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THERMAL CONDUCTIVITY OF URANIUM DIOXIDE AND ARMCO IRON BY 
AN IMPROVED RADIAL HEAT FLOW TECHNIQUE 

T. G. Godfrey, W. Fulkerson,  T. G. Kollie,  J. P. Moore, and  D. L. McElroy 

ABSTRACT 

A description of a n  improved radia l  heat  flow technique for measuring the  thermal 

conductivity of so l ids  in the range -57 to  1 1 0 0 ~ ~  is presented. The  technique yielded 

results  with a probable accuracy of f1.5% and a reproducibility of f0.1% in th is  range. 

Meaningful measurements were limited to  1 1 0 0 ~ ~  by P t  vs Pt-10% Rh thermocouple in- 

stabil i ty,  although the apparatus was  structurally sound to  1 4 0 0 ~ ~ .  The  thermal con- 

ductivity of polycrystall ine UO was  measured from -57 to  1 1 0 0 ~ ~  and reveals  a maxi- 
2 

miim in k near room temperature caused by the decrease  of the la t t ice  speci f ic  heat.  The  

thermal res is tance ,  l / k ,  shows a l inear dependence with temperature from 200 to  I.OOOOC, 

which is expected for a n  insulator well  above i t s  Debye temperature. The s lope  of the 

l/k-temperature plot is 0.0223 cm/w, and th is  is independent of impurity content,  although 

the intercept is sens i t ive  to impurity content. The thermal conductivity of polycrystall ine ' Armco iron was measured between 100 and 1 0 0 0 ~ ~  and was  found t o  be  within f 2  to  3% of 

the bes t  values reported in the literature. The temperature dependence of the thermal con- 

ductivity of iron is largely controlled by the e lec t ronic  contribution, which was  deduced 

from elec t r ica l  conductivity measurements. The  thermal conductivity of iron can  be' rep- 

resented by four linear equations for the temperature ranges  0 to  436, 136  to  786, 786 to  

910, and 910 to  1 0 0 0 ~ ~ .  A s lope  change of, 30% a t  436% may be coupled to a ii~it~imurn 

in the thermoelectric power of iron near th is  temperature. A minimum in the thermal con- 

ductivity occurs near 786OC and is associa ted  with the Curie transformation. A 4% de- 

crease  in the thermal conductivity was  observed a t  the a-y transformation (910°C), and 

th is  is associa ted  with a change in the la t t ice  contribution to  the to ta l  thermal conduc- 

tivity. 

INTRODUCTION 

T h e  f i rs t  ob jec t ive  of t h i s  work w a s  t o  deve lop  a p p a r a t u s e s  a n d  techniques  c a p a b l e  of pro- 

ducing very accura te  thermal conduct ivi ty  va lues  for s o l i d  s p e c i m e n s  between room temperature 

and 1400°C. A s e c o n d  goal  w a s  t o  s tudy  mater ials  of nuclear  and  s c i e n t i f i c  in te res t  t o  learn 

about  t h e  heat-transfer mechanisms control l ing thermal conductivity, k. 

There  is no universal  thermal conduct ivi ty  method which is appl icab le  for  u s e  for a l l  so l id  

s p e c i ~ n e n s  a t  a l l  temperatures. F o r  t h i s  reason  a number of overlapping methods a r e  n e c e s s a r y  

t o  measure  k over a wide spectrum of spec imens  and  temperatures .  T h e  radial  hea t  flow appa-  

ratus  described here  is one s u c h  method which   ow ell' developed i n  1939  t o  measure  k of 

Armco iron. It  is a n  a b s o l u t e  method and  is c a p a b l e  of very good accuracy .  F o r  t h i s  reason  

'R. W. Powell, "Further Measurements.of the  Thermal and Elec t r ica l  Conductivity of Iron a t  High Tem- 
perat,ures," )>roc. Pllya. Sac. (Loricfnn,) 51, 407 (1939). 



t h e  p resen t  appara tus  w a s  developed t o  measure mater ials  which c a n  be  used  a s  s tandards  in  

check ing  t h e  a c c u r a c y  of other  methods under development. T h e  method h a s  d i sadvantages  in  

tha t  large spec imcns  a r e  required and  t h a t  measurements  a t  a given temperature normally require 

8 hours. 

T h e  versa t i l i ty  and  a c c u r a c y  of t h e  radial  h e a t  flow appara tus  were demonstrated by measure- 

ments  on two widely different  mater ials ,  IJO, and  Armco iron. Uranium dioxide is a semiconductor  

with a low thermal conduct ivi ty ,  whereas  iron is a metal  with a high thermal  conductivity. Both 

of t h e s e  mate r ia l s  h a v e  been  measured ex tens ive ly  by other  inves t iga tors  and thus  afford ample  

grounds for comparison. However, a c c u r a t e  measurements  of t h e  thermal  conduct ivi ty  of both ma- 

t e r i a l s  a r e  of s c i e n t i f i c  i n t e r e s t  t o  e n a b l e  t h e  different iat ion of t h e  var ious  h e a t  t ransfer  mecha- 

nisms operat ive i n  t h e s e  t w o  mater ials .  In fact ,  the re  is a h e a t e d  deba te2- '  about  whether  or 

not k of UQ, reactor fll-1 e lements  ini. i+-r\rs at vary hlg11 l c ~ l ~ p e r a t u r e s  and a b o u t  what  mecha- 

n i sms  could  c a u s e  s u c h  a n  increase .  T h e  d e b a t e  c a n  b e  s e t t l e d  only by good high-temperature 

measuremenls. In additinn, recent  da ta  take11 helnw room tomperatule  by Be'thoux, 'l'homas, and 

~ e i l % h o w  that  k of  UO, h a s  two loca l  maxima - one a t  about  300% and  another  a t  about  10%. 

T h i s  s h a p e  of the  thermal condudtivity-temperature curve  is re la ted  t o  the  antiferromagnetic- 

paramagnet ic  t ransi t ion a t  about  30% (ref 8). T h i s  e f fec t  w a s  a l s o  verified qual i ta t ively by a 

group a t  CEN. In l ight  of t h i s  information, a much c l o s e r  sc ru t iny  of t h e  thermal conduct ivi ty  

of U 0 2  a t  room temperature and  below w a s  i n  order. 

Armco iron i s  cons idered  by many t o  b e  a thermal conduct ivi ty  s tandard ,  and    ow ell'^ recent ly 

reviewed t h e  publ ished data .  T h i s  review s h o w s  that  below 600T t h e  d a t a  spread  is about  4% 

but becomes progressively larger  a1 higher  temperatures ,  amounting t o  42% a t  900T. B e c a u s e  of 

t h e  spread,  more a c c u r a t e  high-temperature measurements  a r e  needed.  In addi t ion,  there  is con- 

s iderab le  uncertainty about  t h e  e f fec t  of t h e  ferrnmngnctic-pararnaw~ic Iran%ition and t h e  fiy 

p l ~ d s e  Lransformation on t h e  therlrial conduct ivi ty  sn that addi t ional  nlcasurements a t  t h e s e  tem- 

peratures  a r e  of in te res t .  

'5. L. Bates ,  "Thermal Conductivity o f  U 0 2  Improves at High Temperature," Nucleonics 19(6), 83 (1961). 

3 ~ .  Wiedenbaum, High Performance UO Program - Qi~arterly Progress Report No. 8, January-March 1963, 
2 

GEAP-3771-8 (Apr. 15, 19631, s e c  4. pp 10-1 1.. 

1 J. A. L. Robertson et al., "Temperature Distribution in UO Fuel ~ l e r n i n t s , "  J .  Nucl. Mater. 7(3) ,  218- 
54 (1962). 2 

S I .  Cohen, B. Lustrnan, and J .  E .  Eichenberg, Measurement o f  the Thermal Condirctivity o f  Afctal-Clad 
Uranium Oxide Rods During Irradiation, WAPD-228 (August 1960). 

6 ~ .  J.  Anthony, C.  E. Burdg, and R. J .  Sanderson, "Out-of-Pile Thermal Test ing of U 0 2  Fuel Ele~rlents," 
Trans. Am. Nucl.  SQC.  5(1), 236. (1962). 

'M. F .  L y o t ~ s  e t  al., " U 0 2  Thermal Conductivity at Elevated Temperatures," Trans. Am. Nucl. Soc. 
6(1),  152 (1963). L 

'0. ' ~ 6 t h o u x .  P. Thomas,  and L. Weil ,  "Conductibilite thermique de UO a basse  temperature,'* Compt. 
Rend. 253(19), 2043-45 (1961). 2 

' ~ i n u t e s  o f  Ceramic Fuels Meeting H e l d  in Brussels,  3-5 Oct., 1962, Euratom-United States Joint Re- 
search and Development Board, TID-7666 and EIJR/C/4936 62e,  p 20. 
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Mesi and Donald H .  T s a i ) ,  T h e  American Society o f  Mechanical Engineers and Academic Press,  New York,  
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For iron, much of the heat is transported by electrons, s o  measurements of electrical con- 

ductivity are helpful in evaluating thermal conductivity behavior. Therefore supplementary 

electrical conductivity measurements were made on this material. 

The following sections contain extensive descriptions of the experimental apparatus and 

techniques a s  well a s  a detailed characterization of the specimens tested. These were in- 

cluded to allow critical evaluation of this work. 

DESCRIPTION OF THE APPARATUS 

The present radial heat flow apparatus was designed to produce a measurable outward radial 

heat flow in a cylindrical specimen consisting of a stack of disks, several of which are instru- 

mented with thermocouples to determine the radial temperature gradient. Each specimen disk had 

a central %-in. hole, and the heat flow was generated by an axial core heater carefully positioned 

in  this hole. The overall temperature of the specimen was maintained by an enclosing cylindrical 

INSULATING END PIECE 
CENTERING BUSHING DENSE END PIECE 

GUARD HEAER 

VOLTAGE TAP 

Fig. 1. Schematic Drawing of Apparatus. 



muffle heater. Radial heat flow was ensured by the use of end guard heaters and also by adjusting 

the power t o  the separately wound end sections of the muffle heater. To protect the specimen from 

oxidation, the apparatus was contained in a water-cooled brass chamber under 1 atm of helium which 

was 99.999% pure. To  prevent convection currents and to minimize radiation losses, the annuli be- 

tween the specimen and the muffle heater and between the specimen and the core heater were filled 

with granular alumina. For thermal insulation the space outside the muffle heater was filled with 

bubbled alumina. Figure 1 is a schematic drawing of the apparatus. Figures 2(a) and 2(b) show 

the apparatus in stages of assembly. 

Fig. 2(a). A m o  Iron Specimen Disks In the Fig. 2(b). Radial Heat Flow Apparatus, Showing 

Radial Heat Flow Apparatus, Showing the Therno- the Three Independent Sections of the Muffle Heater 

couples, the Bottom 'Gugtd Heater, the Bot.tom In- in Place. 

sulating Pieces, dnd the Thermocouple Connection 

BEackr. The bross axial rod is an assembly aid. 

Core Heater 

The cote heater was made by winding a double strand of 0.020-in.-diam Pt-10% Rh wire on a 

3/B-in.-0~, 15-in.-longcoors AD-99 alumina tube grooved 9 turns per inch. Two small holes were 

drilled exactly 3 in. apart in the center section of the tube. These holes accommodated the 0.020- 

in. Pt-10% F& voltage taps which were tweezer-welded to  both heater wires. The voltage taps 



and the input power leads were connected to 12-gage copper wires just inside the water-cooled 

brass shell. These and a l l  other power leads passed through the shel l  by means of large Kovar 

seals.  

Muffle and Guard Heaters 

The muffle assembly consisted of a 10-in. center section and two 5-in. end sections, a s  shown 

in Fig. 2. Each section consisted of a 5-in.-OD x 4-in.-ID McDaniel high-purity alumina tube which 

was gooved 5 turns per inch to accommodate a bifilar winding of 0.047-in.diam molybdenum wire. 

The end guard heaters were 1-in.-thick 3 4-in.-OD spirally grooved alumina disks. A coiled wind- 

ing of 0.040-in.-diam molybdenum wire was cemented into the spiral  groove with alumina cement. 

A f/e-in.-thick 3%-in.-OD Coors AD-99 alumina disk separated each end guard heater fiom the 

specimen stack. The end guard heaters were backed by two 2%-in.-thick 3 %-in.-oD alumina 

pieces, a s  shown in Fig. 1. The inside piece was cut from a dense 99% alumina brick, and the 

second, from a bubbled alumina brick. The end guard heaters, alumina disks, and backup pieces 

were suitably drilled to  accommodate the core heater and i t s  lead wires. 

Apparatus Assembly 

In assembling the apparatus, the specimen stack together with associated end pieces was built 

, around a %-in. alignment rod to  ensure axial  symmetry between a l l  components. As the stacking 

proceeded, the various measuring planes were instrumented with thermocouples a s  described be- 

low. After the top guard heater and backup pieces were in place, the alignment rod was removed 

and replaced by the core heater which was aligned axially by close-fitting alumina bushings con- 

tained in the top and bottom dense brick. Figure 2(a) shows the Armco iron specimen with the align- 

ment rod s t i l l  in place. When the stack assembly was completed, the muffle furnace section& were 

lowered over it, and granular alumina was poured into the annulus between the specimen and the 

muffle and between the specimen and the core heater. The water-cooled chamber was lowered 

into position, power and voltage connections were made, and the chamber was filled with bub- 

bled alumina. 

Thermocouple System 

Several of the specimen disks were instrumented with thermocouples which were fitted into 

0.063-in.diam holes drilled in the disks perpendicular to the radial direction. The thermocouple 

wires extended out of the specimen stack through shallow grooves in the measuring planes. Figure 

3 shows the thermocouple groove and hole arrangement for the measuring planes of the iron and 

UOz specimens. For U 0 2  there were three measuring disks, each containing four %-in.deep 

thermocouple wells - two a t  an  inside radius of 0.450 in. and two a t  a n  outside radius of 1.375 

in. These measuring disks were placed in the central 3 in. of the s tack with two noninstrumented 

disks between each pair of measuring planes. For the iron there were two 1-in.-thick measuring 



disks, each containing six 34-in.deep thermocouple wells - three on an inside radius of 0.500 

in. and three on an outside radius of 1.313 in. These disks were also placed in the center 3 in. 

of the stack and were separated from each other by a noninstrumented, 1-in.-thick disk, a s  shown 

in Fig. 2(a). 

Precise temperature measurement is the most critical aspect of the experimcnt. The thermo- 

couples used were made from Sigmund Cohn reference-grade annealed P t  and Pt-1U% Kh wlre 

except for some low-temperature experiments on UO, where copper/Constantan thermocouples 

were used because of their greater sensitivity and the fact that tabulated emf's exist. The hot 

junctions of the thermocouples were positioned near the bottom of the holes in the measuring 

disks. The wires from these junctions were insulated electrically by two one-hole 0.031-in.- 

OD x 0.015-in.-ID Degussit A123 alumina tubes. The hot junction was insulated electrically 

from the specimen by a '/, ,-in.-long, one-hole, 0.062-in.-OD x 0.030-in.-ID alumina tube a t  the 

bottom of the hole which also served to position the junction along the axis of the hole. 

The thermocouples were made from 0.010-in.diam wire which was tweezer-welded to 0.020- 

in.diam wire just outside the stack. The smaller wire was used to minimize conduction losses 

from the hot junction, and the larger wire was used to decrease the probability of developing 

compositional or structural inhomogeneities in the region where the wire passes through severe 

temperature gradients. The 0.020-in.diam wires were insulated in two-hole Morganite ARR 



alumina tubing which w a s  placed in t h e  annulus  between the  muffle and  t h e  spec imen and ex- 

tended below the  A1,0, insu la t ing  p ieces .  From below t h e s e  p i e c e s  t h e  thermocouple wi res  

extended through woven quartz  tubing t o  fired lav i te  (hydrous aluminum s i l i c a t e )  tie-down blocks 

on the  water-cooled b r a s s  basep la te  a s  shown in F i g s .  2(a) a n d  2(b). At t h e s e  b locks  t h e  wi res  were  

mechanical ly connected t o  P t  and  Pt-10% Rh wi res  which ex tended  t o ' t h e  co ld  junction terminal 

board. T h i s  mechanical  connection w a s  made by p r e s s i n g  o n e  wire  on t o p  of t h e  other  under l av i te  

p i e c e s  sc rewed t o  the  tie-down blocks s u c h  that  t h e  wi res  were  in  con tac t  with n o  s e c o n d  metal. 

Several  thermocouples were la ter  added  t o  the  s y s t e m  and  employed a different  type  of tie-down 

block a s  may be  s e e n  a t  t h e  rear  of t h e  basep la te  i n  F i g s .  2(a) and  2(b). T h i s  tie-down block w a s  

made from Micarta,* and t h e  thermocouple wi res  were  clamped under nylon-coated s t e e l  s c r e w s .  

When the  apparatus  w a s  reinstrumented or a new spec imen ins ta l l ed ,  i t  w a s  n e c e s s a r y  only t o  re- 

p lace  t h e  thermocouple wi res  from t,he specimen t o  t h e s e  tie-down blocks.  'The thermocouple wi res  

p a s s e d  through the  b a s e p l a t e  in  s e a l s  which a r e  described i n  d e t a i l  in  Appendix A. Mechanical 

connect ions of t h e s e  wires  t o  t h e  P t  and Pt-10% Rh wt res  of t h e  co ld  w e l l  were made a t  a 

sh ie lded  Micarta terminal board under nylon-coated s t e e l  s c r e w s .  T h e  cold junction w a s  made by 

twist ing t h e  thermocouple wires  t o  0.020-in.-diam vinyl- insulated copper  wires .  T h e  cold junct ions 

were insu la ted  from each  other  by vinyl tubing and were p laced  two e a c h  in 7-mm g l a s s  t u b e s  par- 

t ia l ly  filled with mineral o i l  for thermal culltact.  T h e  g l a s s  tubes  were f i t ted in  a dr i l led copper  

block which w a s  immersed in a n  i c e  bath. T h i s  copper  block se rved  t o  e n s u r e  tha t  a l l  of t h e  co ld  

junctions were a t  t h e  s a m e  temperature such  that  t h e  g rea tes t  accuracy  could b e  a t t a ined  for t h e  

different ial  emf measurements. It a l s o  se rved  a s  a thermal iner t ia  block in maintaining t h e  co ld  

junction temperature cons tan t  during t h e  time t h e  ice bath w a s  be ing  changed.  T h e  copper  wires  

from t h e  cold junction extended t o  vermiculite-filled swi tch  boxes hous ing  e igh t  L&N thermal- 

f ree two-pole twelve-position s w i t c h e s  which al lowed a b s o l u t e  and  different ial  thermal emf 

measurements t o  be  made. Connect ions a t  the  s w i t c h e s  were  made using L&N thermal-free 

solder .  

