocouple and w e l l  in a d d i t i o n  t o  p l a c i n g  t h e  f i r s t  20 mm of 

t h e  thermocoupPe w i r e  I n  an i s o t h e r m a l  reg ion .  Th i s  prevented  h e a t  f low 

away from (or  toward) t h e  thermocouple hot  j u n c t i o n .  Two thermocouples 

were i n s u l a t e d  wi th  1.6-m-diam tub ing  and i n s e r t e d  i n t o  the  c e n t r a l  core  

h e a t e r  near t h e  c y l i n d e r  c e n t r a l  p lane .  One of t h e s e  thermocouples 

e n t e r e d  from t h e  co re  h e a t e r  top and one f r o m  the  bottom. I n  a d d i t i o n  t o  

t h e  measuring thermocouples j u s t  d e s c r i b e d ,  two thermocouples a t  each end 

of t h e  chamber w a l l  monitored the  tempera ture  p r o f i l e  along t h e  c y l i n d e r  

w a l l .  Th i s  c y l i n d e r  w a l l  w a s  kep t  i so the rma l  f o r  each datum by a d j u s t i n g  

t h e  tempera tures  of t he  v a r i o u s  h e a t e r s  su r round ing  the  specimen chamber, 

3 3 
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When the system reached equilibrium, a l l  thermocouple e m P s  and the 

voltage drop across a standard resistor wired in series with the core 

heater were measured wPth a potentiometer. The thermocouple emfs were 

converted to temperatures, and the thermal conductivity was calculated 

wi.th 

, = -  

where 

T ( r - 0 )  = the average temperature indicated by the thermocouples in 

T(1.4) = the average temperature indicated by the thermocouples in 

the core heater, 

the outer chamber wal l ,  

r2 = the outer core heater radius, 

'3 = the inner radius of the outer stainless steel tube (i.e., 

"4 = the distance between the center of the core heater and the 

PI = inside radius of the core heater, 

r5 = expl(1-n r2 +. In q ) / 2 ] ,  

q0 -- the power per unit length dissipated by the core heater, 

the outer radius of the specimen annulus), 

thermocouple wells in the outer chamber wall, 

Ass = thermal. conductivtty of the core heater and chamber wall, 
and 

ATi,, is an internal calibration of the thermocouples, whlch was 
obtained with the electrfcal current in the core heater at 
zero and the chamber near isothermal conditions. 

The use of the A T i s o  as a correction for small spurious emfs has been 

discussed by others.' 

and ln(P4/'3) is a correction for the temperature drops between the inner 

and outer specdmen radii and the thermocouple hot junctions in the 

stainless steel. walls. 

The term in the denominator containing ln(r2/~5) 

The thermal conductivity of the stainless steel core heater and 

chamber wall was determined by measuring their electric-al resistivity 
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v e r s u s  tempera ture  and u s i n g  an e q u a t i o n  by Powell2 that  relates the  

e lec t r ica l  r e s i s t i v i t y  and thermal  c o n d u c t i v i t y .  The h e a t  gene ra t ed  pe r  

u n i t  length by the co re  heater was c a l c u l a t e d  by 

where I was t he  c u r r e n t  f low through t h e  c o r e  heater and R I I  was t he  

resistance pe r  u n i t  l e n g t h  determined by measuring the v o l t a g e  d rop  

between p o t e n t i a l  t a p s  w i t h  a known spac ing .  The tempera ture  near the  

p o t e n t i a l  t a p s  w a s  measured wi th  a thermocouple.  The d i s t a n c e  between 

t h e  p o t e n t i a l  t a p s  was determined by comparison wi th  k n i f e  edges of known 

spac ing .  

c a r e f u l l y  e s t a b l i s h e d  by p a s s i n g  small c u r r e n t s  th rough t h e  core at: 

various t empera tures  between 300 and 1300 K. Th i s  approach e l imfna ted  

the need f o r  p l a c i n g  p o t e n t i a l  t a p s  on t h e  c o r e  h e a t e r  i n s i d e  the powder 

and s i m p l i f i e d  t h e  assembly wi thou t  adding s i g n i f i c a n t  e r r o r .  

A r e l a t i o n  between R/Z f o r  t h e  co re  heater and tempera ture  was 

The f r a c t i o n a l  u n c e r t a i n t y  i n  a thermal c o n d u c t i v i t y  measurement 

u s i n g  ORNL-1 can be w r i t t e n  as 

where C' = ( q 0 / 2 n A s s )  [ I n (  q / r 5 )  + I n (  r4/r3) 1 .  
a t o t a l  de t e rmina te  e r r o r  of ,2% f o r  e i t h e r  s i z e  core h e a t e r .  

T h i s  equa t ton  would i n d i c a t e  

Two primary sources  of i n d e t e r m i n a t e  e r r o r  occur  i n  the measurements. 

The Eirst of t h e s e  i s  t h e  " t e m p e r a t u r e  jump" e f f e c t  between the specimen 

and a d j a c e n t  metal walls. Equat ion  ( A l )  assumes t h a t  the t empera ture  
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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 

experf.mentally. 

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

by Kennard3 

aT 
!L'K - Tv = G - , an 

where Tw is the solid wa1.l  temperature and TK is the temperature that the 

gas would have if the temperature gradient In the gas normal t o  the wall, 

aT/an,  continued without change to the wall surface. 

be approximated by 

The constant G can 

where 

a =  
I 

Ag - 
n =  

c, = 

A =  

Y "  

accommodation coefficient of the gas-wall interface, 

thermal conductivity of the bulk gas, 

viscosity of the gas, 

specific heat of the gas at constant volume, 

mean free path of the gas molecules, 

the ratio of C p  to C,. 
pressure.) 

