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Abstract 

The thermal conductivity of sintered stoichiometric U0 2 -pe l le ts was 

determined in the temperature range 500 - 2200 C and at different burn-up 
20 3 

leve ls from 0 to 0 .8 x 10 f i s s / cm . The conductivity was evaluated from 

temperature measurements at the centre and two off-centre positions in the 

UO,-pel le ts . The power was determined by thermocouples measuring tem

perature differences in the heat conduction path out from the UOg-pellets. 

These thermocouples were power-calibrated by means of an electric fur

nace. 

The rig design makes it possible to replace the centrally positioned 

thermocouple (during reactor shut-down) in the event of thermocouple fail

ure or to eliminate irradiation-induced changes in its emf-characteristic. 

Furthermore, it i s possible to replace the gases in the fuel capsule in or

der to investigate the influence of fission gases on the fuel to cladding heat 

transfer. 

The result of the experiment showed: 

''Present adress : OECD Halden Reactor Project, Halden, Norway. 



Good agreement with l i t e ra tu re data on the rmal conductivity of U O , 
19 3 

ear ly in the irradiat ion (burn up "* 10 f i s s / cm ). 
A reduction in the thermal conductivity, with burn-up, at t empera tu res 

below 1000°C. This reduction caused a 9% increase of cent re fuel t e m -
20 3 

pera ture at a l inear heat ra t ing of 350 W/cm, after 0 . 8 x 1 0 f i s s / c m . 
No influence of bum-up on the thermal conductivity above 1000 C. 

No influence of fission gases on the fuel to cladding heat t r ans fe r (initial 

gap = 0.57% of fuel d iameter ) . 

With rega rd to the r ig design, the system for exchange of the cen t ra l 

thermocouple seems to be l imited to a maximum fuel t empera ture of 1400 C. 
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1. INTRODUCTION 

The thermal conductivity is one of the important fundamental properties 

of UOg to be considered when it is to be used as nuclear fuel. The thermal 

conductivity determines the operating temperature of each point within the 

fuel at a given heat load and cooling conditions. In designing of fuel elements 

of optimum performance, thorough knowledge of the influence of burn-up on 

the thermal conductivity of U00-pellets is necessary. 
1) Several experiments have shown that an initial increase in thermal 

conductivity of U0 2 due to short-term (or start-up) effects is followed by 

a reduction with increasing burn-up. The short-term effects reducing the 

fuel temperatures and occurring within the first few hours or irradiation 
are : 

fuel sintering, 

uniaxial grain growth, 

columnar grain growth, and 

formation of central void. 

The long-term effects influencing the fuel temperatures are : 

generation of fission products and irradiation damage (resulting in re 

duction of fuel thermal conductivity) 

release of fission gases (resulting in impaired heat transfer conditions 

across the gas gap between fuel and cladding), and 

swelling of fuel (resulting in improved heat transfer conditions at fuel -

- cladding interfaces). 

19 Information on change of thermal conductivity with burn-up exceeding 10 

fiss/cm , at temperatures above 500 C is still very limited. This is 

mainly because of the rather short lifetime and the brittle nature of tungsten-

- rhenium thermocouples commonly used for high-temperature in-reactor 

measurements. 

The purpose of the present experiment was to obtain direct measure-
19 3 

ments of the thermal conductivity of UO« preferably above 10 fiss/cm 

in the temperature range 500 - 2200 C. For temperature measurements to 

be performed under these conditions the rig was provided with facilities for 

replacement of the central thermocouple in the fuel (during reactor shut-down). 

This had proved necessary as the central thermocouple had failed during the 

first start-up. Another important feature of the rig was a calibration furnace 

surrounding the fuel capsule. By means of this furnace the nuclear power 
^lOSOfiss/cmS (ioo% of TD)~ 3500 MWd/t U0 2 



was directly determined. Furthermore the rig design made it possible to 

replace the gases in the fuel capsule. 

This report describes the rig developed for the experiment, the in-pile 

calibration technique, as well as the irradiation conditions and history. 

Further on, the measured effect of irradiation on centre fuel temperature, 

and the thermal conductivity of irradiated U O , are discussed. A new rig with 

improved design is presented. Finally the calculation of the thermal con

ductivity of UO„, and the post-irradiation examination of the central thermo

couple is discussed in the appendices. 

2. DESIGN 

2 . 1 . Rig 

The rig was designed to fulfil the following requirements: 

(1) To measure the radial temperature distribution in the fuel. The rig was 

equipped with one thermocouple in the fuel centre and two in the fuel 

periphery. 