T h e  copper  wi res  were 24-gage so l id  conductors  from Western E l e c t r i c  Corporation telephone 

c a b l e  which contained 25  pairs  of color-coded wires. T h i s  c a b l e  w a s  very convenient  t o  u s e  be- 

c a u s e  of the  l a rge  number of thermocouples  involved. T e s t s  showed t h a t  t h e  copper  wires i ~ i  thio 

c a b l e  were homogeneous and  exhibi ted thermal emf 's  of c 0 . 0 2  pv when couplcd  with L&,N thermal- 

f ree solder ,  swi tch  lugs,  and potentiometer terminals. 

A Rubicon s ix-dial  potentiometer with a cer t i f ied accuracy  of *0.01% + 0.01 pv w a s  used  i n  

conjunction with an LbN upright galvanometer and a 20-ft op t ica l  l ever  t o  obtain a 0.01-pv nu l l  

ba lance  on a l l  thermocouple emf's. 

T o  minimize t h e  e f f e c t s  of s t r a y  emf's end  electrostatic f ields ,  a l l  l ead  wi res  were  s h e a t h e d  

with braided coppcr  shielding,  and a l l  swi tch  boxes and  related components  were  t ied t o  one ear th  

*Micarta i s  a trade name for phenol-formaldehyde compoulld laminated fabric base ,  thermosetting plast ic ,  
manufactured by Micarto Division of Westinghouse Electric and Manufacturing Company. 



ground with l a rge  conductors .  T h e  potent iometer  w a s  used  t o  a s s u r e  tha t  paras i t i c  or residual  

emf's d u e  t o  placement  of t h e  wi res  were  minimized and  were  l e s s  than 0.01 pv. 

Power and Temperature Control Systems 

T h e  power t o  t h e  c o r e  hea te r  w a s  suppl ied  by a magnetic and t rans i s to r  regulated d c  power 

supply (Elec t ron ics  R e s e a r c h  A s s o c i a t e d  model 36-12M) which h a s  +0.05% load  and l i n e  regu- 

lation a n d  +0.005% rms ripple. In-line t e s t s  showed tha t  the  uni t  is very a c c e p t a b l e  for t h i s  

appl icat ion.  In t h e  ear ly s t a g e s  of t h e  development  of the  appara tus ,  a bank of 12-v s to rage  

bat ter ies ,  tapped s u c h  t h a t  mult iples  of 2 v could b e  obtained, were  u s e d  t o  supply power t o  

t h e  core  heater .  However, t h e  vol tage dr if t  of t h e s e  ba t te r ies  w a s  found to be e x c e s s i v e  for 

t h i s  s teady-s ta te  method. 

The  d c  power t o  t h e  c e n t r a l  3-in. s e c t i o n  of the  core  hea te r  w a s  determined by measuring 

t h e  vol tage drop between t h e  vol tage t a p s  a n d  t h e  vol tage drop a c r o s s  a 0.U1-ohm L&N standard 

res i s to r ,  model 4222, through which t h e  c o r e  hea te r  current passed ,  T h e s e  vo l tages  were read 

u s i n g  a L&N type  K - 3  potentiometer. 

T h e  overa l l  temperature of t h e  spec imen w a s  automatical ly  control led by the  independent  

adjustment  of t h e  power t o  t h e  three s e c t i o n s  of the  muffle furnace (in ear ly runs on U 0 2  t h e  

muffle c o n s i s t e d  of only o n e  10-in. sect ion) .  A P t  v s  Pt-10% Rh thermocouple w a s  a t t ached  

t o  e a c h  muffle hea te r  s e c t i o n  and  w a s  connec ted  in s e r i e s  opposi t ion with a Z e n e r  d iode  volt- 

a g e  source.* T h e  output  of t h e  d iode  s o u r c e  w a s  a d j u s t e d  sn that  tho diffclcl l l la l  eint w a s  z e r o  

!+hen the  des i red  temperature w a s  reached.  T h i s  different ial  emf w a s  amplified by a L&N Micro- 

vol t  Amplifier and  fed t o  a -5 -0+5 mv s p a n  L&N Speedomax H-DAT controller.  E a c h  UAT 

pulsed  power £tom a s u i t a b l e  Var iac  power supply  t o  a c h i e v e  temperature conlrol.  In order t o  

ga in  f i l e  c~nt,rcll and t o  reduce t h e  e f f e c t s  of pickup by t h e  thermocouples ,  only a s m a l l  fraction 

of t h e  total  power t o  t h e  h e a t e r s  w a s  pulsed. T h i s  w a s  accomplished by t h e  u s e  of ad jus tab le  

s h u n t  res i s to rs  in  para l le l  with t h e  control  re lays  of t h e  power s u p p l i e s .  By t h i s  metllod the  tem- 

perature control  w a s  . tO.OlT ( f O . l  p )  a t  t h e  heater  thermocouples;  t h i s  resu l ted  i n  -I-0.01)20C 

(f 0.02 p )  control  within t h e  spec imen s t a c k  which could b e  maintained c o n s t a n t  for  s e v e r a l  hours. 

At high temperatures ,  t o  redilce pickup hy tlie thermocouples, i t  w a s  sometimes necessary  t o  sub-  

s t i t u t e  a d c  power supply  t o  d r ive  t h e  moffles. T h i s  power supply w a s  a full-wave s i l i c o n  d iode  

bridge rect i f ier  c a p a b l e  of suppl.ying 35 d c  a111ps a t  1 4 0  v a n d  w a s  ins ta l l ed  a t  t h e  output  of the  

V a r i a c  power suppl ies .  

Axia l  heat  flow i n  t h e  spec imen w a s  res t r i c ted  by t h e  end  guard hea te rs ,  and  two different 

thermocouple arrangements  were  used  t o  a c h i e v e  control  of t h e s e  hea te rs .  In the  f i r s t  method 

0.010-in.-diam P t  v s  Pt-10% Rh different ial  thermocouples were p laced  i n  comparable posi- 

t ions  i n  the  top  and cen te r  d i s k s  and  t h e  bottom and c e n t e r  d i s k s  in t h e  spec imen s t a c k .  E a c h  

*ORNL I&C Divis ion  Stable Millivolt Reference Supply, model Q-2156-2. 



different ial  thermocouple w a s  connec ted  t o  a L&N Microvolt Amplifier which fed a -5 -0+5 mv 

span  L&N Speedomax H-DAT control ler  which pulsed power from a Var iac  power supply t o  t h e  

guard hea te rs  t o  maintain.a  z e r o  different ial  emf. T h i s  method of control  required minimum a t -  

tention and performed wel l  a t  t e ~ ~ ~ p e r a t u r e s  below about  6 0 0 T ,  but  a t  higher  temperatures  i t  be- 

came unsat isfactory due t o  e lec t r ica l  l eakage  through the  alumina insu la tors  which tended t o  

short  the  differential junctions. In order t o  circumvent t h e s e  diff icul t ies ,  0.020-in.-diam thermo- 

couples  with grounded junct ions were  inser ted  in h o l e s  dr i l led i n  t h e  end  guard hea te rs  and  were 

used  for abso lu te  temperature control  a b o v e  6 0 0 T .  T h e s e  thermocouples  were  used  in t h e  Zener  

diode-type control s y s t e m s  a s  were descr ibed  for t h e  muffle hea te rs .  

METHOD OF OPERATION AND DATA ANALYSIS 

T h e  thermal conduct ivi ty  w a s  ca lcu la ted  by us ing  the fol lowing equa t ion  for s teady-s ta te  

radial  hea t  flow in a cont inuous isotropic  medium which is devoid of h e a t  s o u r c e s  or s i n k s .  

where Q/L* i s  the  radial h e a t  flow per uni t  t ime per unit length i n  t h e  spec imen,  and  AT is t h e  

temperature difference between t h e  two radial  posi t ions,  r l  and  r2 .  T h i s  equa t ion .was  derived 

from Fourier 's equation for radial flow i n  a right c ircular  cylinder, which is 

In ca lcu la t ing  k, Q is assumed lo b e  equa l  t o  t h e  joule  h e a t  d i s s i p a t e d  per uni t  t ime i n  t h e  length 

L* of the core  heater  between the  vol tage taps.  T h e  va lues  of r l  and r2 were  taken a s  the  posi-  

tion of the  cen te rs  of t h e  i n s i d e  and  ou ts ide  thermocouple h o l e s  with respec t  t o  the  a x i s  of t h e  

specimen. Since r ,  and  ra appear  only a s  a ratio, t h e  measurements  a r e  independent  of the  thermal 

expansion of the  specimen,  which c o n s t i t u t e s  a n  advantage  over lullgitudinal methods. However, 

the  thermal expansion of t h e  core  hea te r  wil l  changc  L*. T h i s  correct ion amounts  t o  < l %  a t  l O O O T  

and  w a s  included in the  ca lcu la t ion  of k, by making L* of Eq. (2) temperature dependent  us ing  d a t a  

supplied by the manufacturer for the  thermal expans ion  of Coors  AD-99 alumina. 'The AT in Eq.  (1) 

WAS obtained by averaging the  readings of t h e  inner thermocouples, sub t rac t ing  t h e  average  of t h e  

ou ts ide  readings,  and dividing the  resu l t ing  difference Ly t h c  thermncouple s e n s i t i v i t y  or Seebeck  

coeff icient .  T h e  thelmocouple sens i t iv i ty  w a s  obtained i n  two ways .  In t h e  f i r s t  method t h e  

sens i t iv i ty  w a s  obtained by graphical ly smoothing t h e  f i rs t  differences t aken  from the  NBS 

Bullet in  No. 561, T a b l e  1 (ref 11). In the  s e c o n d  method t h e  sens i t iv i ty  w a s  obtained by tak ing  

"H. Shenker et  a l . ,  "Reference  Tab le s  for Thermocouples," N a t l .  But. Std. (U.S.) ,  Circ. 561 (Apr. 27, 
1955 j .  



t h e  f i r s t  de r iva t ive  of a n  equat ion by F l y n n l  which f i t s  NBS Bullet in  No. 561 (Table  1 )  between 

0 and 1 4 5 0 T  t o  within about  f 1 0  pv. T h e  two s e n s i t i v i t i e s  obtained agreed  for a l l  temperatures 

t o  1150°C t o  within 1%. 

T h e  va lue  of k ca lcu la ted  by Eq. (1) corresponds t o  a ' t empera ture  which is t h e  ar i thmetic  av-  

e r a g e  of t h e  temperatures  a t  r l  and  r2,  i f  k is n o  higher order than a l inear  function of temperature 

over t h e  range AT. Thus ,  i n  t h e  experiment t h e  A T  w a s  kep t  very s m a l l  s o  that  the  temperature 

dependence  of k cou ld  b e  very accura te ly  determined and a t  the  s a m e  t ime minimize thermal 

s t r e s s e s  in  t h e  specimen.  F o r  Armco iron, t h e  AT'S were 3/, t o  4 T  a n d  for UO,, 2 t o  6QC below 

8 0 0 T  and  6 t o  2 0 T  a b o v e  800°C. F o r  s u c h  s m a l l  AT'S, cal ibrat ion d i f fe rences  between t h e  ther- 

mocouples  were  extremely important.  F o r  t h i s  reason  t h e  thermocouples  were intercompared a t  

so-cal led isothermal  condi t ions  before e a c h  da ta  point w a s  taken.  T h u s  a t  a given temperature 

a n  isothermal  t e s t  w a s  performed bv comparing t h c  t h c ~ ~ ~ ~ ~ ~ u p l e  read ings  with n o  power t o  the  

c o r e  heater .  Then  power w a s  suppl ied  t o  t h e  c o r e  heater ,  and  t h e  av&age s t a c k  temperature 

w a s  readjusted t o  t h e  s a m e  va lue  a s  for t h e  i.othorrna1 ksl. .  The A'T u s e d  in Eq. (1) w a s  then 

obtained by the  relat ion,  

where  ATdata  is t h e  d i f fe rence  of t h e  a v e r a g e s  of t h e  ins ide  and  ou ts ide  thermocouple readings,  

with t h e  c o r e  hea te r  on, divided by t h e  sens i t iv i ty ,  and  ATlso is t h e  corresponding difference with 

t h e  c o r e  hea te r  off. A s e t  of s a m p l e  ca lcu la t ions  a n d  da ta  s h e e t s  a r e  given in Appendix I. 

T h e  isothermal  t e s t  a l s o  cor rec t s  for rad ia l  h e a t  flow which might b e  presen t  even  when the  

c o r e  hea te r  is turned off. F o r  e x a m ~ l e ,  when tho c61.e l ~ e a l e r  w a s  ult,  t h e  spec imen may not have 

been  truly isothermal  b e c a u s e  of imperfect guarding and  insulat ion;  however ,  s i n c e  Eq. (1) is 

l inear  in  Q and l / h T ,  t h e  isothermal  correct inn rneroly s u b t l a c t s  t h e  e f fec t  of t h e s e  extra heat 

flows. Furthermore, m e n  though tllc " l s ~ t h e r r n a l "  h c a t  flows a r e  not  en t i re ly  radial,  Lllr ATlso 

will  correct  for their  e f f e c t  i t  t h e  nonradial  portion is not appreciably changed  by turning on t h e  

c o r e  heater .  Experimental  e v i d e n c e  for t h i s  w a s  obtained by purposely running the  appara tus  

with varying guarding condit ions.  It  w a s  found that ,  if the  isotherlrlal t e s t  w a s  made under t h e  

s a m e  guarding condi t ions  u s e d  when t h e  c o r e  hea te r  was on, tlic resu l t ing  v a l u e  of k w a s  largely 

irlllependent of guarding. T h u s  for a f ixed Q applied t o  the  core  heater ,  A T  w a s  c o n s t a n t  even  

though ATiso and ATdata were  severe ly  changed  by different guarding condit ions.  It  should a l s o  

b e  mentioned that  a t  a given temperature t h e  d a t a  f i t  Eq. (1) very well.  T h a t  is, A T  w a s  direct ly  

proportional t o  Q, and  t h e  k obtained w a s  independent  of t h e  magnitude of Q. Obviously, t h e  i so-  

thermal correct ions were  much lliore important a t  low v a l u e s  of A T  a n d  Q. 

ACCURACY AND REPRODUCIBILITY 

T h e  accuracy  of t h e  method cannot  b e  s t a t e d  with a b s o l u t e  cer tainty.  T h e  maximum p o s s i b l e  

error i n  k due  t o - i n a c c u r a c i e s  i n  t h e  measurements  of t h e  quant i t i es  which a r e  u s e d  i n  Eq. (1) c a n  
-- 

1 2 ~ .  R. Flynn, private communication, Apr. 10, 1963. 



b e  a s s e s s e d ,  and  t h i s  is done i n  Appendix B. T h i s  error is between 53.8 t o  4.9% with a most 

probable value of f 0.9 t o  1.3%, assuming  tha t  t h e  errors  a r e  random. T h e  r e a l  difficulty is in 

a s s e s s i n g  how c lose ly  t h e  experimental  condit ions fulfill  t h e  boundary c o n d i t i o n u s e d  t o  derive 

Eq. (1). An indirect  way t o  ascer ta in  t h e  overal l  accuracy  of the  method is t o  compare t h e  re- 

s u l t s  for s o m e  s tandard  material with t h o s e  of other  laborator ies .  It  wil l  b e  pointed out  below 

that the  va lues  obtained for UO, and Armco iron in th i s  work were accep tab ly  c l o s e  t o  those  

obtained by other  authors .  F o r  Armco iron, which is considered by  many t o  be  a thermal con- 

ductivity s tandard ,  t h i s  agreement ind ica tes  tha t  t h e  a b o v e  probable error  e s t i m a t e  is a l s o  a 

reasonable  a b s o l u t e  accuracy  s tatement .  

However, o n e  would l ike t o  b e  a b l e  t o  check  direct ly  how c lose ly  t h e  experiment  comes  t o  

fulfilling t h e  boundary condit ions.  T h i s  c a n  b e  done  by observ ing  t h e  e f fec t  on t h e  r e s u l t s  of 

s y s t e m a t i c  changes  i n  t h e  appara tus  or i t s  operation which c a u s e  t h e  boundary condi t ions  to 
I 

be  more nearly fulfilled. For  example,  a p o s s i b l e  source  of error in  t h e  experiment w a s  de- 

viation from radial  h e a t  flow c a u s e d  by improper guarding. F o r  t h i s  reason t h e  length of t h e  

muffle hea te r  w a s  doubled, and the  length of t h e  core  hea te r  increased  from 10 t o  15 in. be- 

tween runs 4 and 5 on U 0 2 .  T h e  da ta  given i n  T a b l e s  D.4 and  D.5 Appendix D show that  

that  t h i s  changed the resu l t s  by <0.6%. Furthermore, i t  w a s  shown that  t h e  r e s u l t s  were 

largely insens i t ive  t o  the  longitudinal temperature profile in  the s t a c k  s o  long  a s  both the  

data  and isothermal  t e s t s  were taken under t h e  s a m e  guarding condit ions.  

Auxiliary experiments  described i n  Appendix C were performed t o  a s s e s s  t h e  p o s s i b l e  

error due t o  the  $-in. thermocouple immersion dep th  in  t h e  UO, specimen.  It w a s  found 

that  the error w a s  on t h e  order of 0:1%. In view of t h e s e  t e s t  r e s u l t s  the  most probable ac -  

curacy of t h e  technique appears  t o  b e  t h a t  a s s o c i a t e d  with t h e  determinate  errors, k0.9 t o  

f1.3%. 