(Cp = specific heat at constant: 

The temperature drop is then 

Since aT/an for the radial apparatus is given by 
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Eq. (A5) becomes 

The most s i g n i f i c a n t  a s p e c t  of t b l s  e q u a t i o n  is t h e  i n v e r s e  r e l a t i o n  

between 7 ' ~  - Tw and t h e  s u r f a c e  r a d i u s .  

jump*' e f f e c t  a t  the i n n e r  r a d i u s  of t h e  specimen exceeds t h a t  at  t h e  o u t e r  

r a d i u s .  

"I?lfs means t h a t  t h e  " tempera ture  

The combined e r r o r  T j  would be 

and t h e  pe rcen tage  e r r o r  caused by the tempera ture  jump effect  would be 

Tj - 100 2 - a  % e r r o r  = PO0 - - - - 

The accommodation c o e f f i c i e n t  i s  a measure of the e f f i c i e n c y  of h e a t  

t r a n s f e r  between a s u r f a c e  and t h e  gas f n  c o n t a c t  wi th  t h e  s u r f a c e .  Th i s  

c o e f f i c i e n t  can v a r y  from about 0 , O S  t o  1.0 depending on t h e  s u r f a c e  

material and f i n f s h  and the gas type.' 

bed were s l i g h t l y  ox id i zed  s t a i n l e s s  s teel ,  which has  a h i g h  accommodation 

The s u r f a c e s  bounding t h e  powder 

c o e f f i c i e n t ,  bu t  fo r  c a l c u l a t i o n  we s h a l l  assume a p e s s i m i s t i c a l l y  Low 

v a l u e  o f  0.1. 

Kennard, ?I Tsederberg  ,' and t h e  TPBC d a t a  compi l a t fons  . 
Values For Y, Xg/nCu, A ,  and h were ob ta ined  from g 

C a l c u l a t i o n s  sugges t  t h a t  t h e  e r r o r  should be less i n  magnitude than  

-0.67% and 4 . 9 6 %  f o r  c o r e  h e a t e r s  w l t h  d i ame tes s  of 3.175 and 6 - 3 5  mn, 

r e s p e c t i v e l y .  Thus, the e r r o r  would depend on the  c o r e  h e a t e r  sLze, and 

measurements u s i n g  d i f f e r e n t .  s h e  c o r e  h e a t e r s  would y i e l d  d i f f e r e n t  

r e s u l t s  if t h e  e r r o r  was significant. Measurements using the  two c o r e  

h e a t e r s  above i n d i c a t e d  t h a t  t h i s  e r r o r  w a s  smallI 

C a l c u l a t i o n  of t h e  thermal  c o n d u c t i v i t y  lnslng E q .  ( A I )  r e q u l r e s  

t h e  assumption t h a t  the system is Z n f i n i t e f y  long .  F a i l u r e  of t h e  sys tem 

to meet this assumpt-lon leads t o  nonradia l  h e a t  flow a t  t h e  specimen 
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midplane, whf.ch, i n  t u r n ,  l e a d s  t o  an error not  inc luded  i n  Eq. ( A 2 ) .  
To assess t h i s  i n d e t e r m i n a t e  e r r o r ,  t h e  system was therraal ly  analyzed by 

usIng a f i n i t e - d i f f e r e n c e  h e a t  conduct ion code i n  a manner d e s c r i b e d  by 

Godfrey e t  a1.6 

s o u r c e  would he about +8% and would occur  f o r  t h e  powder specimens wi th  

a thermal  conductivity n e a r  0.2 W/(m*K). This  e r r o r  i s  approximately 

p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  of t h e  specimen thermal  c o n d u c t i v i t y  and 

would thus  be much less t h a n  -i-$% f o r  most of t h e  r e s d e s  presented  f o r  

powders r o n t a i n l n g  l302. T h h  e r r o r  was due p r i m a r i l y  t o  t h e  f a c t  t h a t  

t h e  lower end o f  t h e  c ~ r e  h e a t e r  wa3 i n  good thermal. c o n t a c t  wi th  t h e  

o u t e r  chamher- w a l l  and u s u a l l y  had about t h e  same t empera ture  as t h e  o u t e r  

w a l l ,  which w a s  a d j u s t e d  t o  be i s o t h e r m a l .  This  placed a tempera ture  

g r a d i e n t  Oi l  t h e  c o r e  h e a t e r ,  which caused h e a t  to f low a x i a l l y  away from 

t h e  c e n t e r  of t h e  c o r e  h e a t e r  and thus  l e a d  t o  pos i t l -ve  e r r o r s .  T h i s  

chamber would have been much b e t t e r  had t h e  need f o r  v i b r a t o r y  compaction 

not  prevented t h e  threaded  connec t ion  a t  t h e  bottom of t h e  core h e a t e r  

from being rep laced  wrfth an  oxide  bushing similar t o  t h e  one shown a t  

t h e  top. 

This  a n a l y s i s  showed t h a t  t h e  maximum e r r o r  due t o  t h i s  

This  system w a s  t e s t e d  wi th  an  MgO powder with a d e n s i t y  58% of 

t h e o r e t i c a l .  Although t h e  r e s u l t s  were o n l y  a few p e r c e n t  below those  

o b t a i n e d  by Godbee7 a t  room temperature ,  r e s u l t s  a t  1300 K were about 20% 

below Godbee’s v a l u e s ,  even a f t e r  a n e g a t i v e  conncc t lon  of 10% was a p p l i e d  

t o  h i s  high-temperature  d a t a .  This  c o r r e c t i o n  w a s  necessary  because a 

h e a t  shunt ing  e r r o r  PIS h i s  d a t a  was discovered  a f t e r  p u b l i c a t i o n .  The 

c a m e  of t h e  remaining 20% discrepancy  i n  unknown, but  i t  is probably due 

t o  exper imenta l  e r r o r  w l t h  ORNZ-1 and p o s s i b l y  s l i g h t  d i f f e r e n c e s  i n  

powder d e n s i t i e s .  