If reproducibility or repeatabi l i ty  is defined a s  the percent  change  in t h e  r e s u l t s  lor s e v -  

e r a l  s e t s  of measurements  without any  intent ional  change  i n  the  s y s t e m  or operat ing condi- 

t ions,  then the reproducibility of th i s  sys tem w a s  bet ter  than f0.1%. T h e s e  repeat  measure- 

ments  were  made under approximately s teady-s ta te  condit ions (i.e., drift  r a t e s  <U.l%/hrj,  

and s e v e r a l  hours were al lowed to e l a p s e  between measurements. T h e  0.1% is of t h e  s a m e  

order a s  t h e  est imaled uncertaint ies  i n  determining t h e  power and thermocouple emf's, a s  c a n  

b e  s e e n  from rows 1, 6, and 7 of T a b l e  B.l, Appendix B. T h i s  e x c e l l e n t  repeatabi l i ty  is one  of 

t h e  b e s t  features  of t h i s  radial  hea t  flow apparatus .  

E X P E R I M E N T A L  R E S U L T S  O N  UO, 

Specimen Characterization 

T h e  U0, d i s k s  were made by cu ld  press ing  nuclear  gracl~t rlepleted UO, powder a d  by s i n -  

tering in hydrogen a t  1 8 5 0 T  for 4 hr. T h i s  resul ted in  a s o l i d  with open and c l o s e d  pores  which 



w a s  93.4% of t h e  theore t ica l  densi ty (10.97 g/cm3). T h e  powder w a s  produced by t h e  thermal de- 

composi t ion and reduct ion of ammonium diuranate  (ADU). T a b l e  1 g i v e s  t h e  ana lyzed  impurity 

con ten ts  of t h e  or iginal  specimen.  T h e  O/U rat io  w a s  determined t o  b e  2.01 f 0.01. T h e  f 0.01 

ind ica tes  t h e  range by which s e v e r a l  different a n a l y s e s  of O/U differed. However, t h e  reproduc- 

ibi l i ty  of a n y  given method w a s  much be t te r  than th i s .  Re l iab le  measurements  of t h e  change  in 

O/U of t h e  spec imen which occurred during run 1 a s  d i s c u s s e d  below were  obtained by a thermo- 

gravimetric a n a l y s i s  technique before a n d  a f t e r  run 1. Figure  4 s h o w s  a photomicrograph of t h i s  

UO, and i n d i c a t e s  a mean grain diameter  of 1 0  t o  2 0  p. 

Table 1 .  Chemical Analysis of U02 Specimen 

Impurity ( P P ~ )  (Atoms per Molecule 

of UO,) 

,\ 

1.8 

4.2 

3.7 

6.0 

203 

1 

90 

58 

C28 
128 

< 1.3 
Negligible 

Negligihlc? 

c2.4 

18 

Negligible 

Ne yligible 

Negligible 

<0.7 

c0.7 

8.4 

Total 565.9 

0 ( exces s )  593 1000 



Fig. 4. Photomicrograph of the U02 Specimen. 

Thermal Conductivity Data 

All of the data reported here was corrected to theoretical density by dividing the actual ex- 

perimental values by 0.934, the fraction of theoretical density. ROSS '~  has shown that this type 

of correction may be considerably in error, especially for specimens having average grain s izes 

less  than 15 p. However, his measurements were made a t  6 0 T ,  and the effects of grain s ize  

might be expected to decrease significantly a t  higher temperatures a s  the phonon mean free path 

becomes shorter. 

It was found that between 200 and lOOOOC a plot of thermal resistance, l/k, vs absolute tem- 

perature T for any given run gave a straight line to within 1% s o  that in this range 

Seven separate runs on the specimen were made, and the system usually underwent some slight 

modification between runs either by reinstrumenting with new thermocouples and/or by changes 

1 3 ~ .  M.  Ross ,  The Dependence o f  the Thermal Conductivity o f  Uranium Dioxide on Density, Micro- 
strut!tut&, Stoichiwnel~y art13 'fltermsl Neutron Irradiation, CRFn-817 (AEC1.-1046) (September 1960). 



Table 2. Values of A and B of Eq. (4) for Vorious U 0 2  Runs Compared to Other Studies 

Author Run B (cm/w) 

ORNL 

ORNL 

ORNL 

ORNL 

ORNL 

ORNL 

Howard and ~ u l v i n ' ~  

mngetr1 ' 
Hedge and ~ i e ldhouse  l6 

Deem and Lucks 17 

a ~ u n  1 between 200 and 4 0 0 ~ ~  upon first heating. 

to other components of the apparatus. Run 7 was a low-temperature run using copper/Constantan 

thermocouples on one measuring plane. All other runs were above room temperature, and P t  vs 

Pt-10% Rh thermocouples were used. The actual data for all  the runs are given in Appendix D. 

For these six high-temperature runs, values of A and B in Eq. (4) are given in Table 2. The 

value of the intercept A varies cnnsiderirhlv; whprp$s. with the exceptinn nf nln 4, t h ~  vtllur v l  

the slope B was 0.0223 f 0.0002 cm/w. For run 4, B was 0.0237 and was based on only three 

measurements; however, considering the excellent agreement hetween the other runs, this value 

io discsuntcd. 

Howard and Gulvin give values of A and B for their work and for other authors, and these 

are also shown in Table 2. Here again the agreement for values of B is much better than agree- 

ment on values of A. 

Run 1 gave a linear resistance plot between about 2QQ and 400% with ir s l n p  nf 0.0223 

cm/w, in agreement with the other values; however, a s  the specimen was heated above 400%, 

the esis tance showed a negative deviation from this line a s  shown in Fig. 5. Above 600T  

the resistance was again linear with essentially the same slope a s  below 400%. Therefore 

the new line was shifted downward but remained parallel to the 200 to 400% line. Upon cool- 

ing and during reheating of the specimen in run 2, the data followed this second line. The shift 

14v. C. Howard and T. F. Gulvin, Thermal Conductivity Determination on U02 by a Radial Heat Flow 
Method, IGSl(RB/C) UKAEA Culcheth (Feb. 10, 1961). 

15w. D. Kingery et  al., "Thermal Conductivity: X, Data for Several Pure Oxide Materials Corrected 
to Zero Porosity," J .  Am. Ceram. Soc. 37, 107 (1954). 

J. Hedge and I. Fieldhouse, Measurement of Thermal Conductivity of Uranium Dioxide, AECU-3381 
(Sept. 20, 1956). 

"H. W. Deem and C. F. Lucks, Thermal Conductivity of Uranium and U02, BMI-1324 (Mar. 1, 1959). 



Fig.  5. Thermal Resistance of U 0 2  a s  a Function of Temperature for Runs 1 and 2 

in the Radia l  H e a t  F low Apparatus. 

is believed t o  have  been 'due  t o  a d e c r e a s e  in  t h e  e x c e s s  oxygen conten t  of t h e  spec imen produced 

during hea t ing  in run 1 b e c a u s e  of the  scavenging  e f fec t  of a tantalum l iner  between t h e  spec imen 

and the muffle heater .  Upon cool ing  t o  room temperature a f te r  run 1, the  tantalum l iner  w a s  found 

t o  have been severe ly  oxidized.  A smal l  portion.of o n e  of t h e  spec imen d i s k s  w a s  ana lyzed  for 

the  O/U ratio, and t h i s  w a s  found t o  b e  2.006 compared t o  2.012 for t h e  spec imen prior t o  run 1. 

T h e  ini t ia l  UO, spec imen (before f i r s t  heat)  yielded O/U ra t ios  of 2.012 f 0.002 (wt gain on igni- 

tion in  a i r )  and  2.002 f 0.002 (chemical analysis) .  After  t h e  f i r s t  h e a t  t h e  O/U ra t ios  were 

2.006 f 0.002 (wt gain on ignition in  a i r )  and <2.001 f 0.002 (chemical  ana lys i s ) .  T h e  v a l u e s  

determined by the  ignition-in-air method a r e  bel ieved t o  ind ica te  t h e  c h a n g e  i n  t h e  O/U rat io  more 

precisely than the chemical  a n a l y s i s  method. T h e  uncertainty s t a t e d  a b o v e  in t h e  or iginal  com- 

posi t ion,  k0.01, w a s  the  average  spread  of t h e  two ana ly t ica l  methods. 

F igure  5 s h o w s  that  t h e  da ta  for runs 1 and 2 below 2 0 0 T  d e v i a t e  i n  a regular  way from t h e  

s t raight  line. Be'thoux, Thomas,  and wei18 recent ly found a maximum in t h e  thermal conduct ivi ty  

curve of UO, a t  about  room temperature. Such a maximum would plot  a s  a minimum i n  t h e  thermal  

res i s tance  plot, and t h i s  is indicated by t h e  55 t o  200'32 d a t a  of runs 1 and  2. T o  c h e c k  t h i s  point,  



i n  run 7 one plane w a s  reinstrumented with copper/Constantan thermocouples, and  t h e  annular  

s p a c e  between t h e  muffle a n d  t h e  b r a s s  chamber wal l  w a s  f i l led with dry ice .  T h i s  permitted data  

t o  b e  obtained t o  - 57%; t h e  resul ts  of runs 6 and  7 a r e  shown in F ig .  6. T h e s e  d a t a  show a min- 

imum near  320% al though more s c a t t e r  w a s  observed a t  t h e s e  temperatures. 

In runs 3 t o  5, t h e  a p p a r a t u s  w a s  hea ted  t o  temperatures  a b o v e  1000T.  In run 5, a temperature 

greater  than 1400T w a s  probably reached;  however ,  during t h i s  run, rapid thermocouple drift  w a s  

observed a t  t h e  higher  temperatures. T h e  appara tus  w a s  cyc led  between 900 and 1350T s e v e r a l  

t imes  in a n  a t t empt  t o  s t a b i l i z e  the  thermocouples with t h e  resu l t s  s h o w n  in F ig .  7 .  T h e  ne t  ef- 

fec t  of the  thermocouple drift w a s  t o  c a u s e  a hysteresis- type behavior, with e a c h  h e a t i n g  c y c l e  

yielding lower l / k  v a l u e s  than the  preceding one. Upon f ina l  cool ing,  t h e  resu l t s  followed a 

l ine  paral le l  to, but  about  6% lower than,  t h a t  obtained on t h e  f i r s t  hea t ing  of run 5. T o  c h e c k  

the  extent  of t h e  thermocouple drift which had  occurred a t  high temperatures ,  t h e  top two meas-  

ur ing p lanes  were  reinstrumented a f t e r  run 5, and  t h e  bottom p lane  w a s  l e f t  intact .  New thermo- 

couples  were a t t a c h e d  t o  t h e  ou ts ide  sur face  of t h e  bottom measuring d i s k  and t o  t h e  ou ts ide  

sur face  of t h e  top measur ing  plane. During run 6 t h e  readings of t h e s e  thermocouples  were com- 

pared t o  t h o s e  of t h e  old thermocouples  on t h e  bottom p lane  under isothermal  condit ions.  T h e  

ou ts ide  thermocouples  on t h e  top d i s k  read t h e  s a m e  a s  t h o s e  within t h e  d i s k  t o  within *1 pv, 

whereas  for t h e  bottom p lane  a difference w a s  observed which measured t h e  error of t h e  old ther- 

mocouples. T h i s  error i n c r e a s e d  with temperature and ,  on t h e  average ,  amounted t o  370 pv (or 

3 7 T )  a t  6 0 0 T .  F i g u r e  8 s h o w s  a plot of t h e  error of t h e  old thermocouples  compared t o  NBS 

0 200 400 600 800 4000 
T. TEMPERATURE ( O K  

Fig .  6. Thermal  Resistance of  UO a s  a Funct ion  of Temperature 2 
for Runs 6 and 7 i n  the Radia l  H e a t  F l o w  Apparatus and Ca lcu la ted  

Thermal  Resistance.  



Bulletin No. 561, T a b l e  1, values.  T h i s  error e n t e r s  t h e  k d a t a  in  two ways .  F i r s t ,  t h e  wrong 

sens i t iv i ty  w a s  used  t o  compute AT i n  Eq. (1); a n d  second ,  t h e  a b s o l u t e  temperature a t  which 

k w a s  measured w a s  ,actual ly higher than i t  appeared.  B e c a u s e  of t h e s e  errors, the  d a t a  taken 

in runs 3 t o  5 a b o v e  about  1100T and  in run 5 upon cool ing  from high t e m p e r a t u r e a r e  not val id .  
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B e c a u s e  t h e  thermocoupIe emf's did not drift  below 1 1 0 0 T ,  t h e  data  t aken  in runs 3 to 5 

below l l O O T  a r e  considered val id.  T h e  data  between 1000  and l l O O T  were 1 t o  3% below 

t h e  exlrapolat ion of t h e  200  to 1 0 0 0 T  straight- l ine portion. F igure  9 is a k v s  temperature 

p lo t  which s h o w s  t h e  re la t ive  posi t ion of t h e  k va lues  obtained i n  t h i s  work (shaded band) 

compared t o  other  invest igat ions.  All  va lues  a r e  corrected t o  theoret ical  dens i ty  a s  d i s -  

c u s s e d  above.  

Fig.  9. Thermal Conductivity of U O q  as a Function of Temperature as  Reported by Various Authors. 

Note the effects of O/U ratio and density a t  60°c. The data of Fl inta was obtained from Thermal Con- 

ductivi ty of UO TID-7546 (Book 2) (November 1957), pp 516-25; and that of Scott from T h e  Thermal 
2' 

Conductivi ty of U02, A E R E N / R  2526 (March 1958). The data of Ross; Howard and Gulvin; Kingery; 

Hedge, and Fieldhouse; and Deem and Lucks were obtained from references 13-17, respectively. 

T o  obtain higher temperature data, t h e  p resen t  thermocouple error must  b e  reduced, and  

t h i s  may b e  poss ib le  through the  u s e  of more s t a b l e  thermocouples s u c h  a s  Pt-30% Rh 

v s  Pt-6% Rh. I t  is a l s o  p o s s i b l e  t o  incorporate  into t h e  s y s t e m  a temperature s tandard  

a g a i n s t  which t h e  thermocouples  c a n  b e  ca l ib ra ted  during isothermal  condit ions.  Such a s tandard  

is t h e  e lec t r ica l  r e s i s t a n c e  of t h e  Pt-.lo% Rh core-heater wire. It  w a s  found t h a t  t h i s  is a s e n s i -  

tive, reproducible  r e s i s t a n c e  thermometer. By u s e  of t h i s  thermometer, i t  is p o s s i b l e  t o  c h e c k  the  

thermocouples in situ during a run and ,  if need  be ,  reca l ib ra te  them when the  s y s t e m  is isothermal. 

Therefore, if t h e  thermocouple drift  is not t o o  rapid, d a t a  c a n  b e  t a k e n  by preceding e a c h  d a t a  

point with s u c h  a n  i so thermal  cal ibrat ion.  



T h e  resis t ivi ty  of t h e  Pt-10% Rh wire w a s  obtained from measurements  of the  core-heater  re- 

s i s t a n c e  a t  isothermal  condit ions,  and  the  da ta  were f i t  by a least-mean-squares  cr i ter ion t o  a 

second-order polynomial in  temperature. T h i s  express ion  is , 

p = 18.50 + 3.100 x t - 3.520 x t2  . (5) 

T h e  f i t  w a s  made u s i n g  experimental d a t a  in  the  temperature range 111 t o  800%. La te r ,  higher  

temperature values were  measured, and  t h e s e  agreed with t h e  extrapolat ion of the  lower tempera- 

ture equat ion t o  within f0.276 t o  1000%. T h e s e  d a t a  a g r e e  t o  within f 0.4% of that  reported by 

R o e s e r  and Wensel. " T h e  experimental va lues  a r e  given i n  Appendix H. 

DISCUSSION O F  T H E  R E S U L T S  O N  UO, 

T h e  da ta  obtained i n  s e v e n  r i n s  gave a c o n s i s t e n t  p ic tu re  of t h e  thermal conduct ivi ty  of UO, 

from -57 t o  1000%. T h e  resu l t s  c a n  b e  interpreted from t h e  point of view tha t  the  only h e a t  t rans-  

port is by phonons. 

I t  should be  mentioned that none of the  following c a l c u l a t i o n s  a r e  rigorous, but they d o  show . , 
I . :. 

that  the  experimental r e s u l t s  a r e  in  qual i ta t ive agreement  with a s implif ied theory of thermal con- 
. . 

duct ivi ty  of e lec t r ica l ly  insu la t ing  so l ids .  . . 

For the Temperature Range 200 to 1000% 

Derivation of an Expression for Thermal Resistance : 9 

If two sca t te r ing  mechanisms (i.e., interact ion between t h e  phonons themselves,  umklapp . . . , * a  q 

processes ,  and interact ion between phonons and  impuri t ies)  a r e  assumed,  t h e  average  phonon - - 
mean free path $, in  terms of t h e  average  mean f ree  p a t h s  for  t h e  two s c a t t e r i n g  p r o c e s s e s  XU 
and T I ,  c a n  b e  expressed  by 

if the  addi t ional  assumpt ion  tha t  t h e  two p r o c e s s e s  a r e  independent  is made. Us ing  a n  elemen- 

tary but physical ly  r e a l i s t i c  model based  on the  thermal conduct ivi ty  of a gas ,  the  thermal con-  

ductivity of t h e  so l id  c a n  b e  expressed  a s  

where cv is the  s p e c i f i c  h e a t  a t  cons tan t  volume per uni t  volume a n d  F is t h e  average  veloci ty 

of phonons. Equat ion (7) a l s o  requires  the  assumpt ion  tha t  t h e  phonon s c a t t e r i n g  react ion a t  a 

"w. F. Roeser and H .  T .  Wensel.  "Table  15. Electrical Res i s t i v i t y  a s  a Function of  Temperature," 
p 1312 in Temperature - Its  Measurement and Control in Science and Industry, Reinhold, New York,  1941. 



point i n  t h e  s o l i d  r e s t o r e s  loca l  thermodynamic equilibrium t o  t h e  phonon dis tr ibut ion correspond- 

i n g  t o  the condit ions a t  t h a t  point.1g If t h e  further assumpt ion  is made tha t  t h e  s c a t t e r i n g  by 

impuri t ies  is independent  of t h e  phonon frequency (i.e., tha t  t h e  sca t te r ing  c r o s s  s e c t i o n  is in- 
- 

dependent  of t h e  phonon frequency), then .el is independent  of temperature provided tha t  the  im- 

purity concentrat ion d o e s  not change with temperature. Combining Eqs .  (6)  and (7), t h e  thermal 

r e s i s t a n c e  becomes 

where Ro is t h e  umklapp contribution, a n d  RI is t h e  impurity contr ibut ion which is independent  of 

temperature. F o r  a n  e lec t r ica l ly  insu la t ing  s o l i d  wel l  above  i t s  Debye temperature, t h e  following 

express ion  for three phonon umklapp p r o c e s s e s  h a s  been  derived by Leibfried and  Schlomann: 2 0  

where 

y is t h e  Gruneisen cons tan t ,  

ft is Daltcmann13 eons tan t ,  

h is Planck ' s  c o n s t a n t ,  

M is the m a s s  per  atom, 

S3 is thc  volumc per atom, 

8, is the  Debye  temperature. 

F o r  compounds, t o  a f i rs t  approximation, M is t h e  average  m a s s  per atom, and a3 is t h e  a v e r a g e  

volume per atom. At  high temperatures  c V  and  r a r e  approximately c o n s t a n t  s o  t h e  thermal re- 

s i s t a n c e  c a n  b e  e x p r e s s e d  by 

where  A corresponds t o  the  impurity r e s i s t a n c e  RI, a n d  BT corresponds t o  t h e  l a t t i c e  r e s i s t a n c e  

R U .  T h i s  is exac t ly  t h e  form of R measured experimental ly  in  runs 2 t o  6 on UO, between 200  

and  1000°C. 

"J. R. Drable and H. J .  Goldsmid, Thermal Conduction in Semiconductors, p 138, Pergamon P r e s s ,  
Oxford, 1961. 

'OG. Leibfried and E .  Schlijmann, "Warmeleitung in elektrisch isol ierenden Kristallen," (Heat Con- 
duction in Electrically Insulating Crystals) ,  Akad. Wiss. Gottingen, Math.-Physik. KI. I IA,  71 (1954). 
(Translated for ORNL by the Technica l  Library Research Service under Purchase Order No. 34B-60150, 
Letter R e l e a s e  No. S-70.) 



Calculation of Debye Characteristic Temperature 

A Debye temperature of 216% w a s  calculated u s i n g  Eq. (9). T h i s  va lue  compares t o  160% 

from s p e c i f i c  h e a t  measurements2 '  and  t o  188% from x-ray resu l t s .22  T h i s  ca lcu la t ion  used  t h e  

. measured value of B, 14.94 x g/atom for M, 1 .37 x cm3/atom for a3, and 1.64 for 

y. T h e  value for y w a s  ca lcu la ted  u s i n g  t h e  equation, 

where av is t h e  volume thermal expansion coeff icient ,  and  K is t h e  isothermal  compressibi l i ty .  

A value for av of three t imes t h e  l inear  expansion coef f ic ien t  at w a s  used ,  and aL w a s  taken t o  

be  10.5 x ~ o - ~ / T ,  t h e  average  value for t h e  range 2 5  t o  1 0 0 0 T . 2 3  T h e  compressibi l i ty  w a s  

taken a s  0.62 x lo-' cm"wsec (ref 24) and a va lue  of 3.29 w s e c  (T)"  w a s  u s e d  for 

c,. T h i s  value of c ,  w a s  obtained by dividing C,, t h e  molar h e a t  c a p a c i t y  a t  cons tan t  volume 

a t  7 0 0 T ,  by V, the  molar volume. Values  of C, were ca lcu la ted  from C p  d a t a 2 1 * 2 5  u s i n g  t h e  

relation 

where V w a s  taken a s  t h e  molar volume a t  room temperature, 24.8 cm3/mole, and  a r e  plotted in  

Fig.  10. 

Impurity Scattering Cross-Section Estimation 

T h e  average  mean f ree  path for n different types  of s c a t t e r i n g  impuri t ies  may b e  written a s  

where 7 is the  average  s c a t t e r i n g  c r o s s  sec t ion ,  a n d  N i  is t h e  impurity concentrat ion for  impurity 

Lype "i." To get a n  order of magnitude e s t i m a t e  for t h e  cr's, they arc al l  assumed t o  b e  the same.  

T h e  concentration of impuri t ies  in  the  UO, spec imen w a s  es t imated  from a n a l y s i s  t o  b e  about  1 5  

2 1 ~ .  M .  Jones ,  J .  Gordon, and E. A. Long, " T h e  Heat Capacities o f  Uranium, Uranium Trioxide, and 
Uranium Dioxide from 15% to 300%," J. Chem. Phys. 20(4), 695 (1952). 

2 2 ~ .  J .  Sparks and B. S. Borie, " A n  X-Ray Determination o f  the b e b y e - ~ a l l e r  Factors for CuaO and 

UO,, and the Atomic Scattering Factor for Cu in Cu20," pp 177-84 in Advances in X-Ray Analysis (ed. 

by William M .  Mueller and Marie Fay),  vol 6, plenum Press,  New York,  1963. 

2 3 ~ .  Belle (ed.), Uranium Dioxide Properties and Nuclear Applications, p 176, GPO, Washington, D.C., 
J u l y  1961. 

2 4 ~ .  Belle, ibid., p 208. 

2 5 ~ .  E. Moore and K .  K .  Kelley, "High-Temperature Heat Contents of Uranium, Uranium Dioxide and 
Uranium Trioxide," J .  Am. Chem. Soc. 69 ,  2105 (1947). 



Fig .  10. H e a t  Copacity a t  Constant Volume per Gram-Mole of U 0 2  as a 

Function of Temperature. 

impurity a toms  ( including e x c e s s  oxygen) per 1000  UO, molecules ,  which corresponds t o  3.64 x 

l o Z 0  impurities/cm3. U s i n g  81.6 w s e c  mole-' (%)-I for CV, 4 x 10 '  c m / s e c  for v, and  5 cm - 
(%) w-' for RI in  Eq. (a), l/g, w a s  found t o  b e  2.19 x lo6  cm-'. T h e  v a l u e  u s e d  fo r  RI i s  the  

a v e r a g e  experimental  value of t h e  in te rcep t  A in our runs. T h e  va lue  of 7 w a s  ca lcu la ted  a s  

where  E is t h e  modulus of e l a s t i c i t y  which w a s  taken  t o  b e  2 5  x l o6  p s i  (ref 26), and  p* is t h e  

UO, densi ty.  From Eq.  ( 1 3 ) T  w a s  ca lcu la ted  a s  

T h i s  value s e e m s  reasonable  s i n c e  i t  is of t h e  order  of the  s q u a r e  of t h e  uni t  c e l l  dimension for 

UO,. 

Effect of O/U Ratio on k 

Since  the  experimental  v a l u e s  of t h e  intercept  A varied from 5.67 t o  4.42 cm % w-' for a l l  

runs, t h e  fol lowing a n a l y s i s  w a s  made t o  determine if c h a n g e s  in  O/U rat io  could c a u s e  t h e s e  

c h a n g e s  i n  A. Between  runs 1 and 2 t h e  O/U rat io  cl~ar~gell from 2.012 t o  2.006, corresponding 

t o  a AfV of 6 e x c e s s  oxygen a toms  per 1 0 0 0  U 0 2  molecules .  T h e  c h a n g e  in r e s i s t a n c e  due t o  

t h i s  AN is then ca lcu la ted  from Eq. (8) t o  b e  

3 3 - 
A , =-Dim. AR~=5." (t) cv-G 

2 6 ~ .  Belle, op .  cit., p 206. 



But we  c a n  e x p r e s s  t h e  average  va lue  of RI a s  

- - 
3 R A  
- - cr.= '=-, 

C v  ' N N  

T h u s  

T h e  observed change  w a s  -1 cm %/w, s o  t h i s  very rough ca lcu la t ion  adequa te ly  d e s c r i b e s  both 

the  direction a n d ' t h e  order of magnitude of t h e  change.  

Several  authors  have  observed a d e c r e a s e  i n  t h e  thermal conduct ivi ty  of UO, with i n c r e a s i n g  
O/U ratio.13,14,27.28 In particular the  resul ts  of R o s s 1 3  a t  60°C show tha t  a c h a n g e  i n  O/U ra t io  

from 2.00 t o  2.02 changed the thermal conductivity by about  6%, whereas  Howard and ~ u l v i n ' ~  in- 

d ica te  a 16% decrease .  T h e  observed shif t  between runs 1 and  2 a t  t h i s  temperature w a s  about  

10% for a n  O/U ratio change  from 2.012 t o  2.006. 

Low-temperature measurements  by Be'thoux, Thomas,  and  wei18 on UO, have  shown that ,  be- 

s i d e  ordinary la t t i ce  and  impurity scat ter ing,  there  is a l s o  a s c a t t e r i n g  of phonons by t h e  magnet ic  

moment of t h e  u 4 +  ions.  Further ,  t h e s e  authors  s u g g e s t  t h a t  t h e  mean f r e e  path a s s o c i a t e d  with 

th i s  mechanism may b e  independent  of temperature, a s  h a s  been assumed h e r e  for impurity s c a t -  

tering. In t h i s  c a s e ,  t h e  intercept  A should real ly  b e  R I  + Rm, where R m  is t h e  magnet ic  moment - 
contribution. T h i s  means  that  the above ca lcu la t ions  for I/{, and  AR a r e  somewhat  too  large,  

which aga in  a g r e e s  with experilrle~lt. 

In t h e  above  ca lcu la t ion  if the spec imen is a s s u m e d  t o  b e  pure a n d  f r e e  of imperfecl ioi~s,  t h e  

value of A is zero. However, many insu la t ing  s o l i d s  y ie ld  nega t ive  A v a l u e s  and,  furthermore, 

t h e  l inear  dependence of R ex tends  t o  temperatures considerably below t h e  Debye temperature 

[e.g., S i  (ref 29) and B e 0  (ref 30)l. F o r  temperatures  below t h e  Debye temperature a n  equat ion 

of the form3' is expec ted ,  

2 7 ~ .  Belle,  "Properties o f  Uranium Dioxide," Proc. Intern. Conf.  Peaceful  U s e s  At .  Energy, 2nd 
Geneva, 1958 6 ,  5G9 (1958). 

,'R. W. Nichols, "Ceramic Fuels - Properties and Technology," Nucl. Eng. (London) 3(8), 327-33 
(1958). 

D. Stuckes, "The Thermal 
Phil .  Mag. 5, 84 (1960). 

Conductivity Germanium, Silicon and Indium Arsenide from 

3 0 ~ .  E. Taylor,  "Thermal Conductivity and Expansion o f  Beryllia a t  High Temperatures,*' J .  Am. 
Ceram. Soc. 45(2), 74 (1962). 

3 1 J .  M .  Zirnan, Electrons and Phnnnns, The Theor" o f  Transport Phenomena in'sol ids ,  p 291, Oxford at 
the Clarend6h Press,  19'30. 



where  a, n, and  b a r e  empi r ica l  c o n s t a n t s  not  c lea r ly  defined by  theory. Above the Debye tem- 

perature t h e  Leibfr ied a n d  Schlomann formula 9 should  hold; t h i s  may be e x p r e s s e d  a s  

where  k,, is the thermal conduct ivi ty  a t  the  Debye temperature. E x p r e s s i n g  t h e  res i s tance  a s  the  

reciprocal  of kU, the  two equa t ions  wil l  merge only if w e  make n = -1 a n d  a = ko.  T h i s  c a n  b e  

s e e n  by expanding  t h e  exponent ia l  in  Eq. (16) us ing  t h e s e  v a l u e s  of t h e  c o n s t a n t s  n and a. 

for reasonably high v a l u e s  of T and  b. If b is fairly large,  R U  wi l l  b e  approximately l inear  wel l  

below the Debye  temperature,  and the  intercept  wil l  be negat ive.  A t  s ~ i f f i r i e n t l p  high t e m p e r n  

tu res  the c o n s t a n t  term is negl igible  compared t o  t h e  f i r s t  term, which is t h e  reciprocal  of Eq. 

(17). A maximum va lue  of b is 2 (ref 31) and  y ie lds  a nega t ive  in te rcep t  of - 0.0223/2 x 216  = 

-2.4 cm 9< w-', where  216  is OD and  ODB is e q u a l  t o  l / k o  by  equa t ing  t h e  s l o p e  of Eq. (18) 

with B.  Therefore t h e  impurity portion of t h e  thermal r e s i s t a n c e  should  b e  A ,  recorded in T a b l e  

2, plus  the a b s o l u t e  va lue  of th i s  nega t ive  intercept .  T h i s  would change  t h e  ca lcu la ted  va lues  

of l/zI to  3.25 x lob a n d  q t o  8.92 x lo- '  cm2/impurity. T h e  va lue  of ARI would i n c r e a s e  t o  

2 .8  cm 9< W-'.  

For the Temperature Range -57 to 200°C 

T h e  observed thermal  r e s i s t a n c e  of UO, below 2 0 0 T  may b e  adequate1.y asc r ibed  t o  t h e  fac t  

tha t  C, of UO, beg ins  t o  drop rapidly below t h i s  temperature, a s  c a n  b e  s e e n  i n  F ig .  10. U s i n g  - 
t h e  value of l/xI of 2.19 x lo6  cm- ' derived ini t ia l ly  a n d  t h e  va lues  of l/tu given by t h e  relat ion,  

t h e  thermal r e s i s t a n c e  a t  low temperatures  c a n  b e  c a l c u l a t e d  u s i n g  experimental  v a l u e s  of C v  

from Fig. 10. Equat ion (19) w a s  derived by s e t t i n g  R U  of Eq.  (8) e q u a l  t o  B T ,  where B was the 

high-temperature s l o p e  of t h e  res i s tance  plot,  and  u s i n g  3.29 w s e c  cm-3 OK-' for cv  and 4 x l o 5  

c m / s e c  for 7. T h e  thermal  r e s i s t a n c e  ca lcu la ted  in  t h i s  way indeed  s h o w s  a n  upswing  a t  tem- 

peratures  below about  300% and  of t h e  s a m e  order of magnitude a s  w a s  observed experimental ly .  

Both theoret ical  and measured curves  a r e  shown in F ig .  7 together  with t h e  c u r v e  of Be'thoux, 

Thomas,  and ~ e i l . '  



For the Temperature Range 1000 to 11 O O T  

T h e  thermal res i s tance  a t  1100% for runs 3 'to 5 a l l  lie 1 t o  3% below t h e  extrapolat ion of t h e  

l inear  portion of t h e  thermal res i s tance  plot. It  is thought t h a t  t h e  thermocouples  were  s t i l l  giving 

rel iable  resu l t s  i n  t h e s e  runs a t  1100%; therefore t h e  dev ia t ion  is r e a l  and  probably d u e  t o  a n  ir- 

reversible  change  i n  t h e  specimen a t  t h e s e  high temperatures .  T h i s  suppos i t ion  is based  on t h e  

fac t  that  run 6 made immediately a f te r  run 5 gave  a r e s i s t a n c e  plot which w a s  para l le l  t o  t h a t  of 

run 5 but which w a s  lower by 0.6 cm 9< w-'. Evident ly t h e  high-temperature h e a t  t reatment  of 

t h e  spec imen i n  run 5 produced th i s  change,  and  on t h e  , b a s i s  of t h e  a b o v e  d i s c u s s i o n  t h i s  w a s  

a change  in the  impurity concentration. 

T h e  deviation of R from a s t ra igh t  l ine between 1000 and  1 1 0 0 ~  could  a l s o  b e  d u e  t o  a n  

e lec t ron ic  contribution t o  t h e  thermal conductivity. T h e  e lec t ron ic  contribution for a nonde- 

generate  semiconductor  may be  written a s 3 2  

where ffis the  e lec t r ica l  conduct ivi ty ,  and 

where ue and uh a r e  t h e  portions of the  e lec t r ica l  conduct ivi ty  d u e  t o  e lec t rons  and  ho les  respec-  

tively. T h e  term EG is the  forbidden band g p  which for U 0 2  is -1.9 e v  (ref 33). In Eq. (20), 

k e  will  b e  .a maximum if ffe  = ffh.  At I O O O T ,  a s s u m i n g  ah = ffe and  a fairly high va lue  of 1 (ohm- 

cm)-' fnr  ref 33), one  ob ta ins  0.0011 w cm-' OK-' for k d ,  which is about .3.8% of the  observed  

value. T h e  following tabulat ion s h o w s  va lues  of k e  ca lcu la ted  u s i n g  Eq. (20) a n d  t h e  assumpt ion  

that  f f h a s  a n  ac t iva t ion  energy of 0.95 ev. 

t (OC) ke ( W  crn-I O K - ' )  Pcrccnt o f  IC 

.900 0 . 5 5 . ~  I . 7  

1000 1 . 1  x 3.8 

1100 2.0 x 7.2  

Hence  the  1 t o  3% nega t ive  deviation of R from a s t r a i g h t  l i n e  between 1000  and  llOO°C could b e  

explained a s  the  inf luence of a n  electronic  contribution. 

3 2 J. R. Drable and H. J .  Goldsmid, op. c i t . ,  p 118. 

3 3 ~ .  A. Wolfe ,  The Electrical Conductivi ty and Thermoelectric Power o f  Uranium Dioxide,  WAPD-270 
(Apri 1 1 963). 



Fina l ly ,  of d i rec t  i n t e r e s t  t o  the  above  a r e  two thermal  conduct ivi ty  s t u d i e s  on s ingle-crystal  

UO,. 3 4 , 3 5  Both s h o w  t h e  thermal conduct ivi ty  of t h e  s i n g l e  c rys ta l  t o  b e  much higher  than t h e  

polycrystal l ine mater ial ,  e v e n  a t  moderately low temperature, and  both show a n  i n c r e a s e  a t  high 

temperatures .  T h i s  very in te res t ing  difference n e e d s  t o  b e  explained quant i ta t ively on  t h e  b a s i s  

of t h e  control l ing h e a t  t ransfer  mechanism. 

EXPERIMENTAL RESULTS ON IRON 

Thermal conduct ivi ty  measurements  were  made on Armco iron between 100 and 1000CC i n  

t h e  radial h e a t  flow a p p a r a t u s ,  and t h e  resu l t s  were  ana lyzed  in terms of two mechanisms con-  

tributing t o  t h e  to ta l  thermal  conductivity. T o  a id  i n  t h i s  a n a l y s i s ,  e lec t r ica l  conduct ivi ty  

measurements  were  made  i n  t h e  s a m e  temperature region on a s a m p l e  fabricated from t h e  s a m e  

iron s tock.  T h e  e f f e c t s  of t h e  well-known so l id -s ta te  c h a n g e s  which occur  i n  iron on t h e  mecha- 

n i sms  of thermal  conduct ion made i t  a par t icular ly in te res t ing  mater ial  for s tudy.  