1. M. J. Laubi tz  and D. T.,+ McElroy, “‘Precise Measurements of Thermal 
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Appendix B 

DETAILS OF SPECIMEN C W E R  ORNL-2 

The specimen chamber designated ORNL-2 and shown in F-2. 2 consisted 

of two concentric sta-lnless 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 nunp respectively, which l e d  to a specimen gap of 10.52 m. 

The height of the powder specimen in the annulus was 223 m. 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. B1, consisted of a platinum 

wire 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 inside 

of the inner stainless steel tube so that it was at the central axis 

of the chamber. 

Platinum and Pt-l0% 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 i n  
the outer cylinder, were positioned in the chamber midplane to measure 

the temperature drop across t he  specimen. Additional thermocouples were 

placed in the cyljnder walls at the ends t o  monitor 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 .  For 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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ORNL-DWG ~ z - m a  

Fig.  B I .  Core h e a t e r  f o r  r a d i a l  h e a t  f low a p p a r a t u s .  

.Joule h e a t  w a s  genera ted  i n  t h e  c o r e  h e a t e r  by pass ing  a r e g u l a t e d  

d i r e c t  c u r r e n t  through t h e  plat inum h e a t e r  w b r e .  The power genera ted  per 

u n i t  l e n g t h  w a s  determined by measuring t h e  v o l t a g e  drops between t h e  

p o t e n t i a l  t a p s  and a c r o s s  a s t a n d a r d  r e s i s t o r  wired i.n series wi th  t h e  

core h e a t e r  wbndings. The h e a t  o u t p u t  from t h e  c o r e  h e a t e r  w a s  u s u a l l y  

a d j u s t e d  t o  y i e l d  a tempera ture  drop of froin 5 t o  1s K a c r o s s  t h e  specimen 

annulus .  When the system reached s t e a d y  s ta te ,  t h e  v o l t a g e s  from t h e  

thermocouples were measured wi th  a s i x - d i a l  po ten t iometer .  A f t e r  

s t a n d a r d i z a t i o n ,  a p r e c i s i o n  of 0.01 VV could be achieved.  The v o l t a g e s  

on t h e  c o r e  h e a t e r  and the  v o l t a g e  drop a c r o s s  the s t a n d a r d  r e s i s t o r  w e r e  

measured wlth a less p r e c i s e  poten t iometer  because t h e  g r e a t e r  accuracy of 
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t h e  s i x - d i a l  w a s  no t  needed f o r  these l a r g e  s i g n a l s .  The thermocouple 

v o l t a g e s  were conver ted  t o  tempera ture ,  and t h e  thermal  c o n d u c t i v i t y  w a s  

c a l c u l a t e d  by us ing  Eq. ( A l )  of Appendix A except  t h a t  T(r=O)  was rep laced  

w i t h  T ( r g ) ,  where ~5 w a s  now t h e  d i s t a n c e  from t h e  system c e n t r a l  a x i s  t o  

t h e  thermocouple w e l l s  i n  t h e  i n n e r  tube ,  and q’ was determined from t h e  

v o l t a g e  and c u r r e n t .  The t o t a l  d e t e r m i n a t e  e r r o r  f o r  ORNL-2, based on an  

a n a l y s i s  similar t o  t h a t  g iven  i n  Appendix A, was +3.2%. 

Inde termbnate  errT.ors i n  this system were similar t o  those  d i s c u s s e d  

i n  Appendix A f o r  OmA-1, Thermal modeling showed t h a t  a t  1050 K e r r o r  

due t o  n o n r a d l a l  h e a t  f l o w  a t  t h e  specimen midplane would be +0.7%, +IO%, 
and +20% f o r  specimen c o n d u c t i v i t i e s  of 1.5, Oe7, and 0.3 W/(m-K), 

r e s p e c t i v e l y .  

Measurements on a powder c o n s i s t i n g  of 500-pm-diam s p h e r € c a l  A1203 

p a r t i c l e s  i n  n i t r o g e n  a t  a p r e s s u r e  of 0.1 MPa gave v a l u e s  of 0.3361, 
0.4365, 0.4687, and 0.5222 W/(m*K) a t  tempera tures  of 414.5, 631.5, 721.9, 

and 887.4 K, r e s p e c t i v e l y .  These r e s u l t s  are about  7% above c a l i b r a t i o n  

v a l u e s  o b t a i n e d  on t h i s  same powder i n  a chamber so  l a r g e  (90 mm diam x 

355 mm h i g h )  t h a t  i t  w a s  not  s u b j e c t  t o  many of t h e  p o t e n t i a l  e r r o r s  i n  

OWL,-2. T h i s  p o s i t i v e  d e v i a t i o n  from t h e  c a l i b r a t l o n  v a l u e s  a g r e e s  w i t h  

t h e  p r e d i c t i o n  from t h e  thermal  modeling s t u d i e s .  

a small specimen volume t h i s  is a r e l a t - l v e l y  low e r r o r .  

Fo r  a system w i t h  such 

Measurements i n  O m - 2  made on samples of MgO powder gave r e s u l t s  t h a t  

were lower than t h o s e  r e p o r t e d  by prev-lous workers , l  bu t  t h i s  d i f f e r e n c e  

may be due t o  a d i f f e r e n t  speclmen d e n s i t y .  

R e f  ere nce 

1 .  H. 14. Godbee, Thermal conductivity of MugnQsia, Alumina, and Z7;rconia 

P o d e r s  in Air at Atmospheric P~essure f rom 20O0F to 150OoP, 

OWL-3510, A p r i l  1966. 