Specimen Characterization 

T h e  Armco iron s p e c i m e n  had the  composition l i s t e d  in  T a b l e  3. With t h e  except ion of 0, 

N, H, C, P, a n d  S, t h e s e  numbers were t h e  resul t  of semiquant i t a t ive  a n a l y s e s  and may vary 

from one-half t o  two t imes  the  w l u e s  l i s ted .  
- -- - -- ,. . - . - - .- 

3 4 J .  L. Daniel ,  J .  Matolich, Jr., and H. W. Deem, Thermal Conductivity of UOZ, HW-69945 (September 
1.962). 

35 J.  A. Christensen,  Thermal Conductivity of U02, HW-76301 (August 1963), pp 2.30-2.33. 
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Photomicrographs of the iron specimen, a s  viewed a t  200X, are shown in Fig. 11. The etched 

and unetched microstructures show that a second phase is present. A pointcount method was 

used to determine the volume percent of this phase to be 0.90 f 0.05. This phase was not uni- 

formly distributed in the specimen, a s  evidenced by local variations in the volume percent which 

ranged from 0.86 to 0.97. Calculations based on the chemical analysis for oxygen of 0.086%, 

yield volume percentages of 0.62, 0.43, and 0.47 assuming FeO, Fe,O,, and FeBOI respec- 

tively. Since these volume percentages are less  than observed, it is presumed that other com- 

pounds such a s  sulfides, phosphides, and other oxides are present. The photomicrograph of the 

etched specimen shows the grain diameter to be between 20 and 40 ir .  The diamond pyramid 

hardness was 77. Previous investigators have attempted to correlate measurement results with 

the sum of total impurities present in their specimen. Interestingly, none of these analyses pre- 

sented the oxygen content of the specimen, which i s  certainly not negligible in our specimen and 

possibly not in theirs. For comparison, Table 4 lists the summed carbon equivalent cnmpnsitinn 

presented by   ow ell'^ for various studies. This table indicates that the Armco iron used in this 

study was not a s  pure a s  that used in previous studies. 

Early in 1959 the Battelle Memorial Institute (BMI) initiated a round robin on the thermal con- 

ductivity of Armco Iron. Specimen material from one 7-ft length of annealed stock was supplied 

to cooperating laboratories. A point-counting technique was performed on a specimen of this 

stock and revealed the presence of 1.3 vol % of second phase. This evidence supports the above 

Table 4. Carbon Equivalent Composition of Armco 

Iron Used in Various Thermal Conductivity 

Studies a s  Glven by powail  10 

- 

Author 
Equivalent Carbon 

  on cent ration" 

Powell 

Shelton 

Mauner 

Huttori 

Armstrong and Dauphinee 

Silverman 

Lucks and Deem 

Zegler and Navitt 

Laubitz 

ORNL 

0.041 

0.044 

0.042 

0.040 

0.070 

0.054 

0.036 

0.056 

0.054 

0.06311 (min) 

0.08276 (max) 

0.1472 (max. 

including oxygen) 

a ~ w e l v e  times the sum of the ratio of the weight 
percent of each constituent to the atomic weight of 
the element. 



proposition tha t  t h e  oxygen content  is not negl igible  in  o ther  thermal conduct ivi ty  s a m p l e s  of 

Armco iron. 

T h e  e lec t r ica l  conduct ivi ty  measurements were obtained u s i n g  a rod which w a s  swaged  from 

a 1 in. diameter t o  a diameter  of 0.11 in. and then ground t o  0.1000 + 0.0001 in. T h i s  rod w a s  

annealed for 24 hr a t  600% i n  a vacuum of 5 x lo-' torr prior t o  the  measurements .  

Thermal Conductivity Data 

Two runs were  made on iron in t h e  range 100 t o  1000%. Run 1 w a s  terminated a t  819T by 

a n  open circui t  in  t h e  core-heater system. T h i s  w a s  repaired, a n d  run 2 w a s  ini t ia ted t o  inves t i -  

ga te  four overlapping temperature ranges: 2A (100 t o  925%); 2B (700 t o  930T); 2C (925 t o  

1000°C); and 2D (752 t o  925T). Thermocouple i n s t a b i l i t i e s  were encountered between 840 and  

950°C in  run 2A, and t h e  sys tem w a s  cooled t o  700T t o  determine the  e f fec t  of t h e s e  ins tab i l i t i es  

on the  measured thermal conductivity. Isothermal c r o s s  c h e c k s  be tween  t h e  e lec t r ica l  r e s i s t a n c e  

of the Pt-10% Rh c o r e  hea te r  with t h e  specimen thermocouples  ind ica ted  tha t  a change  of l e s s  

than 2'C had occurred in t h e  thermocouples. An i n c r e a s e  i n  k of about  1% w a s  observed between 

runs 2A and 2B. During run 2B, the  thermocouples were  more c o n s i s t e n t  internal ly than during 

rim 2A in t h e  s a m e  temperature region. T h e  c a u s e  for t h i s  is not understood,  but t h e  general  ef- 

fect  of enhanced thermocouple behavior a t  low temperatures  a f te r  a high-temperature treatment 

(in th i s  case 950%) w a s  observed during s e v e r a l  of t h e  UO, runs. Run 2B ended a t  933T, a n d  

the  specimen w a s  given a n  8-hr a n n e a l  a t  1050T t o  a c h i e v e  thermocouple s tab i l i ty  in  t h e  region 

925 t o  1000°C. Thermal  conduct ivi ty  va lues  a t  933% for runs 2B and  2C checked  t o  within 1%, 

and the thermocouple performance during run 2C did not reveal  a n y  of t h e  ins tab i l i t i es  noted i n  

run 2A; th i s  jus t i f i es  the  1050T treatment. T h e  f inal  high-temperature run (run 2D) covered t h e  

range 750 t o  Y25T and w a s  within 1% of runs 2B and 2C. 

T h e  da ta  obtained in t h e s e  runs a r e  presented in T a b l e  E.l of Appendix E a n d  a r e  plotted i n  

Fig.  12. From 100 t o  786°C t h e  thermal conduct ivi ty  of iron d e c r e a s e d  with-increasing tempera- 

ture, and the data  c a n  b e  descr ibed  t o  t1.5% by two l inear  equat ions:  

Thus  t h e  s l o p e  of t h e  temperature dependence of t h e  thermal  conduct ivi ty  of iron c h a n g e s  by 30% 

a t  about  436%. T h e  temperature dependence of k undergoes a d r a s t i c  change  a t  786%; in  f a c t ,  

k goes through a minimum i n  t h e  range 780 t o  790%, a n d  from 786 t o  910T the thermal conduc-  

tivily ilicreascs l inearly with increas ing  le~nperature.  T h e  d a t a  i n  t h i s  region may b e  represented 

by 

k = 0.2703 + 2.854 x t (786 t 2 910T) . (24) 

T h e  thermal conduct ivi ty  d e c r e a s e s  3 t o  4% a t  t h e  a-y p h a s e  transformation (910T). Above 910T 

the thermal culiductivity of y-iron i n c r e a s e s  with b c r e a s i n g  temperature t o  a t  l e a s t  1000T, t h e  



upper l imit  of t h e  p resen t  experiment, a n d  may b e  represented by t h e  l inear  equat ion,  

k - 0.1736 + 1.211 x (910 6 t 6 1 0 0 0 T )  . (25) 

Figure 13 i s  a n  expanded  plot of t h e  thermal conduct ivi ty  d a t a  between 7 0 0  and  1 0 0 0 T  and 

s h o w s  tha t  most of t h e  d a t a  points  l ie  i n  a f 1.5% band around t h e  equat ions.  

A l imited comparison of t h e  resu l t s  obtained on iron t o  1 0 0 0 T  is 111ade in  F ig .  14. 'I'he four 

equa t ions  which f i t  t h e  ORNL d a t a  t o  be t te r  than f 1.5% were  u s e d  i n  the i r  appropriate  tempera- 

ture  langes t o  ob ta in  a d i f fe rence  plot with increas ing  temperature. T h u s  i n  Fig.  1 4  t h e  z e r o  
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a x i s  represents  k v s  t a s  determined by t h e  equat ion ind ica ted  in  t h e  figure. A pos i t ive  devi-  

a t ion represents  a measured k greater  than predicted by t h e  equat ion,  and a nega t ive  deviat ion 

represents  a measured k l e s s  than predicted by t h e  equat ion.  

T l ~ e  deviation of the  ORNL resu l t s  from t h e s e  equat ions s h o w s  t h e  previously mentioned 

changes  which occurred between t h e  runs. Run 1 generated resu l t s  t o  820T which, with one  

except ion (the 300T data),  were well  within 1% of t h e  s t a t e d  equa t ions .  T h e  resul ts  of run 

2A were nominally 1% above  run 1 va lues  a ~ i d  s c a t t e r e d  abovc  820T. T h e  run 2A d a t a  a b o v e  

820T were not used  i n  ca lcu la t ing  Eqs .  (24) and (25). Run 2B r e s u l t s  were  1 t o  2% a b o v e  t h e  

resu l t s  of run 1 and show a minimum s c a t t e r ,  ref lect ing t h e  thermocouple s tab i l i ty  induced by 

the  950°C. anneal .  Run 2C which w a s  entirely in t h e  y-iron region and  w a s  preceded by t h e  

1050°C anneal ,  yielded very cons i s ten t  resul ts .  T h e  r e s u l t s  of run 2C were about  1% above  

t h e  resul ts  of run 2B in  t h e  y-iron region. T h e  run 2D r e s u l t s  were  within 1% of a l l  of t h e  

resu l t s  of run 2B and a r e  remarkably c l o s e  to  the  run 2C resu l t s  in  t h e  gamma region. T h u s  

the  measured resu l t s  increased  in value with increas ing  t ime a b o v e  700T and reached s t a b l e  

va lues  in runs 2C and 2D. T h e  possibi l i ty  of normalizing t h e  r e s u l t s  of run 2 t o  run 1 w a s  

considered but rejected a t  th i s  s t a g e  of data  presentat ion a n d  interpretat ion.  Naturally, a l l  

of the  resul ts  a r e  near  the z e r o  deviation l ine  b e c a u s e  t h e s e  data  were u s e d  t o  generate  t h e  

comparison equat ions.  



A s imi la r  comparison of t h e  ORNL d a t a  and  four s e t s  of recent  l i terature values on Armco 

iron a r e  made i n  F ig .  15. T w o  of t h e  four s e t s  of da ta  under comparison, t h o s e  of t h e  National  

P h y s i c a l  Laboratory ( N P L ) ~ ~  and t h e  National  Research  Counc i l  (NRC), were obtained us ing  

spec imens  fabr ica ted  from t h e  Armco iron c i rcu la ted  by BMI. T h e  third d a t a  s e t  w a s  t h a t  pre- 

s e n t e d  by   ow ell'^ a n d  termed by him t o  be  t h e  most  probable value. T h e  fourth s e t  of data  

w a s  obtained by Cody, A b e l e s ,  and  ~ e e r s ~ '  of Radio  Corporation of America Laboratories  (RCA) 

on a n  Armco iron spec imen by a thermal diffusivity technique.  A s  wi l l  b e  d i s c u s s e d  later ,  the  

RCA thermal conduct ivi ty  v a l u e s  quoted here were  obtained u s i n g  a more recent  s e t  of s p e c i f i c  

h e a t  data3' than they original ly used.  T h e  d a t a  plotted i n  F i g .  15 a r e  presented in T a b l e  R.2.  

T h e  N P L ~ ~  and N R C ~ ~  d a t a  were not corrected for thermal expans ion ,  whereas  the ORNL and  

RCA data  were  corrected.  

3 6 ~ .  W. Powel l  et  a]., "Armco Iron a s  a Thermal Conductivity Standard. Pa r t  11, Ncw Determinations 
a t  the  National Phys i ca l  Laboratory," p 454 in P rog res s  in International Resea rch  on Thennodynamic and  
Transport  Proper t ies  (ed. by J. F. Masi and D. H. Tsai ) ,  The Arnericnn Society of Mechanical Engineers 
and Academic P re s s ,  New York, 1962. 

3 7 ~ .  J. Laubitz,  "Thermal and Elec t r ica l  Properties of Armco Iron a t  High Temperatures," Can. J. 
Phys .  38(7), 887 (1960). 

3 8 ~ .  D. Cody, B. Abeles,  and D. S. Beers,  "Thermal Diffusivity of Armco Iron," Trans. Met. Soc. 
AZME 221(2), 25 (1961). 

3 9 ~ .  L. McElroy, "The Application of Dynamic Adiabatic Calorimetry to  t he  Iron-Iron Carbide System," 
Ph.D. dissertation.  University of Tennessee  (August 1957). 

Fig. 15(a). Comparison of the  Thermal Conductivity of 

Armco Iron of Various Studies to  the Four Equations Tha t  

Represent the ORNL Resul ts  from 0 to  1000°C. 



Fig.  15(b). Comparison of the Thermal Conductivi ty of Armco Iron 

of Various Studies to  the Three Equations That  Represent the O R N L  

Results from 700 to 1000°C. 
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On the  BMI samples  the  N P L  resu l t s  a r e  3% higher  than t h e  equa t ions  t o  400%. On t h e  other 

hand, the  NRC values* a r e  3% below the  ORNL equa t ions  t o  200'C, approach t h e  equa t ions  from 

200 t o  .SOOT, and deviate  from the  equa t ions  from 5 0 0  t o  9 0 0 T .  Powell ' s  most  probable va lues  l o  

-k=O.6554-4!6mXIO-'tt-k=0.2703+2.854xIOo51 

a r e  1 to 2% above  the equat ions from 1 0 0  to 8 0 0 T  but  d e v i a t e  a t  0 and  900% by a s  much a s  3%. 

From 900 to 1000% t h e  N P L  resu l t s  and Powel l ' s  most probable v a l u e s  a r e  within 1.5% of t h e  

equat ion,  whereas  the NRC resu l t s  a r e  about  3% high. T h e  RCA da ta  s c a t t e r  in  a +3% band 

around the  equat ions from 1 0 0  t o  900% but a r e  in  good agreement  from 900 t o  l O O O T  with t h e  

0.250 - 
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1 

equat ions.  Only the  RCA and ORNL da ta  show a d e c r e a s e  i n  thermal  conduct ivi ty  a t  t h e  a - y  

k=0.1736+1.21l%t0~~/- 

transformation; however, the  RCA d a t a  ind ica te  a 6 t o  7% change ,  while  t h e  ORNL v a l u e s  indi- 

c a t e  a 4% change. Not included in F ig .  15, but of s ign i f icance  is t h e  da ta  of  lau us sen,^^ who 

a l s o  observed a d e c r e a s e  of k on p a s s i n g  through t h e  a - y  t ransi t ion;  th i s  d e c r e a s e  amounted t o  

a 15 t o  20% change  a t  p ressures  of 9000 atm. P e r h a p s  t h e  most s t r ik ing  observat ion of th i s  com- 

parison is tha t  four different laborator ies  us ing  four different methods of measurement  obtained 

resu l t s  within f 3% over t h e  100  t o  1000% range. 

Electr ical  Resist iv i ty  Data 

Elec t r ica l  res i s t iv i ty  measurements  were made on  a rod spec imen 1 2  in. long  and  0.1 in. in  

diameter.  F o r  temperatures  above  room temperature t h e  spec imen w a s  d i rec t ly  hea ted  by a di-  

rect  current i n  a vacuum of 5 x lo-' torr. T h e  c e n t e r  6 in. of t h e  rod w a s  instrumented with 

*Dr. Laubitz has informed u s  that the low-temperature NRC data are plotted about 1% lower than they 
should be. T h i ~  i~ due to  the fact that a small  correction w a s  overlooked when the  data w a s  reported in 
ref 37. 

4 0 ~ .  F. Claussen,  "Detection of the a-y  Iron P h a s e  Transformation by Differential Thermal Con- 
ductivity Analys i s ,  Rev.  'Sci. Znstr. 31(8),878 (1960). 



s e v e n  0.005-in.-diam P t  v s  Pt-10% Rh thermocouples  s p a c e d  a t  1-in. intervals .  T h e  thermo- 

c o u p l e s  were tweezer-welded t o  the rod s o  that  t h e  junction w a s  made through t h e  iron s p e c i -  

men. T h e  0.005-in.-diam Pt-10% Rh a n d  P t  w i r e s  were welded  t o  0.020-in.-diam wires  a few 

i n c h e s  away  from t h e  specimen,  and t h e s e  larger  wi res  ex tended  ou t  of t h e  MCUUm chamber 

through epoxy res in  s e a l s  t o  a n  ice-bath co ld  wel l  s imi la r  t o  t h e  o n e  descr ibed  for t h e  radial  

h e a t  flow appara tus .  T h e  thermocouple emf's were  read u s i n g  a n  L&N type K-3 potentiometer. 

T h e  current through t h e  spec imen w a s  produced by a P R L  50-amp-dc power supply model CM- 

03-5L-CC a n d  w a s  measured  by reading t h e  potent ial  drop a c r o s s  a ser ies-connected 0.01-ohm 

L&N s tandard  res i s to r ,  model  No. 4361, with t h e  L&N type K-3 potentiometer. For  tempera- 

tu res  below room tempera ture  the spec imen w a s  immersed i n  chree ba ths :  i c e  and  wate r  (OT) ;  

dry ice and a lcohol  (-78.9%); and liquid nitrogen (- 1 9 6 T ) .  

T h e  res i s t iv i ty  w a s  obtained by measuring t h e  current  a n d  t h e  corresponding potent ial  drop 

between t h e  Pt-10% R h  l e g s  of a s e t  of a d j a c e n t  thermocouples  a t  a given temperature. T h e  

s e t  of thermocouples c h o s e n  were n e a r  t h e  c e n t e r  of t h e  rod s o  tha t  both thermocouples  were  

a t  e s s e n t i a l l y  t h e  s a m e  temperature. Readings  were  made a t  e a c h  temperature with t h e  current  

i n  o n e  direct ion a n d  then t h e  other s o  t h a t  pickup errors  i n  t h e  thermocouples could b e  elimi- 

nated.  T h e  res i s t iv i ty  w a s  ca lcu la ted  u s i n g  t h e  formula 

whcre  - \ 

A V  is t h e  a v e r a g e  potent ial  drop between t h e  Pt-10% R h  l e g s  for t h e  current  in t h e  forward 
a n d  reverse  direct ions,  - 

I i s  t h e  a v e r a g e  of t h e  forward a n d  reversed currents ,  

L* is t h e  d i s t a n c e  between the  Pt-10% Rh wi res ,  

A* is t h e  c r o s s - s e c t i o n a l  area of t h e  rod, 

t i s  t h e  temperature i n  UC, 

aL i s  t h e  expans ion  coeff icient ,  13.5 x per  T (ref 37). 

T h e  maximum determinate  error  in p d u e  t o  measurement  uncer ta in t ies  i n  t h e  q u a n t i t i e s  of Eq. 

(26) w a s  es t imated  ( a s  shown i n  Appendix F) t o  b e  k1.3%, with a most probable va lue  of ?1.0% ' 

if t h e  errors  behave  randomly. 

Us ing  t h i s  t echnique  t h e  res i s t iv i ty  v s  temperature curve  was found t o  b e  concave  upward t o  

about  7 5 0 T ,  where a n  inf lect ion occurs  and t h e  res i s t iv i ty  i n c r e a s e s  approximately l inearly 

a b o v e  900%. T h i s  is the  u s u a l  s h a p e  of the e l e c t r i c a l  res i s t iv i ty  curve  for ferromagnetic ma- 

t e r i a l s  near t h e  C u r i e  temperature. T h e  da ta  were  f i t  by least-mean-squares  cr i ter ia  t o  within 

2% i n  the range 194  t o  780% by a c u b i c  equat ion 

where  p i s  in  pohm-cm, and T is a b s o l u t e  Kelvin temperature. Above 800°C t h e  res i s t iv i ty  could 



be  expressed  by t h e  l inear  relat ion 

p = 7 4 . 9  +3.38  x I O - ~ T .  

Fol lowing t h e  e lec t r ica l  res i s t iv i ty  measurements ,  t h e  d i s t a n c e s  between thermocouples  and  

the  diameter of {he rod were remeasured and  were found t o  b e  t h e  s a m e  a s  originally e v e n  though 

the  specimen had been cyc led  through t h e  a-y  transformation s e v e r a l  t imes.  It w a s  imposs ib le  

t o  s o  examine t h e  thermal conduct ivi ty  spec imen b e c a u s e  t h e  d i s k s  of t h e  s t a c k  became welded 

together during the  experiment. 

Values of p obtained between -196% and 1000% a r e  given in T a b l e  G . l  of Appendix G. 

Smoothed va lues  a r e  presented in T a b l e  5 a t  5 0 T  increments  together  with va lues  of Powel l  

et al.36 and ~ a u b i t z . ~ '  T h e  da ta  of t h e  other  laborator ies  a s  wel l  a s  t h e  ORNL da ta  have  

been corrected for tller~slal expausion us ing  13.5 x as t h e  thermal  expansion coeffi- 

c ien t  tl~roughout t h e  en t i re  temperature range even  though iron undergoes a l inear  contraction 

T a b l e  5. Smoothed E lect r ica l  Res is t iv i ty  Va lues  for Armco Iron 

O R N L  N P L  N R C  

Tempera tu re  P f' D e v i a t i o n  P Devia t ion  

(OC) (pohm-cm) @ohm-cm) (%) (pohm-cm) (%I 



of a b o u t  0.3% (ref 37)  a t  t h e  a - y  t ransi t ion a t  910%. T h e  percent  deviat ion of t h e  d a t a  is a l s o  

s h o w n  in t h i s  table .  I t  is s e e n  that,  e x c e p t  for t h e  va lue  a t  7 0 0 T ,  t h e  ORNL d a t a  a g r e e  with 

t h a t  of N R C ~ '  t o  within 2%) which is within t h e  sum of t h e  es t imated  a c c u r a c i e s  of t h e  meas-  

urements .  T h e  d i sagreement  with N P L ~ ~  w a s  l e s s  than 2% from - 1 5 0  t o  200% and aga in  from 

8 0 0  t o  1 0 0 0 T ,  but t h e  deviat ion in t h e  range from 200  t o  8 0 0 T  w a s  a s  much a s  5%, which is 

w e l l  ou ts ide  t h e  es t imated  a c c u r a c i e s  of t h e  methods u s e d  i n  t h e  two laborator ies .  T h e  reason 

for t h e  d i sc repanc ies  may b e  due t o  spec imen differences o r  t o  s o m e  u n a s s e s s e d  inaccurac ies  

i n  t h e  measurement t echniques .  It  is in te res t ing  t o  no te  t h a t  t h e  d i s c r e p a n c i e s  a r e  g rea tes t  i n  

t h e  temperature range where t h e  res i s t iv i ty  c h a n g e s  most rapidly, ind ica t ing  t h a t  temperature 

measurement errors  may b e  present .  Powel l  e t  a l . 3 6  report a sudden  drop in t h e  e lec t r ica l  re- 

s i s t i v i t y  a t  t h e  a-y t rans i t ion  of about  1.6 pohm-cm. Such a change ,  if i t  occurred, w a s  <1 

['ohm-cm for t h e  ORNL spec imen but insuff icient  d a t a  were  taken around t h e  t r a n s f o r ~ l l a t i o ~ ~  

temperature t o  establish t h e  effect  accura te ly .  

DISCUSSION OF THE RESULTS ON IRON 

Discussion of ke  and k L  

F o r  the  purpose of d i s c u s s i o n  i t  wil l  be assumed thal  Lhe thermai coridiictivity of i r u r ~  !nay 

b e  expressed  a s  

k = k e + k t ,  (2 9)  

where  ke is t h e  contribution due  t o  t ransport  of h e a t  by e lec t rons ,  and  k L  is t h e  contribution due  

t o  transport by h e a t  by phonons. Actual ly t h e  two mechanisms a r e  coupled,  a l though i t  is gen- 

e ra l ly  assumed tha t  t h e  coupling is weak.  T h e  e lec t ron ic  portion, ke, c a n  b e  ca lcu la ted  from t h e  

e lec t r ica l  res i s t iv i ty  d a t a  u s i n g  t h e  theoret ical  Wiedemann-Franz-Lorenz cons tan t  L by t h e  equa-  

t ion  

T h e  ~ l i d i t y  of t h i s  relat ion depends  on t h e  relaxat ion t ime for e l e c t r o n s  under t h e  dis turbance of 

a n  e lec t r ic  field being t h e  s a m e  a s  that  for t h e  d i s tu rbance  c a u s e d  by a thermal gradient.  It  is 

a l s o  necessary  t h a t  t h e  relaxation time and t h e  r a t e  of c h a ~ ~ g e  of t h e  energy of t h e  electron s t a t e s  

with change of the  wave  vector  b e  s lowly  changing  funct ions of t h e  e lec t ron  energy near  the  Fermi 

surface.  T h e s e  condi t ions  should be  fulfilled for a one-band metal  a t  high temperatures. T h e r e  

is some doubt, however, whether  t h e  relat ion is val id for  t ransi t ion meta l s  where t h e  s and  d bands  

may overlap. 



Recently,  ~ a c k l u n d ~ l  sugges ted  that  a modified Wiedemann-Franz-Lorenz type relat ion,  origi- 

nal ly  proposed by ~ i n d e , ~ ~  should b e  appl ied t o  iron. T h i s  relat ion is 

T h e  constant  po  w a s  obtained by Backlund for "pure" iron by f i t t ing h i s  da ta  together  with t h o s e  

of  ~ a l l i s t e r ~ ~  i n  the temperature range 195 t o  373% t o  a c u b i c  equa t ion  of t h e  s a m e  form a s  Eq. 

(27), where p is the  abso lu te  value of the  cons tan t  term C1 i n  t h i s  equation. In h i s .paper  Backlund 
0 

ind ica tes  three different va lues  of po  (+2.4, 2.6, and  2.66 pohm-Cm), but evident ly 2.66 is the  

va lue  which h e  cons iders  t o  correspond t o  pure iron. ' Since  impuri t ies  contr ibute  t o  C1 ,  the  ap-  

parent  value of p o  wil l  b e  changed by impurities. T h i s  evident ly accounted for t h e  various va lues  

c i t ed .  'l'his impurity effect  is shown in T a b l e  6. T h e  va lues  of t h e  three c o n s t a n t s  i n  t h e  cub ic  

equat ion for p a r e  given a s  obtained by least-mean-squares  f i t t ing of t h e  ORNL da ta  a n d  t h o s e  of 

Powel l  et al. 36  T h e  va lues  of C l  for Armco iron (an impure iron) a r e  considerably larger  than 

Backlund's value of -po.  T h e  table  a l s o  s h o w s  that  the  va lue  of t h e  coef f ic ien t s  vary, de- 

pending on t h e  temperature range over which the  f i t  w a s  made. 

Backlund contends  that  the cub ic  term C 3 T 3  represen ts  a s p i n  s c a t t e r i n g  contribution which 

should  become cons tan t  above  the Curie  temperature. Therefore t h e  s l o p e  of Eq. (28) should  be  

t h e  s a m e  a s  the  cons tan t  C 2  of Eq. (27). Examination of T a b l e  6 s h o w s  tha t  t h e  va lues  of C 2  

agree  well  with the  value of the s lope ,  3.38 x lo-' pohm-cm/% i n  Eq.  (28), which suppor t s  

Backlund's contention. 

4 1 ~ .  G. Backlund, "An Experimental Investigation of the Elec t r ica l  and Thermal Conductivity of Iron 
and Some Dilute Iron Alloys a t  Temperatures Above loo%," J .  Phys .  Chem. Solids 20 (1/2), 1-16 (1961). 

4 2  J. 0. Linde, "An Investigation of the Validity of the Wiedemann-Franz-Lorenz T..aw," Arkiv. F y s i k  
4(30), 541 (1951). 

4 3 P. H. Pal l i s ter ,  "The Specific Heat and Resis t iv i ty  of High Purity Iron Up to 1 2 5 0 ~ ~ , "  J. Iron Steel  
Znst. 161, 87 (1949). 

Table 6. Constants for o Cubic Fi t  of the Electrical  Resist ivity Data 

for Arrnco Iran Where p =  C + C T +  C T~ 
1 2  3 

Author 

Temperature 

1 
C2 x 10" C3 x loS  Range 

(%) (pohm-cm) ( p o h r n - c m h )  ( p o h m - c m h 3 )  

ORNL 

~ o w e 1 1 ~ ~  173-373 - 1.34 3.65 

173-723 - 1.93 3.98 

~ a c k l u n d ~ '  and ~ a l l i s t e r ~ ~  195-373 - 2.4 3.65 

- 

e ~ h i s  value appeared a s  64 X lo-' in ref 41, evidently by misprint. 



Calculation of k e  and k L  

Despi te  t h e  uncertainty i n  po,  k e  w a s  ca lcu la ted  u s i n g  Eq. (31). A value of p,, of 2.7 pohm-cm 

w a s  used. T h e  v a l u e s  of k a r e  plotted in  Fig.  1 2  a l o n g  with k e  ca lcu la ted  by Eqs.  (30) and (31). 

F i g u r e  1 6  s h o w s  k L  obta ined  a s  the  difference k - k e  u s i n g  both v a l u e s  of k e .  With t h e  con- 

vent ional  Wiedemann-Franz-Lorenz relat ion,  k e  a c c o u n t s  for 80% or  more of t h e  to ta l  thermal 

conduct ivi ty  and therefore largely con t ro l s  t h e  temperature dependence  of t h e  thermal con- 

duct ivi ty .  T h i s  is a l s o  t rue a t  high temperatures  for k e  ca lcu la ted  by Eq. (31) but a t  l O O T  

is only 73% of k and  d i s p l a y s  a maximum near  250%. U s i n g  t h e  u s u a l  Wiedemann-Franz- 

Lorenz approach,  k L  p e a k s  a t  about  3 0 0 T ,  which is considerably a b o v e  t h e  Debye tempera- 

tu re  of 147OC (ref 44). General ly ,  t h e  l a t t i c e  conduct ivi ty  p e a k s  a t  temperatures  considerably 
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below the Debye temperature. However, we  h a v e  a l ready  s e e n  t h a t  t h i s  rule d o e s  not  apply 

t o  uO, b e c a u s e  of a low-temperature antiferromagnetic-paramagnetic transformation. Some 

similar  phenomenon of magnet ic  origin may expla in  the  behavior of iron. Us ing  t h e  Backlund 

modified Wiedemann-h ' ranz-~orenz approach, urlr elirl~ilraLcs L11c high-tcmpcraturo peal< i n  .G= 

However, as c a n  b e  s e e n  from Fig .  12 ,  the  Backlund k e  h a s  a peak a t  about  250%, which 

s e e m s  jus t  a s  1.inreasonable a s  t h e  peak in k L  obtained u s i n g  t h e  Wiedemann-Franz-Lorenz 

relation. At the  p resen t  s t a t e  of t h e  theory of thermal conduct ivi ty ,  i t  is not a t  a l l  obvious 

which of t h e  approaches  for ca lcu la t ing  k e  a n d  k L  approaches  c l o s e s t  t o  reality. 

4 4 ~ .  Seitz,  The Modem Theory o f  Solids, p 110, McGraw-Hill, New York, 1940. 



Decrease in k  at 91001: 

T h e  4% d e c r e a s e  a t  t h e  a - y  t ransi t ion is not predicted by t h e  kc's. In fact ,  t h e  e l e c t r i c a l  

resis t ivi ty  d e c r e a s e  a t  t h e  t ransi t ion temperature reported by Powel l  e t  al .36  should b e  re-. 

f lected by a n  i n c r e a s e  i n  k  rather than the  d e c r e a s e  observed.  T h e  c h a n g e  i n  k  a t  9 1 0 T  must 

by due  t o  a d e c r e a s e  in  t h e  l a t t i ce  portion of t h e  conduct ivi ty  a s  shown in Fig.  15 and  is t ied 

t o  the fac t  that  a change  from body-centered cubic  t o  face-centered c u b i c  s t ruc ture  c a u s e s  a n  

appreciable  modification of the  phonon distribution. Cody, Abeles ,  a n d  ~ e e r s ~ '  have  pointed 

out that  if Eq. (9) a p p l i e s  t o  k L  of iron a t  high temperatures ,  then t h e  d e c r e a s e  i n  t h e  Debye  

temperature upon going from a t o  y p h a s e s  (which is c o n s i s t e n t  with e x i s t i n g  h e a t  c a p a c i t y  da ta  

for the phases )  c a n  expla in  the  drop in k L .  At  9 1 0 T  k L  amounted t o  "15% of t h e  t o t a l  thermal 

conductivity, and  tlie ubserved 3 t o  4% d e c r e a s e  in  k  c a n  b e  explained by a 10% d e c r e a s e  in  the  

Debye temperature. However, i t  should  b e  pointed out  t h a t  if k L  obeys  Eq. (9), i t  should  h a v e  

a 1 / T  temperature dependence,  which i t  d o e s  not h a v e  regard less  of t h e  method o n e  u s e s  t o  ca l -  

cu la te  k e .  T h e  temperature dependence of k L  is c l o s e r  t o  a 1 / T  relat ion u s i n g  t h e  Backlund- 

Linde method. 

Slope Change of k  a t  780% 

The  minimum i n  k  jus t  above  t h e  Curie  temperature i s  ref lected by both kc's and is apparent ly 

due t o  the e f fec t  of t h e  changed magnetic properties on t h e  e lec t ron ic  portion of t h e  thermal con- 

ductivity s i n c e  k e  a l s o  c h a n g e s  s lope ,  a s  shown in F i g .  12. It  should  b e  pointed out  tha t  no 

Fig. 17. Thcrmal D i f f u ~ i v i t ~  of Armco Iron Calculated 

from ORNL Thermal .Conductivity Data and Heat Ca- 

pacity Data of ~ c ~ l r o y ~ ~  and Compared with the 

Thermal Diffusivity 'Data of Cody, Ahelns, and Boors, 3 8 



break or d i scont inu i ty  i n  t h e  data  of t h e  type  reported by Cody, Abeles ,  and Beers3 '  a t  t h e  mag- 

n e t i c  transformation temperature 768% w a s  observed.  Data were taken in t h i s  temperature region, 

a s  shown in F i g .  13, a n d  t h e  average  At between i n s i d e  and  ou ts ide  thermocouples w a s  only 3 

t o  4 T ;  therefore any  d i scont inu i ty  or d r a s t i c  change  in s l o p e  should  have  been  detected.  T h i s  

po in t s  out t h e  diff icul ty of obtaining a c c u r a t e  thermal conduct ivi ty  va lues  from thermal diffusivi ty  

measurements  i n  a temperature range where  the  h e a t  capac i ty  of t h e  specimen is changing  rapidly 

with temperature. 

T h e  thermal diffusivi ty  d a t a  of Cody, Abeles ,  and  ~ e e r s ~  ' is plotted i n  Fig.  17, a n d  t h e s e  

d a t a  a r e  compared wi th  thermal diffusivi t ies  ca lcu la ted  u s i n g  t h e  ORNL thermal conduct ivi ty  

v a l u e s  and McElroyls  va lues3 '  for t h e  s p e c i f i c  h e a t  of iron. It  is s e e n  t h a t  t h e  agreement  is 

exce l len t  over the whole  temperature range, including t h e  region near  the  Curie  point. T h i s  

c lea r ly  shows  the  need  for very good hear capaclly value3 when the rhormul c .o l~ t l~ lc l  iuily ia 

ca lcu la ted  from thermal  diffusivi ty  measurements .  

Slope Change of k a t  4 3 6 T  

T h e  break in k a t  4 3 6 T  may be  a n  impurity or magnet ic  e f fec t  s i n c e  iron i t se l f  d o e s  not 

have  a so l id -s ta te  p h a s e  c h a n g e  in t h i s  region. It  is. in te res t ing  t o  note  t h a t  ~ a u b i t z ~ '  h a s  

reported a minimum in the  thermoelectr ic  power of Armco i r o r ~  a t  about  t h i s  temperature. 