Appendix C 

MODELS FOR HEAT CONDUCTION I N  VIBRATORILY COMPACTED 
POWDERS WITH SPHERICAL PARTICLES 

Models were de r ived  f o r  h e a t  conduct ton  I n  the v i b r a t o r i l y  compacted 

specimens c o n t a i n t n g  Tho2 p a r t i c l e s .  One of t h e  most impor tan t  assump- 

t i o n s  i n  a l l  c a l c u l a t i o n s  w a s  t h a t  t h e  i so the rms  are p a r a l l e l  t o  t he  

bounding s u r f a c e s  of t h e  specimen annulus .  

C1. Model f o r  Powders w i t h  a S i n g l e  S i z e  Particle 

c1.1. Geometr ica l  Model of Sphere Packing 

We needed t o  c o n s t r u c t  a model €o r  the packing of s o l i d  s p h e r e s  t h a t  

would y i e l d  t h e  c o r r e c t  d e n s i t y .  

used t o  d e s c r i b e  t h e  beds c o n t a i n i n g  s i n g l e - s i z e  sphe res .  

The model proposed by Shimokawal was 

Simple hexagonal  packing of s o l i d  s p h e r e s  w a s  assumed. A p r o j e c t i o n  

o n t o  t h e  (010) p lane  is shown i n  Fig. Cl(a) and a (001) p lane  p r o j e c t i o n  

In Fig. Cl(b). The s p h e r e s  are in c o n t a c t ,  and t h e  p r o j e c t i o n s  of t h e  

u n i t  c e l l  used f o r  t h e  c a l c u l a t i o n  of thermal  c o n d u c t i v i t y  are o u t l l n e d .  

A s k e t c h  of t h e  u n i t  cel l  i n  Fig.  C2 shows a s e c t i o n  parallel  t o  t h e  b a s a l  

p l ane  and a n  exploded view of t h e  cell  as a whole. One h a l f  [Pig.  C2(c) ]  

of the u n l t  cell  was f u r t h e r  subdiv ided  i n t o  t h e  components shown i n  (d)  

and (e).  F i g u r e  C2(f) is a s e c t i o n  through the component shown i n  

F ig .  C2(d). 

An a n a l y s f s  of t h e  geometry p e r t a i n i n g  t o  t h i s  u n i t  c e l l  ( c e l l  A) is 

g i v e n  i n  Sec t .  C1 .2 ,  which shows t h a t  t h e  s o l i d  f r a c t i o n  i n  t h i s  cell  is 

0.605. T h i s  is s u f f i c i e n t l y  near the va lues  of 0.585 t o  0.64 i n  t h e  beds 

w i t h  s i n g l e - s i z e  p a r t i c l e s  l i s t e d  i n  Table 1 t h a t  t h i s  model may be used 

f o r  t h e  a n a l y s i s  I 
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(b)  SECT. 

Pig. e l .  Plane p r o j e c t i o n s  of t h e  u n i t  cell for a 60.5%-dense bed, 
showing (a) t he  p ro jec t ton  onto t h e  (010) plane and (b) the  p r o j e c t i o n  
on to  the  (001) plane. 
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Fig.  C2.  Unit cell f o r  a 60.5%-dense bed, showing ( a )  t he  b a s a l  
plane p ro jec t ion ,  (b) and (c)  exploded views of the  u n i t  c e l l ,  (d) the  
c y l i n d r i c a l  component, ( e )  t he  hexagonal component, and ( f )  a s e c t i o n  
through the c y l i n d r i c a l  component. 
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C1.2. Analysis of Unit Cell A - 

The volume of the unit cell is found from Fig. Cl(b). In triangle 

AQU : 

A& = 2R. 

Q S  = R. 

Therefore, A S  = dTR. 

P is the center of gravity of triangle AQU. 

Therefore, A P  = ( 2 / 3 ) ( f i R ) .  

Area of parallelogram APTW =: A P ( A X )  i-( ( 2 / 3 ) ( 4 3 R ) ( R )  =; ( 2 / 3 ) n R 2 .  

Total hase area of unit cell = 3 ( 2 / 3 ) ( n R 2 )  = 2v?fR2. 

Volume of unit cell, Vy = base area x height = 2 6 R 2 ( 2 R )  = 4 /YR3 .  

Volume of "cylinder-sphere" component [Fig. C 2 ( d ) ] ,  V ,  = n B 2 ( 2 R )  = h R 3 .  

Volume of solid in unit cell [Fig. C 2 ( b ) ,  (c)] V,  = (4/3)7rR3.  

Volume of "hexagonal-cylinder" component [Fig. C2(e)] , V ,  = VT - V ,  = 

2 ~ 3 ( 2 6  - T). 
Volume fraction solid = V s / V ~  = ( 4 / 3 ) n f $ / 4 J 3 R 3  = 0.605 = 60.5%. 

Volume fraction of "cylinder-sphere" component 

0.907. 

Volume fraction of "hexagonal-cylinder" component, fH = V o / V ~  = 

2 R 3 ( 2 6  - n ) / 4 d 3 R 3  = 0.093.  

fcy = V,/VT = 2 . r r ~ 3 / 4 4 3 ~ 3  = 

C1.3 Model for the Calculation of Effective Thermal Conductivity 

We assumed that heat flowed in the 2-direction (P€g. C 2 ) .  The two  

components of the unit cell, "cylinder-sphere" component [Fig. C 2 ( 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. conductivtties of parallel con- 

centric cylinders. The thermal eonductivfty of each elemental cylinder in 

turn was determined by consldering 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 82-7652 

t 
----- HEXAGONAL COMPONENT L I CYLINDRICAL COMPONENT 

i 
X i '  = THERMAL RESISTANCE OF SOLID 

6' = THERMAL RESISTANCE OF GAS IN CYLINDRICAL COMPONENT 

irl = THERMAL RESISTANCE OF RADIATION I N  CYLINDRICAL COMPONENT 

h' = THERMAL RESISTANCE OF GAS I N  HEXAGONAL COMPONENT 
YH iiH = THERMAL RESISTANCE OF RADIATION IN HEXAGONAL COMPONENT 

Fig. C3.  Schematic analog of method used to determine the effective 
thermal conductivity of a 60.5%-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 Figo CZ(f). Line A-A 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 conduetivity of an elemental cylinder, distance Y 

from the center and of width W, was first calculated. The solid and gas 

within one such cylinder were considered as thermal resistances in serles, 

because we assumed that the heat flow was perpendicular to the isotherms. 