Cnrrelcrtion of k a t  100T with impurity Content 

  ow ell" g ives  a l inear  correlat ion between measured k va lues  a t  l O O T  and  the  equ iva len t  

carbon conten t  of a l l  reported impurities; th i s  correlat ion pred ic t s  a thermal conduct ivi ty  of 0.694 

w cm-' T-' for pure iron. T h e  ORNL data  f i t  t h i s  correlat ion if oxygen i s  excluded;  however, 

inclusion of oxygen would lead  t o  a prediction of 0.726 w cm-' T-' for pure iron u s i n g  a par- 

a l l e l  s t ra igh t  line. A s  w a s  previously s t a t e d ,  o u r  c a l c u l a t i u r ~ s  ind ica ted  thnt  su l f ides ,  phos- 

phides,  and  ox ides  were  a l s o  prcsent  a s  a s e c o n d  phase.  Theory d i c t a t e s  t h a t  only t h e  im- 

puri t ies  in  solut ion should  b e  included in a correlat ion s u c h  a s  Powell ' s .  However, h e  h a s  

included su l fur  and  phosphorus in h i s  correlat ion.  If i t  is a s s u m e d  tha t  t h e  s e c o n d  p h a s e  h a s  

a thermal conduct ivi ty  smal lc r  than that  of t h e  iron, i t s  e f fec t  on k should  b e  a reduction which 

is n o  greater  than t h e  volume percent  of the  p h a s e  (in t h i s  c a s e ,  il%). T h e  e f fec t  of d i sso lved  

impurities should  b e  much larger than, but in  t h e  s a m e  direct ion a s  that  of t h e  second  phase.  

T h e  point t o  be  s t r e s s e d  is that  one  must know not only t h e  composi t ion of the  spec imen but 

a l s o  the phys ica l  s t a t e  i n  which the  impuri t ies  a r e  found in order  t o  a s s e s s  t h e  e f f e c t s  of t h e s e  

impurities on thermal  and  e lec t r ica l  conduct ivi ty .  



CONCLUSIONS 

T h e  radial  h e a t  flow appara tus  w a s  shown t o  g ive  a b s o l u t e  thermal  conduct ivi ty  r e s u l t s  with 

a probable accuracy  of +1.5% and a repeatabi l i ty  of 0.1% from 1 0 0  t o  l l O O T  on both a low- 

conductivity semiconductor ,  UO,, and a high-conductivity metal,  Armco iron. T h e  upper tem- 

perature limit w a s  imposed by Pt v s  Pt-10% Rh thermocouple ins tab i l i ty  al though t h e  appara tus  

w a s  s t ructural ly  sound and operable  t o  a t  l e a s t  1 4 0 0 T .  T h e  lower temperature limit w a s  imposed 

by present  design,  but t e s t s  have  shown that  with only s l i g h t  modification much lower tempera- 

tu res  c a n  be  obtained. 

T h e  ORNL resu l t s  on polycrystal l ine U 0 2  showed:  

1. T h e  thermal res i s tance ,  l /k ,  is l inear  between 2 0 0  and  l O O O T  with a charac te r i s t i c  s l o p e  of 
0.0223 cm/w from which a DeLye Lelnperature of 2 1 6 T  w a s  derived. Below 10UOCI3, h e a t  is 
transported by phonons. 

2. T h e  intercept  of t h e  l inear  portion of the  thermal r e s i s t a n c e  is s e n s i t i v e  t o  impurity c h a n g e s  
(i.e ., stoichiometry changes) .  

3. The  thermal conduct ivi ty  d i s p l a y s  a maximum near  room temperature which c a n  b e  a s s o c i a t e d  
with the  behavior of t h e  s p e c i f i c  heat .  

4. Between 1000 and l l O O T  the  nega t ive  deviation of t h e  thermal r e s i s t a n c e  of 1 t o  3% from the 
extrapolation of t h e  l inear  portion w a s  probably d u e  t o  a composi t ional  c h a n g e  in t h e  material;  
however, the  possibi l i ty  of a n  electronic  or radiation contr ibut ion t o  t h e  thermal  conduct ivi ty  
is not ruled out. 

T h e  ORNL resu l t s  on Armco iron showed:  

1. T h e  thermal conduct ivi ty  of polycrystal l ine Armco iron could b e  represented t o  within f 1.5% 
from 1 0 0  t o  lOOOT by t h e  four l inear  relations: 

T h e  values given by t h e s e  equat ions a r e  within f 3 %  of t h e  bes t  numbers a v a i l a b l e  from t h e  
lileralure. 

2. T h e  c a u s e  for t h e  change  in s l o p e  a t  4 3 6 T  is not known, but i t  may b e  related t o  t h e  fact  
that  Armco iron h a s  a minimum i n  t h e  Seebeck coef f ic ien t  .at about  t h i s  temperature. 

3. 'I'he minimum i n  the  thermal conduct ivi ty  a t  7 8 0 T ,  jus t  above  t h e  Curie  temperature, re f lec t s  
t h e  change in magnet ic  properties of t h e  material.  

4. E lec t r ica l  res i s t iv i ty  measurements  showed that  about  80% of t h e  thermal  conduct ivi ty  c a n  b e  
at t r ibuted t o  e lec t ron ic  conduct ion;  therefore t h i s  contribution la rge ly  con t ro l s  t h e  temperature 
dependence of t h e  thermal conductivity. 

5. T h e  4% drop in the  thermal conduct ivi ty  observed a t  t h e  a-y transformation is at t r ibuted t o  a 
30% drop in the  l a t t i c e  portion of t h e  thermal conduct ivi ty .  

In th i s  work we  have  made a n  in tens ive  effort t o  obtain t h e  bes t  p o s s i b l e  thermal conduct ivi ty  

measurements. We be l ieve  tha t  t h e  resu l t s  show some in te res t ing  a n d  important behaviors  which 

could not have  been de tec ted  without careful  measurerrients, for example,  t h e  4% drop in k a t  t h e  



a-y transformation i n  iron. I t  g o e s  without  s a y i n g  that,  hav ing  once  inves ted  t h e  pr ice  of develop- 

ment of careful  t echniques ,  w e  a r e  now i n  a posi t ion t o  make good measurements  i n  t h e  future 

rout inely with as l i t t l e  effort a s  would be  required for far  l e s s  p r e c i s e  methods. 

RECOMMENDATIONS 

A report s u c h  a s  t h e  foregoing is most  worthwhile if i t  accompl i shes  t h e  goa ls  of t h e  re- 

s e a r c h ,  revea l s  new a n d  u s e f u l  information, points  out  gaps  in current  knowledge of s c i e n c e  

and  technology,  and i n d i c a t e s  profitable routes  for future work t o  pursue. It  is in t h i s  light 

tha t  w e  be l ieve  th i s  r e s e a r c h  w a s  worthwhile. A s  the  Conc lus ions  point out, a useful ,  

a c c u r a t e ,  and  a b s o l u t e  d e v i c e  w a s  developed.  New at111 c o l l l ' i ~ t ~ l a i u l ~  i ~ l l l s ~ ~ ~ ~ a t l a n  was ob 

t a i n e d  on two most different  a n d  in te res t ing  mater ials  which had previously been  ex tens ive ly  

invest igated.  T h e  information obtained is not i n  i t se l f  complete ,  but i t  should  a s s i s t  future 

research  of t h e s e  and other  mater ials .  

B a s e d  on t h e  reported resu l t s ,  w e  recommend t h e  fol lowing a s  profitable avenues  for future 

research.  

1. Development work on t h e  radial h e a t  flow appara tus  should  cont inue  with the  s imultaneous 

g o a l s  of (a) expanding  t h e  ex i s t ing  temperature range of operat ion;  ( b )  reducing t h e  specimen s i z e  

requirements; (c) maintaining and improving t h e  accuracy  and  reproducibility of the  da ta ;  (4 re- 

duc ing  the t ime of measurement;  and (e) simplifying t h e  operat ion of t h e  equipment. 

2. Accura te  thermal  conduct ivi ty  measurements  on both polycrystal l ine U 0 2  artd Armco iron 

t o  higher  temperatures  should  b e  cont inued,  a s  wel l  a s  s imul taneous  measurement of other  ther- 

mnphysical  propert ies  s u c h  a s  e lec t r ica l  resis t ivi ty ,  Seebeck  coeff icient ,  s p e c i f i c  hea t ,  and  

infrared absorpt ion coef f ic ien t s .  Specittter~ var iab les  worthy of considerat ion include purlty, 

grain s i z e ,  porosity, and  thermal and  mechanical  t reatments .  

3. T h e  accuracy  ach ieved  in th i s  appara tus  warrants  ex tens ion  of i t  t o  measurements  on 

o ther  so l ids ,  inc lud ing  t h o s e  mater ials  c l a s s i f i e d  a s  sc ien t i f i ca l ly  in te tes t ing ,  t o  s ludy  plie- 

nomological e f f e c t s  (such a s  t h e  various h e a t  transport mechanisms); t h o s e  mater ials  which 

c a n  b e  c l a s s i f i e d  a s  new a n d  a s  p o s s e s s i n g  unknown thermal  propert ies;  t h o s e  c l a s s i f i e d  a s  

thermal conduct ivi ty  reference s t a n d a r d s  t o  al low more meaningful measurements  by i t ivesti- 

ga tors  us ing  comparat ive methods; and  those  c l a s s i f i e d  a s  engineering mater ials  whose  thermal 

properties a r e  crit.ica1 t o  ob ta in  e f f ic ien t  dev ices .  General ly  t h e  spec imen s i z e  requirements 

for t h i s  appara tus  a r e  a t r ivial  problem in the  la t t e r  two c a s e s ,  and  technological  a d v a n c e s  i n  

mater ial  p r o c e s s e s  a r e  making th i s  l e s s  of a problem i n  t h e  former two c a s e s .  

4. T h e  sophis t i ca t ion  of any quant i ta t ive d a t a  treatment o r  theore t ica l  a n a l y s i s  is limited 

by t h e  accuracy  of t h e  measurements  of numerous phys ica l  properties, and  th i s  is t h e  main 

product a ca re fu l  and  c r i t i c a l  exper imenta l i s t  c a n  supply  t o  a theoret ic ian.  T h e  experimental is t  

is often requested for a n  a n s w e r  regard less  of accuracy .  Undoubtedly, s u c h  reques t s  must b e  



honored; but when they a r e  s o  honored, t h e  resul t  is t h a t  t h e  experimental is t  is reduced t o  a 

well-paid technician,  t h e  information useful  t o  a theoret ic ian is dras t ica l iy  reduced, a n d  t h e  

ent i re  measurement must  normally b e  repeated within a few y e a r s  u s i n g  careful  procedures. 

T h i s  is not a recommendation for t h e  experimental is t  t o  reduce  t h e  quant i ty  l eve l  of h i s  work 

but t o  define and i n c r e a s e  t h e  qual i ty  of h i s  work t o  a l low meaningful progress  t o  be  obtained 

in t h e  physical  properties field. One .particular a s p e c t  which would b e  of invaluable a i d  is t h e  

tabulation of raw da ta  t o  avoid meaningless  c r o s s  comparisons which a r e  based on interpola- 

t ions of smooth curves  drawn on postage-stamp-size graphs! 
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Appendix A 

T H E R M O C O U P L E  LEAD-THROUGHS 

In order t o  make the appa ia tus  more versat i le ,  a demountable  thermocouple lead-through w a s  

dev ised  which would accommodate many thermocouple wi res  u s i n g  minimum s p a c e .  Des ign  cr i -  

ter ia  were (1) e a s e  of assembly ,  (2) continuity of thermocouple wire  without  t h e  u s e  of a s e c o n d  

metal in  the  circui t ,  (3) vacuum t igh tness ,  a n d  (4) mechanical  s t rength.  T h e  b a s i c  d e s i g n  of t h e  

lead-through i s  shown in F ig .  A.1. T h e  p i e c e s  were  machined from b r a s s  s t o c k  and  tubing. T h e  

short  p i e c e s  of t6- in.-diam two-hole refractory insu la tors  were  hejd in  p lace  with household 

cement. T h e  thermocouple wi res  were threaded through t h e  insu la tors ,  and  t h e  cavi ty w a s  f i l led 

with a low-vapor-pressure epoxy resin.  T h e  vacuum s e a l  to  t h e  b a s e p l a t e  w a s  e f fec ted  with a n  

O-ring. Seal ing pressure  w a s  supplied by a f l a t  s t e e l  washer  ar~d four machine s c r e w s  threaded 

into blind ho les  in  t h e  basep la te .  T h e  lead-through proved to be  ent i rely sa t i s fac tory  in  a l l  re- 

s p e c t s .  

T h e  u s e  of a taper  s e a l  on the  O-ring w a s  dictated by t h e  f a c t  t h a t  t h e  lead-through h o l e s  in  

the basep la te  of the  appara tus  had been machined previously with t h e  r e c e s s e d  shoulder  for 

another  type of s e a l .  Had i t  been poss ib le  t o  u s e  t h e  more desirable  f l a t  O-ring s e a l ,  t h e  b r a s s  

body of the lead-through would have  been made ' larger  t o  accommodate t h e  O-ring groove and thc 

ho les  for the  clamping s c r e w s ,  thus  elirninating'the s t e e l  washer .  

UNCLASSIFIED 
ORNL-DWG 63-7358 

Fig. A.1. Thermocouple Lend-Througla Des~gn. 

DRILL , 8 HOLES 

BLOCK RING 
NOTE : 
DIMENSIONS ARE THERMOCOUPLE WIRES (16) 
I N  INCHES 

RING, , , ,EPOXY 

STEEL WASHER' 
TWO-HOLE 
REFRACTORY 



A second  t y p e  of  thermocouple lead-through w a s  u s e d  Lo accommodate s e v e r a l  thermocouples  

which  were  added t o  t h e  s y s t e m  a t  a l a t e r  da te .  T h i s  lead-through employed t h e  body of a 2- in.  

male-pipe-to-tube, b r a s s  fitt ing. T h e  thermocouple wi res  p a s s e d  through two-hole refractory t u b e s  

which extended part way through t h e  fitt ing. After t h e  openings  on one  e n d  were  s e a l e d  with 

putty, t h e  cen te r  cav i ty  w a s  f i l l ed  with epoxy resin.  T h e  b r a s s  f i t t ing  w a s  then sc rewed in to  a 

tapped b o l e  in  t h e  b a s e p l a t e  with Teflon t a p e  a s  t h e  thread s e a l a n t .  T h i s  lead-through a l s o  

s a t i s f i e d  the c r i t e r ia  enumerated previously. 



Appendix B 

DETERMINABLE ERRORS FOR THE RADIALHEAT FLOWAPPARATUS 

Equations (1 )  a n d  ( 3 )  may b e  rewritten a s  

- - 
where V2 is the  average  reading of t h e  thermocouples a t  radius r 2 ,  V l  is t h e  average  a t  r l ,  a n d  S 

is the  thermocouple sens i t iv i ty .  T h e  uncertainty i n  k  (Ak),  due  t o  uncer ta in t ies  in  t h e  quant i t i es  

on t h e  right s i d e  of Eq. ( B . l ) ,  may be determined by part ia l  differentiation, which y i e l d s  

Taking  t h e  indicated par t i a l s  and  dividing the  result by Eq. ( B . l )  y i e l d s  

where ek is t h e  fract ional  uncertainty in  k,  and  ei is t h e  fract ional  uncer ta in t ies  in  t h e  q u a n t i t i e s  

on the  right-hand s i d e  of Eq. ( B . l ) .  Substitution of t h e  proper va lues  y ie lds  t h e  maximum va lue  

of t h e  fract ional  uncertainty in  k. T h e s e  values a r e  given i n  T a b l e  B.1 for t h e  iron a n d  U O ,  

specimens.  

If t h e  measurement errors  a r e  assumed t o  b e  random, t h e  "most probable" va lue  of t h e  error 

due  t o  t h e s e  measurements  may b e  a s s e s s e d  as 

'most = (z ~ f ) l ' ~  . 03.4)  
probable 

I t  must a l s o  b e  considered that  for a given measuring planc,  there  a r e  s e v e r a l  thermocouples ,  n, 

a t  both r ,  and r , ,  s o  t h a t  the  probable etror i n  r l  and  r2 is t h e  v a l u e  shown in Eq. (B.3)  reduced 

by a factor l/\fi.  Similarly there a r e  m measuring p lanes  s o  t h a t  t h e  most probable error for t h e  

average value of a l l  the  p lanes  is t h e  value of probable from Eq.  (B .4 )  reduced by a factor  

l / f i  From t h e  va lues  in Table  B . l ,  after  multiplying t h e  v a l u e s  of IArl l / [ r l  In ( r 2 / r l ) ]  and  

1 Ar2 1 / k 2  In ( r 2 / r 1 ) ]  by 1 / f l  for U 0 2  and l / f l  for iron, one  ob ta ins  emoEt for U 0 2  of 

0.0164 and 0.0176 for iroi*. T h c s e  va lues  a r e  then multiplied by l / f l a n d  1/\/2; respectively, 

t o  al low for th ree  measuring planes for U 0 2  and  two measuring p lanes  for iron t o  obtain 

'most probable va lues  of 0.0095 for U 0 2  and 0.0125 for iron. 



T a b l e  8.1. Calculation of Determinable Errors 

u02 
Arrnco Iron 

- - 

Total 0.038 0.049 



Appendix C 

THERMOCOUPLE-IMMERSION-DEPTH TEST 

An auxil iary experiment  w a s  performed t o  a s s e s s  t h e  p o s s i b l e  error d u e  t o  the  fairly sha l low 

(2 in.) thermocouple immersion i n  t h e  UO, specimen.  T h e  t e s t  c o n s i s t e d  in  probing, with s e v -  

e ra l  thermocouple configurat ions,  t h e  length of a 0.063-in.-diam hole  a l o n g  t h e  a x i s  of a 4-in.- 

diam 2-in.-long copper  cylinder. T h e  cyl inder  w a s  hea ted  on  t h e  f a c e  oppos i te  t h e  thermocouple 

entry ho le  by a laboratory hot p la te  t o  temperatures  from 2 7  t o  1 2 0 T ,  whi le  t h e  other  f a c e  freely 

radiated. T h e  cyl indrical  sur face  w a s  insu la ted  t o  promote a x i a l  h e a t  flow. Auxiliary tllermo- 

couple probes perpendicular  t o  t h e  cyl inder  a x i s  e s t a b l i s h e d  t h a t  t h e  copper  block maintained 

a n  ax ia l  gradient l e s s  than 0.1 pv/in. (0.02T/in.).  

T h i s  t e s t  approximated the  condit ions tha t  e x i s t  in  t h e  rad ia l  h e a t  flow appara tus  in  that  

the  copper block represen ts  t h e  isothermal  z o n e  of t h e  thermocouple wel l  in  t h e  specimen,  and  

the  copper-air interface temperature drop represen ts  t h e  gradient  imposed on t h e  thermocouple 

a s  i t  ex tends  from the  wel l  radial ly  t o  t h e  s u r f a c e  of t h e  spec imen.  However, t h e  t e s t  w a s  

overly s e v e r e  in  tha t  t h e  copper-air interface gradient w a s  much greater  than ac tua l ly  e x i s t s  

in  the  appara tus  and  t h a t  t h e  conduct ing g a s  (air) i n  t h e  thermocouple wel l  had a much lower 

conductivity than helium. Also ,  t h e s e  low-temperature t e s t s  were  s t r ingent  in  that  radiat ive 

hea t  transfer t o  t h e  thermocouple w a s  negligible. 

A l l  of the thermocouple configurat ions t e s t e d  employed 0.010-in.-diam P t  v s  Pt-10% Rh 

wire insulated i n  (1) unbroken two-hole 0.0625-in.-diam A120,  tubing; (2) the  s a m e  tubing 

broken into 2-in.-long p ieces ;  (3) two 0.030-in.-diam one-hole D e g u s s a  A123 tubes ;  (4) 

the  s a m e  a s  (3) e x c e p t  broken in to  '/,-in.-long p i e c e s ;  and (5) t h e  broken Degussa p i e c e s  of 

(4) with t h e  thermocouple junction capped by a f/, ,-in.-long '/ -in.-diam one-hole A1203 tube  
1 6  

as is used  in the  radial  h e a t  flow apparatus .  

R e s u l t s  typical  of t h o s e  obtained a r e  shown i n  F ig .  C.1. T h e  thermocouple insu la ted  with 

the  broken Degussa  p i e c e s  showed a 50% smaller  error than t h e  one  with unbroken tubes  a t  a n  

immersion of 3/R in., whi le  the  addi t ion of t h e  end c a p  reduccd the errur  by a n  addi t ional  50%. 

Figure C.2 s h o w s  a summary of a l l  r esu l t s  expressed  a s  t h e  error for a %-in. immersion dcpth. 

T h e s e  resu l t s  a r e  ent i rely c o n s i s t e n t  with expec ta t ions  and  show t h a t  for t h e  broken-Degussa- 

with-end-cap configuration, the  error is 0.04 p / ( T  AT) or about  0.007 p / ( ~ v b E )  a t  t h e s e  tempera- 

tures. T h e  error tha t  would appear  in  a thermal conduct ivi ty  measurement  in t h e  rad ia l  h e a t  flow 

apparatus  would b e  t h e  difference between t h e  errors  for t h e  two rad ia l  posi t ions with their  dif-  

ferent radial  gradients .  In t h e  copper  block experiment, t h e  gradient e x i s t s  over a very shor t  

d i s tance ,  cer tainly n o  more than 0.1 irl. into t h e  air .  By a n a l y s i s  of t h e  gradients  over com- 

parable  d i s t a n c e s  a t  t h e  two radial  posi t ions in  t h e  rad ia l  h e a t  flow appara tus ,  i t  may b e  shown 

that the  error introduced in k is <0.1% for a 2- in.  immersion depth a n d  is independent  of s p e c i -  

men thermal conduct ivi ty  and  radial  temperature gradient.  I t  should  be noted tha t  t h i s  a n a l y s i s  

d o e s  not t ake  in to  account  t h e  p o s s i b l e  perturbations in  t h e  temperature gradient c a u s e d  by t h e  

therii~ucuuplc wel l  i t s e l f , - b u t  only thc  errol J u e  to  h e a t  flow down t h e  thermocouple assembly.  
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Appendix D 

UO, THERMAL CONDUCTIVITY DATA 

Table D.1. Measured Thermal Conductivity Values from Run 1 

(Corrected for core-heater expansion) 

k ,  meas k t ,  corr l / k t  
T (Oc) (w cm-' % - I )  (w cm-I  OC-') (w cm-' OC-')-' 



Table  D.2. Measured Thermal Conductivity Values from Run 2 

(Corrected) 

k, m e a s  k , c o r r  1 /k 
T PC) (W an-' % - I )  (W A-1 O c - I )  (W c m - l  o f  - 1  - 1  c 1 

Table  D.3. Measured Thermal Conductivity Values from Run 3 

(Corrected) 

k, m e a s  k ,  c o r r  1 / k  
T (OC) (W c m - '  "c-l) (W cIr:-l " c e l )  (W cTrl-l ~ ; - l ) - l  

Table  D.4. Measured Thermal Conductivity Values from Run 4 
I 

(Corrected) 

k, m e a s  k , c o r r  l / k t  
T (OC) (W c m - I  % - I  ) ( w  c d - l  % - - I )  (W c m - '  %-')-I  

298.5 0.051 96 0.05554 1 8.00 

597 0.03752 0.04001 25.00 

597 0.03705 0.03951 25.31 

598.5 0.03697 0.03941 25.38 

898 0.02909 0.03092 32.32 

902 0.02890 0.03073 32.52 

1104 0.02617 0.02775 36.02 

1201.5 0.02457 0.02601 38.40 

1202 0.02407 0.02549 39.18 

1298 0.02390 0.02528 39.56 



T a b l e  D.5. Meosured Thermal Conductivity Values from' Run 5 

(Corrected) 

Bottom Plane  Only 
k ,  meas k t ,  corr '/kt 

T (OC) ( - 1  - ( - 1  0 -  (w k-l)-l . I l k t  
T(OC) (Wcm- ' * - l ) - l  

T a b l e  D.6. Measured Thermal C i r ~ ~ J u c t l v l r y  Volues from Run 6 

(Corrected) 



Table D.7. .H.easured Thermal Conductivity Values from Run 7 

(Corrected) 

T o p  Plane with Copper/Cons;antar. Thermocou?les Center Plane with P t  v s  Pt-10% Rh Thermocouples 

T (Oc) k ,  m e a s  k A ,  corr ]/kt k, meas  k t  , corr '/kt 
('N cm-' OC-') (W cA- l  0 c - 1  1 ( W  m- 1 oc-l)-l (W an- '  OC-') (W cm-' OC-') (W oC-l.-1 



Appendix E 

ARMCO IRON THERMAL CONDUCTIVITY AND THERMAL DlFFUSlVlTY DATA 

. T a b l e  E.1. Thermal Conductivity Data  for Armco Iron 

Run 1 

112 0.6577 0.6574 + 0.0002 

210 0.5963 0.5956 - 0.0003 

300 0.5324 0.5314 - 0.0083 

400 0.4810 0.4806 + 0.0038 

500 0.4256 ' 0.4242 - 0.0008 

500 0.4245 0.4231 -0.0019 

Run 2A 

0.6002 

0.5412 

0.4294 

0.4296 

0.3087 

0.2899 

0.2915 

0.2895 

0.2896 

0.2902 

0.2855 

0.2895 

Run 28 

Run 2C 
0.2902 0.2881 

0.2948 0.2925 

0.2962 0.2938 

Run 2U 

752 0.3147 0.3129 +0.0041 

752 0.3146 0.3128 + 0.0040 

84Y 0.2980 0.2960 +0.0015 

898 0.3003 0.2982 +0.0023 

925 0.2888 0.2867 +0.0010 

'Corrected for core-heater expansion. 



Table  E.2. Ccmparison of C-ther Measurements with ORNL Equations 

Thermal C3nductivity (w cm-' OC-l) 

B C D E 
Temperature A Powel l  B - A  Powel l  C - A  Laubitz D - A Cody, Abeles ,  E - A  

(Oc) ORNL (BMI 1ron) (Most Probable) (BMI Iron) and ~ e e r s ~  

a ~ a l c u l a t e d  from diffusivity va lues  read from curve znc! McElroy's s p e c i f i c  heat  data. 

b ~ e a d  from graphs by Powel l  and Laubitz. 



T a b l e  E.3. Thermal D i f fus iv i ty  Data of Cody, Abe,les, and ~ e e r s ~ '  Compared to Va lues  

Calculated from ORNL Data and h 4 c ~ l r o ~ ' s ~ ~  Specif ic  H e a t  Va lues  

C 
k a, 

Temperature k 
eq . P a=- Temperature Cody, Abeles ,  

(Oc) (W cmdl  OC-') ( w s e c  g C ) C ~ . P * ~  (Oc) and Beers  
- 1  0 - 1  

( c m v s e c )  (cm2/sec)  

0.19G 

0.157 

n. 132 
0.110 

0.096 

0.078 

0.075 

0.064 

0.057 

0.045 

0.041 

0.040 

0.033 

0.040 

0.043 

0.044 

0.047 

0.049 

0.049 

0.054 

0.053 

0.062 

n. n6n 
0.061 

0. OGO 

0.06 1 

ap* = p; (1 - 3 U t ) ;  0. obtnincd fro111 Metals Handbook, vol 1, 8th Ed. p 1207. 
L L  



Table E.4. La t t i ce  Electronic Portion of Thermal Conductivity of Armco Iron Obtained 

by Two  Methods and Resulting Lat t ice  Thermal Conductivity 

Conductivity, k (w cm-I OC-l) 
Temperature L 

(OC) 
From From 

Backlund and ~ i n d e ~  Wiedemann-Franz-Lorenz b 

a ' - It - .  .- ; k from Bvcklund and Linde, nnd k from U W L  aqual iu i~s .  (IL p +  LT 2.66 > 
b .  

from Wiedemann-Franz-Lorenz, and k from ORNL equations. 



Appendix F 

Equation (21), u s e d  t o  c a l c u l a t e  the  e lec t r ica l  res i s t iv i ty  of Armco iron, c a n  b e  different iated 

t o  give a n  express ion  for t h e  fract ional  error in  p(Ap/p) d u e  t o  errors  i n  t h e  terms of t h e  equat ion,  

and t h i s  y ie lds  

if one ignores  t h e  uncertainty in t h e  expansion coeff icient ,  a. T h e  error in  t h e  potentiometer 
- 

reading, AV, depended on t h e  range used  in t h e  measurement, bu t  t h e  maximum va lue  w a s  a b o u t  

k0.0275. T h e  s a m e  error is involved in the  current measurement a l o n g  with about  a 0.05% utl- 

cer tainty in  the  r e s i s t a n c e  of the  s tandard  resis tor .  T h e  spec imen w a s  ground t o  a diameter  of 

0.1000 k 0.0001 in. a s  measured by a micrometer s o  t h a t  t h e  uncertainty i n  A*, AA*, w a s  0.2% 

s i n c e  the  diameter is squared.  T h e  error in  t h e  length between Pt-10% Rh l e g s  w a s  n o  greater  

than twice  the diameter  of the  wire, or 2 x 0.005 in. T h i s  length w a s  measured by a t ravel ing 

s t a g e  microscope. T h u s  t h e  error in t h e  length w a s  about  1%. Adding t h e s e  contr ibut ions y i e l d s  

a lAP/Plmax of about  1.3%. which is reduced t o  1.0% if t h e  Various contr ibut ions a r e  random. 



Appendix G 

ELECTRICAL RESISTIVITY DATA FOR ARMCO IRON 

Table  G . l ,  Measured Electr ical  Resist ivity Values for Arrnco Iron and Calculated Electronic 

Portion of Thermal Conductivity 

LT LT 
Temperature P k =- k =- 

P (pohm-cm) ' p + 2 . 6 6  
(OC) (OK> (W cm-' 0C-l) (W cm-' Oc-') 

a ~ e s u l t s  obtained prior to 6 2 0 ~ ~  anneal. 

b ~ e s u l t s  obtained in different apparatus on same specimen. 



Appendix H 

ELECTRICAL RESISTIVITY DATA OF Pt vs Pt-10% Rh 

T a b l e  H. 1: Measured E lectr ical  Resistance and Calculated E lect r ica l  Res is t iv i ty  

Core-Heater Calculated ~ e s i s t i v i t ~ ~  
Temperature Resistance of Pt-10% Rh 

(Oc) (ohms) Core Heater (pohm-cm) 

a P =  &I*/L*;  L* = 30.75 in.; A* = n d 2 / 4 ;  d = 0.0508 cm. 



Appendix I 

SAMPLE DATA SHEETS AND CALCULATIONS 

All data were recorded on sheets similar to'those of Figs. 1.1 and 1.2. The letters I and 0 

designate thermocouples located at the inside ( r , )  and outside ( r 2 )  radii, respectively, while 

the small hyphenated numbers refer to the thermocouple switching circuitry. 

Sheet No. : 36 Sample : Armco ~ ~ t ~ :  0-9-63 

T S m R M A L  Operator : -1.P-M- Time: 3:OO PM 

+O .04 

Diff, . . *.... . 

Guard - Coi~tra l  
7- 5 

T 5173.34 
7-2 

B 5195.57 

.. .. .- .. . - --. . .. :- 
X 

XVIS 

K- 3 
Voltage (+)9 

P?uSf l e  
C s n t  roJ. 

7- 6 

T 4582.0 
1-7 

C 5ur/ .4  
7- 1 
B 4606.0 

Bot.t.om 
Plane 

2 - 7  

5231.97 
2-8 
5234.43 
2 - 9 

5232.76 

1-1 

'1 

'2 

'3 

- 

2 - 1 0  

9233.01 
2 - 1 1  

5233.07 
2 - 1 2  

5233. ld 

5233.09 

O1 

O2 

O3 

Av 

I<- 3 
Current ( t) 10 

Av 5232.98 uv 

Inside 
ContTol 

1- 4 

T 5234.48 
1- 5 

c 5232.07 
1- 6 

B 5234.43 

TOP 
Plane 

2 -  1 

5233.97 
2 - 2  
5233.23 
2-3 

5232.36 

Center 
P lar~c  

7- 3 
I 

7-4 
0 

2-4 
5232.61 
2- 5 

5233.12 
2-6  
5232.0 

5232.62 

Power 

V I S  

5233.05 . 
Av 

XVIS K = -  
AE 

5233.18 

F i g .  1.1. Sample "Isothermal" Doto Sheet for Armco Iron a t  600°C. 



Figure 1.1 shows a set of Armco iron data taken under isothermal conditions at 600T. The 

twelve thermocouple emf's of the two measuring.planes were read directly, the readings were 

properly averaged, and the average differences between the inside and outside positions were 

sheet NO. : 38 Sample: Armco Date : 8-12-63 

DATA - Operator: G . !rime: 4:15PM 

1-1 

I1 

12 '  

I 3  

Av 

Temperature 
O1 

02 

03 

Av 
Sensi t iv i ty  10.196 

Av 5235.30 pv 

TOP 
Plane 

2 - 1  

5252.20 
2 -2  

51.73 
2 - 3  

50.60 

5251.51 

K-3 6.3835 
Voltage ( 4 9  6.3837 

2-4 

5220.03 
2- 5 

21.34 
2- 6 

19.67 

5220.35 

K-3 8.8914 . 
Current (+)lo 8 -8916 

Bottom 
Plane 

2-7 

5247 :10 
2-8 

52.61 
2 - 9  

50.38 

5250.03 

Fig. 1.2. Sample Data Sheet for Armcn Iran a t  600°C, 

2-10  

5218.28 
2 - 1 1  

20.68 
2 - 1 2  

19.04 

5219.33 

Muffle 
Control 

7- 6 

T 4395.0 
1-7 

c 4855.6 
7- 1 

B 4393.0 

- 

Inside 
Control 

1 -4  

T 5227.46 
1- > 
c 5227.50 

1- 6 

B 5227.59 

Center 
Plane 

7- 3 
I 

7-4 
0 

Guard 
Control 

7- 5 

.. . T 5277.3 
7-2  

B 5355.2 



recorded. These  numbers a re  the so-called isothermal corrections. It should be  noted that in 

the c a s e  of Armco iron the differential emf's were obtained only from absolute measurements 

rather than from both direct differential emf and absolute emf measurements a s  in the c a s e  of UO 
2 

I t  was  observed during the course of measurements on U 0 2  that the  agreement between the dif- 

ferences calculated and those  measured directly was a lways  within 0.02 pv and, most often, 

0.01 pv. Th i s  agreement, together with the  fact  that differential emf measurements a t  tem- 

peratures above 600% were hindered by the apparent high-resistance shorting of the differential 

thermocouple junctions, prompted the adoption of this  simplified data-acquisition procedure. 

Figure 1.2 shows the  companion s e t  of data on Armco iron taken with power applied t o  the 

core heater and the controllers reset  to give the same average specimen temperature. The  d c  

voltage and current were measured both before and after the thermocouple emf's were deter- 

mined, and the averages were used to  calculate the power dissipated by the 3-in. center  section 

of the core heater. T h e  averages of the g o u p s  of thermocouples were calculated, and from 

these,  the average differences. The  previously determilled isothcrmnl correctjons (Fig. 1.1) 

were algebraically applied t o  yield the corrected differentials. The  thermocouple setlsitivity 

a t  the average specimen temperature was  obtained from the computer-generated s e t  of tables 

described in the text. Since the AT was  s o  small  in these  experiments, the error ~ntroditced 

by the  use  of the sensit ivi ty corresponding t o  the average temperature is l e s s  than 0.01%. 

The "X" appearing in the table  and in the equation for k is unique to  the  particular specimen 

and is equal to In (r2/rl)/2nL. The radii to  the centers of the holes  in the  Armco specimen 

and the calculations yielding the "X" values are: 

Tap Plur~e ( ; I , ; )  Rnttnrn Plane ( i n : )  

3.00 in. x 2.54 cm/in. 



It may be noted that the logarithms of the average radii a re  taken rather than the  average of the 

logarithms of the mdii. It i s  not .clear exactly which average should be  used, but the difference 

i s  only 1 ppm and i s  therefore insignificant. 

The  thermal conductivity, k, uncorrected for the thermal expansion of the core heater, i s  ca l -  

culated using the tabulated data for each of the separa te  planes, and the average k is then ob- 

'tained. This  average k is corrected for the expansion of the core  heater by the relation 

ktrue = krneasured - aT) , 

where a is the coefficient of thermal expansion of Coors AD-99 A120,, and T i s  the core-heater 

temperature. As a matter of convenience, a l l  of the results were corrected after  the conclusion 

of the experiment through the use  of correction charts  and graphs. 

This  sample calculation represents the resu l t  shown on liile 7, run 1, of Table E.1. 
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