The effective thermal conductivity of the elemental cylinder i was then 

given by 

where 

hi = effective thermal conductivity of elemental cylinder i, 
As = thermal conductivity of the solid, 

ORNL-DWG 82-7653 
0 

I 

Fig .  C4. One quarter of the cylindrical component of the unit cell 
for a 60.5%-dense bed. 
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A’ = 

f 6  = solid fraction in elemental cylinder, and fz = gas fraction in elemental cylinder. 

thermal conductivity of the portion of gas in the elemental 
cylinder, e 

The solid conductivity was found from known experimental values, 

and the solid and gas fractions were determined from the geometry of the 

system: 

where 

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-jump” effect was considered. 

SmoluchowskP2 and Knudsen3 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/& in the gas between walls A and B. 

measured at wall A was not TK but Tu. 

jump distance) is a measure of the discontinuity in temperature and was 

expressed by Eq. (A3)  in Appendix A, which can be approximated with 

However, the temperature 

The distance G (the temperature 

where d is the distance between plates. 
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A B 

Fig. C5. Schematic illustration of the temperature-jump effect. 

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

of Eq. ( A 4 )  or 

a y - t l  

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 
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where 

q = heat transferred from wall B to wall A, 

As = thermal conductivity of the bulk gas, 
A 5 surface area, 

AT = temperature difference between the walls, and 

Ax = ( d  -t- 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, 

An effective thermal conductivity of the gas between the two walls, A:, 

may be defined in analogy to Fourier's equation: 

q = $A U l d  . 
Combination of Eqs. (C8)  and (C9) yields 

A9 = = Ag . 
d + 2G 1 .f 2G/d 

Further consideration of Fig. 64 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 its 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. Kennard4 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. Thts equation is 

where AwR = e€fective thermal conductivity of the gas under rarefied 

conditions. 
e 

!hen D < A ,  Eq. ( C 1 1 )  was used to determine the effective thermal 

conductivity of the gas In each elemental cylinder. Constants used to 

calculate G and AMR are given in Table P1 of Appendix E'. e 
Conduction Heat Transfer in Hexagonal-Cylinder Component. The effec- 

ttve thermal conductivity o f  the gas in this space is given, in analogy 

to Eq. (CIO), by 

where D = 2R. 

Contribution of Radiation. The amount of heat transferred by 

radiation between two identical parallel platesl" can. be expressed as 

where 

AT, = refractive index of medium between surfaces, 

CI = Stefan-Boltzmann constant, 

C = emittance of radiating surfaces, 

A ,  = radiating surface area, and 

Ti, T2 = absolute temperatures of radiating surfaces. 
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The term containing the absolute temperatures can be written as 

( T I  - T2)(IT1 f T 2 ) ( 3  3. 4). 
( T I  + T 2 )  = 2T2, E q .  (C13) becomes 

If we assume that ( T i  + 2'2) z 2T and 
2 2  

Therefore, 

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 D, and one obtains 

Combination of Eqs. (C14)  and (C15) yields 

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

component is given by 

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: 

A9 5 Ag -1- A,' , e C 

where 

A z  = total effective thermal conductivity of the gas in an 
elemental cylinder 

A% = thermal conductivity of gas space due to gas, and 

A, = radiation contribution to the total thermal conductivity. 
r 
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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 wfth that of the 

"hexagonal-cylinder" component. The total effective thermal conductivity 

of unit ce l l  A can now be expressed as 

where 

A,'" = total effective thermal conductivity of unit cell A, 

A c y  = effective thermal conductivity of "cylinder-sphere" component, 

AH = effective thermal conductivity of "hexagonal-cylinder" 
component, 

fcy = volume fraction of "cylinder-sphere" component, and 

f H  = volume fraction of "hexagonal-cylinder"' component. 

Section C1.2 shows that fey = V C / V y  = 0.907 and f,y = Vo/Vy = 0.093. 

The effective thermal conductivity in the cylindrical component can 

be written as 

where 

k = number of elemental cylinders, 
i A, = effective thermal Conductivity of elemental cylinder, and 

fi = vol.urne fraction of elemental cylinder. 

The last two quantities Can be written as 

fi = [Y2 - (Y - w > q / l ? *  (Fig. C4) 
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and 

where A: = effective thermal conductivity of gas with radiation taken into 

account (Eq. C18) a 

The effective thermal conductivity i n  the hexagonal component is 

P where AH = 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% loading are given in 

Appendix F and the program is listed in Appendix G. 

C2. Model for the Two-Particle Compacted Bed of Tho2 (Bed 7) 

It will be recalled that the two-particle compacted bed of Tho2 

(bed 7) described in Table 1 was prepared by first vibratorily compacting 

particles with a diameter of 440 um. 

were then infiltrated into the voids between large particles by further 

vibration. This simplified analysis assumed that a11 the small particles 

had diameters of 44 ym. 

Particles wlth diameters up to 44 ym 

C2.1 Geometrical Model o f  Sphere Packing 

We assumed that coarse microspheres (440 urn) were packed in a simple 
hexagonal mode. 

gas spaces left between the coarse spheres. We further assumed that the 

fine microspheres were in turn also stacked in a simple hexagonal array in 

the available space. 

The fine microspheres (44 um) were then stacked in the 

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

m€crospheres, was subdivided in the same way as before, into "cylinder- 

sphere'' and "hexagonal-cylinder" components [Fig. C2(d) and (e)]. 
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F i g u r e  C 6  i.s a s e c t i o n  through t h e  c y l i n d r i c a l  component. To s i m p l i f y  t h e  

a n a l y s i s ,  we assumed t h e  c o a r s e  microsphere t o  be notched as shown. The 

g a s  space  between t h e  c o a r s e  p a r t i c l e s  could accommodate t h r e e  v e r t i c a l  

columns of small p a r t i c l e  u n i t  c e l l s ,  a s  shown i n  F ig .  C 6 .  

S m a l l  microsphere u n i t  c e l l s  can a l s o  be s tacked  i n  t h e  gas  space 

forming t h e  "hexagonal-cylinder 'o component of t h e  c o a r s e  p a r t i c l e  u n i t  

c e l l  as shorn Ln Pig .  C7(a). I n  t h i s  case we a l s o  assumed t h a t  t h e  s m a l l  

p a r t i c l e s  were packed by p u t t i n g  a column of small p a r t i c l e  u n i t  cells  

i n t o  t h e  a v a i l a b l e  gas  spat-e. 

A b a s a l  p lane  p r o j e c t i o n  of a compostte u n i t  c e l l  thus  formed by 

c o a r s e  and f i n e  microspheres  i s  shown i n  Fig.  C7(b). It is e v i d e n t  t h a t  

c l o s e  packing of hexagonal u n i t  ce l l s  cannot be achieved i n  a c y l i n d r i c a l  

volume. For t h i s  reason  gas  columns, as shown i n  Fig.  C6, were Lntroduced 

t o  compensate f o r  t h e  gas volume not t:aken up by s m a l l  u n i t  ce l l s .  

OHNL-DWG 82-7655 

I SQLlD I 

.... 

...... 

. . . 

F i g .  CS. S e c t i o n  through one q u a r t e r  of t h e  c y l i - n d r i c a l  component. of 
t h e  u n i t  c e l l  f o r  an 80.5%-dense bed. 
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Fig. C7. Projections onto the basal plane of the uni 
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-~m-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 in beds of 84% 

solid density consists therefore of one 440-pm-diam particle and 330 

particles with a diameter of 44 pin. Such a composite unit cell is 

geometrtcally 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 Tho2 (bed 7 )  was actually 0.84. 

C2.2 Analysis of Unit Cell B -- 

Volume of big unft cell (440-pm particle) = 4JTf8 

Volume of small unit cell (44-lim particle) = 4G(R/lO)3 

Number of small unit cells in column I (Fig. C 6 )  = 0 

Number of small unit: cells in column I1 (Fig. C 6 )  = 18 

Number of small unit cells in column III (Pig. C 6 )  = 72 

Nunber of small unit cells In column IV (Fig. C6) = 180 

Total of small unit cells in "cylinder-sphere" component 

(Figs. C6 and C 7 )  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-vlia-diam solid particles = 4CJ(R/10)3 x 330 x 0.605 = 1.3821R3 

Volume of 440-pm-diarn solid particles = 4 6 R 3  x 1 = 4 e 1888R3 

- 

_I_ 

Therefore, total s o l i d  volume in 

5. 5709R3 
6.9284R.3 

Volume fraction solid = 

Therefore, volume fraction solid 

composite cell = 

= 0.804 = 80.4%. 

1 1 - ~  

5.5709R3 
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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 oE 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 < 0.4R the analysis was done as in model A, 

That is, the effective thermal conductivities of elemental vertical 

cylinders were calculated and these cylinders were then treated as thermal 

resistances in parallel (Fig. C 3 ) .  Therefore, 

where 
I 

2 = number of elemental cylinders, 
i 

X e  = effective thermal conductivity of cylinder I, 

Ac = thermal conductivity of elemental cylinder, and 
fi = volume fraction of elemental cylinder. 

Column 11. The thermal conductivity of the gas space (Fig. C6) was 

determined as before: 

where N is 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 in the expression 
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where 

A'-g = effectlve thermal Conductivity o f  solid plus gas In e 
column 11, 

As = thermal conductivity of solid, 

f, = volume fraction of solid, and 

e = volume fraction of gas. 

The effective thermal conductivity of column II was then determined by 

taking l / A z - '  in series with the thermal resistance of the column of small 

(44 pm) unit cells, henceforth referred t o  as the composite. Therefore, 

where 

A:' = effective thermal conductivity o f  column '11, 

= effective thermal conductivity of composite (column of 

= volume fraction of solid plus gas in column '11, and 

= volume fraction of composite. 

comp x 
44-pm-diam unit cells), 

f S-g 

comp f 

The thermal conductivity of a column of small (44-pm-diam) unit cells, 

x was determined by the analysis on unit cell A. 
COKUP ' 

Column 111. The thermal resistances of the composite and gas space 

in thPs column were considered as being in parallel (Pig. C 6 ) .  The effec- 

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

= pxg. f h 
e e c comp comp ' 

Where 

A'-@ = effective thermal conductivity of gas plus composite, e 
AS = effective tliermal conductivity o f  gas,  

c 
= effective thermal conductivity of composite, 

COmp 
x 



4 = vsltume f rac t ion  of gas, an9 
J, 

fcomp --- w c . l l u m e  fkartaon of csmposlte. 

where 

= ef tect:f.tae. thermal conduc t l v i t y  of column 1 x 1  
0 

A, = s a l i d  conduceivfty, 

f, = volume fraction of s o l i d ,  and 

= volume f r a c t i o n  of gas p h i s  composite. "fg-c? 

C o l u m n  'ICV The effective thermal c o n d u c t l v l t y  of cslzamn EV was 

determined in the same way as w a s  t h i a k  of c.sl.mn 111. 

'"Wexagonal-Cya%nder" .I__. Component: o f  Unft C e l l  (Coluxnti %I) T h e  hexa- 

gonal component of the u n i t  cp.e:l. X c.o~xsfsts of eolumns of small ( 4 4 - ~ m - - d i ; m )  

unit ce l l s  and gas. The ef . fect i .ve therrraa3. coaducrrivl.ty o f  t h i s  hexago-r,al 

component was dete~miiied by taking the thermal resistance of the  composite 

(columns of smal% unft celfsj L a  para'&'EeI. This treatmeri.t le 
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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 oE the five columns in parallel, wlrich led to 

where 

XTB = effective thermal conducttvity of unit cell 0, 
c 
Ai = effective thermal conductivity of column i, and 

fi = volume fraction of column i. (i = 1$2$...,5) 
2 

A schematic analog of the method used is gtven in Fig. C8, and a numerical 

analysis of the volume fractions for unit cell I3 is given in Appendix E. 

The variables used in the computer program f o r  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 W. 
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Q 

$' = THERMAL RESISTANCE OF- SOLID 

&' = THERMAL RESISTANCE OF GAS 

<' = THERMAL RESISTANCE OF RADIATION 

hi' = THERMAL RESISTANCE OF COMPOSITE 

hl = THERMAL RESISTANCE OF GAS dN HEXAGONAL COMPONENT 
9, 

6' = THERMAL RESISTANCE OF RADIATION IN HEXAGONAL COMPO 

= THERMAL RESISTANCE OF COMPOSITE IN HEXAGONAL COMPO 
w 

!-I 

pig. C8. Schematic analog 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 Knudsen2 have derived expressions for the thermal 

conductivity of a rarefied gas, but the notation of Kennard3 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 

where 

Ti = temperature of one plate, 

T2 = temperature of the other plate, 

P* = P 4 r n A ,  

P* = pressure of gas at temperature T*, 

T* is defined by I/@ = (1/dT + 1 / 4 q > / 2 ,  
= [TI + (1 - a ) T 2 ] / ( 2  -a), = [T2 + (1 -a>Yl] / (2  - a ) ,  T"1 

and the other terms have been defined previously. 

If the temperature difference between the plates, AT', is small, 

P" 22 P 

and 

Equation ( D 1 )  then becomes 

67 
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An effective thermal conductivity for the gas between the two plates, 

distance D apart, m y  be defined as 

q / A  = ApR A X I D  

From Eq. (D2) and Eq. ( D 3 ) ,  

References 

1. M. S. Smoluchowski, PhiZos. Mag. 21: 11 (1911). 

2. M. Knudson, Ann. Phys.  ( L e i p i g )  3 4 :  593 (1911). 
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Appendix E 

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

V 
I I1 1x1 IV "Hexagonal- 
xR3 xR3 xR3 .a3 cylinder" 

xR3 

440-wm solid microsphere 

Small unit cells in 
"cylinder-sphere'' 
portion of composite 
cell 

Gas in "cylinder-sphere" 
portion of composite 
cell 

Small unit cells in 
"hexagonal-cylinder" 
portion of composite 
cell 

Gas in "hexagonal-sphere" 
portion of composite 
cell 

0.9474 

0 

0.1044 

1 0668 

0.1247 

0.0658 

Total volume of column 

Volume fraction of column 

1.0518 

0.1518 

1.2573 

0.1815 

1 2524 

0.4988 

0.0237 

1.7749 

0.2562 

0.9222 

1.2471 

0.0299 

0 e 4157 

0.2295 

2 1992 0.6452 

0.3174 0.0931 

Numerical Evaluation of Volume Fractions in Unit Cell B for Column I1 

Xe = -+ 4N;oC?(O.O5R) 
g 1 + 2G/0.05R 

69 
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1.0668 f, = = 0.9419 
1.0668 + 0.0658 

P" = 1 - fs  = 0.0581 
9 

1.0668 f 0.0658 

1.0668 + 0.0658 + 1.247 
- I = 0.9008 '8-9 

- - 1 -fs-g = 0.0992 . comp f 

For Column 111 

x 
= g 4- 4fl;aZ?(0.3R) 

1 + 2G/0.3R 

0.0237 

0.0237 + 0.4988 
f; = = 0.0454 

= 1 -e = 0.9546 . comp f 

1.2524 

1.2524 + 0.4988 f 0.0237 
f, = = 0.7056 

f9-. = 1 - f ,  = 0.2944 . 
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For Column IV 

= fgxg + f A 
C c c comp comp 

x 
A9 s= $7 + 4Ii:csC!?(0.6R) 

1 + 2G/0.6R 

1.2471 
- - = 0.9766 

cQmP 1.2471 + 0.0299 
f 

0.9222 

0 .9222 3. 1.2471 + 0.0299 
= 0 .4193  fs 

= 1 -f, = 0.5807 . fg-e 

For Column V 

0.2295 

= 0.2295 4- 0.4157 
= 0.3557 

= 1 -e = 0.6443 . CQmp 



Total Effective Thermal Conductivity of C e l l  B 

Therefore, 

A: = 0.1518Ai + 0.1815Aj[eI + 0.2562Xz11 +- 0.3174Ay -t 0.0931h~ . 
e 



Appendix F 

NUMBERICAL EVALUATION OF THE EFFECTIVE THERMAL CONDUCTIVITY 
FOR 60.5%- AND 80-5%-DENSE BEDS 

Constants used in E q s .  (C6) and (Cll) for calculating the temperature 

jump distance and the effective heat transfer between two parallel plates 

separated a distance less than G are given in Table F1 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. 

73  



i
/
 

h
 

3
 

\
 

ra 
f4 
hl 

W
' r--4 n

' 
M I
I
 

A
 

M z
 

P
-
7
 

A
 

M 
a

m
 

u
c
 
'
 

(IJ 
(d

 
c3 

7
4

 

W
 I 8
 

d
 

X 

m
 

f-4 

00 
I 0
 

r
l 

X 

8
 

h
 

N
 

2
 X 

rg
 

r-i 

h
 

07 

?
-I 

0
 
0
 

co 

d
 

b
 

m
 

hl 

r-i 
0
 

43 
N

 

0
 

0
 
d
 

r
l 

C
 

a, 
bo 
0

 
k

 
U

 
.F
l 

2
 

A
 

M 

G
:

 
r

=
c

u
 

N
S

 
-

3
 



75 

Table F2. Description o f  terms used to calculate the thermal 
conductivity of powder with a single size particle 

and program location of the term 

Text Line Variable notation Term definitfon 

1.06 

1.08 

1.10 

1.20 

1.30 

2.01 

2.10 

2.20 

3.01 

3.31 

3.70 

3.70 

3.70 

3.92 

4.01 

RP 

El 

UP 

N 

V 

c2 

P r  

X 

sc 
BG€ 

A 

G 

W 

R 

Y 

KFR 

D 

GFR 

SFR 

Gc 

cc 

ETC 

TH 

P 

Particle diameter 

Emi t t ance 

Particle radius (redefinition of RP) 

Number of regions f o r  use of rarefied equations 

Constant in Eq. ( C 5 > a  and Table F1 

Constant in Eq. (Cll)a and Table F1 

Pressure in atmospheres 

Absolute temperature (K) 

Solid conductivity 

Bulk gas conductivity 

Thermal accommodation coefficient 

Temperature jump distance 

Thickness of elemental cylinder (Fig. C 4 )  

Radius of thoria sphere 

Distance of elemental cylinder from center of 
unit cell (Fig. C4) 

Volume fraction of elemental cylinder 

Distance between solid spheres ( F i g .  C4) 

Gas fraction in elemental cylinder 

Solid fraction in elemental cylinder 

Effective gas thermal conductivity in elemental 

Effective thermal conductivity of elemental 

cylinder 

cy1 inde r 

Effective thermal conductivity of cylindrical 

Thermal conductivity of unit cell 

component 

aThe values o f  these constants are in metric units in Table F1 but are 
adjusted in t h e  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 So calculate the thermal conductfvity 
of powders containing 440-urn-diam particles 44-yai-diarn particles, 

and a combination of the two sizes 

Text 
Line Variable notation Term definition 

4.01 

7.10 

8.10 

8 . 2 0  

8.30 

8.40 

9.10 

9.20 

10.20 

11.10 

11.10 

11.20 

13.10 

P 

Q 

LP 

L2 

L 3  

L4 

M1 

E1C 

M2 

E2C 

M3 

E3C 

E4C 

TC 

Effectjve thermal eonductlvity of u n i t  cell A 
containing spheres 44 vxa in df-ameter 

Effective tlherrnaB. conductivity of unit cel.1 A 
containing spheres 440 urn in diameter 

Effectlare thermal conductivity of gas in 
column I cell B 

Effective thermal conductfvity of gas in 
column I1 cell R 

E f f e c t i v e  thermal. conductivity o f  gas in 
column 1x1 ce l l  B 

EffcctLve thermal conductivity o f  gas in 
column I V  cel.1 B 

Equation ( C 2 l )  

Equation (C23) 

Equation ( C 2 4 )  

EquatPon (C23) applied to col.umn IV 

Equation ( C 2 4 )  applied t o  column EV 

Equation (C25) 

Equation (C2h) = effective thermal conduct-lvity 
of cell B containing 440- and 44-~m-diam 
microspheres 



A p p e n d i x  G 

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

oi+oi c THERMAL c O N n  OF HONCI SIZE MICROSPHERE FWDR ~ H O O R E  1981 
01*02 C ENTER COND IN W/M-KvFRESSURE IN ATMOSPFARY D I A  IN MICRO-M 
01+03 C S CONST V dJ.54943.0~22.9IE-6 FOR HEIAR,N~,RESPECTIUELY 
01604 C S CQNST C2=Qe970~0+077r0*15Q FOR HErARrN2,RESPECTXVELY 
01.06 A "PARTICLE ~IA*rRP~"EMITTANCE'rEXiT ! 
01+07 C CALC PARTICLE RADIUS B THE % OF INTERVALS FOR TINY GAPS ( N j  
01*08 S RP=RF/2*0iS N-0*34YFSaT(2*0tRP)ST "N-"iT %3+01vNPT " 
01.18 A 'CONST V & C2 - " r V , C 2 r " P R E S S U R E - " r Y R i r  ! 
Qlr20 A "TEMP'PXI'SOLXD COND"rSC9"GAS COND-"rHGCiT ! 
01.30 R 'ACC COEF"vA)T ! 
01.40 T "ACC COEF-'PT %4+02rAiT ! 

*DEC" PDP-8e c o m p u t e r  language rnadified t o  become CODAS111 at  ORNL. 
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Appendix R 

COMPUTER PROGRAM I N  FOCAL LANGUAGE FOR CALCULATING THE THERMAL 
CONDUCTIVITY OF POWDERS WITH 440-pm-DIAM PARTICLES, 
44-urn PARTICLES,  AND A COMBINATION OF THE TWO SIZES 

06*02 s R=220**00013S w=1*0*0001 
06r05 F I:~l,220tD 3.0 
06.06 G 7.10 

7 9  
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