(2) To continue the centre fuel temperature measurements in the event of 

thermocouple failure. Furthermore, to eliminate the irradiation-in

duced changes in its emf-characteristic. The central thermocouple was 

exchangeable (during reactor shut-down). 

(3) To ensure reliable determination of nuclear power. The r ig was 

equipped with an electrically heated calibration furnace. 

(4) To measure the influence of the gases in the fuel capsule on the fuel to 

cladding heat transfer. The rig allowed replacement of the capsule 

gases by pure helium. 

The rig design is shown in figure 1. UO.-pel le ts , with a diameter of 

1 7 .5 mm and a total stack length of 140 mm were placed in a s ta inless-s tee l 

capsule with 17.6 mm internal diameter and with 1.0 mm wall thickness. The 

pellets in the upper half of the stack had one central and two peripheral 

holes for accomondation of thermocouples (TF and Tf l -2 respectively) . The 

capsule was filled with helium to 1 ata at 20°C. For reduction of the axial 

heat transport, alumina pellets were placed at each end of the pellet stack. 

The capsule temperature was measured by two thermocouples (TCI-2) 

pressed perpendicularly to its outside wall . 

For good heat transfer between the UO.-pel lets and the reactor coolant, 

the capsule was shrink-fitted into an aluminium sleeve. The s leeve consisted 

of an outer and an inner annuhts. These two parts were kept together by a 

slight shrink-fitting. Grooves milled into the inner part held electrical 

cables acting as a calibration furnace. The maximal electrical power supplied 

to the furnace was 1500 watts. This power was used in the calculation of the 

nuclear heat generated in the UOj-pellets by the method described in section 

3 . 1 . Two thermocouples (TS1-2) and two cobalt monitors were placed in 

axial grooves in the outer part of the s leeve . The thermocouples acted as 

heat flow indicator and were power-calibrated by means of the furnace. The 

cobalt monitors measured the total radiation dose received. 

The s leeve was placed concentrically in an aluminium thimble. Between 

these two a uniform gas gap acted as a thermal barrier that was used to 

control the temperature level of the fuel capsule. The control was achieved 

by changing the gas composition in 'he gas gap (helium - neon mixture). 

The top of the r ig was shaped as a shield plug. Resin and iron shot in 

the plug provided the necessary protection against radiation from the ex

perimental facility. Thermocouple?, electrical cables, and inlets for gas 

supply went through the plug in tubes. 

The central thermocouple was beryllia-insulated tungsten-rhenium (97% 

W, 3% Re/75%W. 25% Re). It was sheathed in molybdenum of 1.5 mm out

side diameter. The other thermocouples were chromel-alumel. They were 

insulated with magnesia and sheathed in stainless steel of 1.5 mm outside 

diameter. All thermocouple hot junctions and cobalt monitors were placed 

midway along the pellet stack. 

The general appearence of the rig components is shown in figure 2. 

2 .2 . System for Exchange of Central Thermocouple and Capsule Gases 

The central thermocouple was made exchangeable (see figure 4): It was 

inserted from the top end of the rig through a small stainless-steel tube 

which acted as guide and containment. The top end of the tube was welded to 

a flange at the top of the rig. Double O- rings placed around the thermocouple 

at the top of the rig prevented escape of capsule gases . The bottom end of 

the tube was welded to the capsule. In the U0 2 -pe l le ts the thermocouple was 

protected by a tungsten s leeve in order to avoid distortion due to pellet crack

ing and displacement during thermal cycles . 

When the lower O-ring around the thermocouple was decompressed 

(during reactor shut-down), the capsule gases could be pumped out to an 

active store and replaced by pure helium. Then the central thermocouple 

could be removed and replaced by a new one. This system was succesfully 

tested before irradiation and after the first start-up. 



2 .3 . Fuel 

The fuel was flat-ended, centreless ground, stoichiometric UO,-pel lets 

enriched to 1.35% in U-235. The average fuel density, pellet diameter, and 

pellet height were 95.7% of TD, 17.5 mm, and 10. 7 mm respectively. The 

impurity concentration is given in table 1. As-fabricated fuel structure is 

shown in figure 3. 
The pellets were delivered by AB Atomenergi, Sweden. 

3. IRRADIATION 

3 . 1 . In-Pile Calibration 

The rig design permitted easy determination of nuclear heat (QN) by 

varying of the electrical heating (QE) and measuring of the corresponding 

temperature difference between the aluminium sleeve and reactor coolant: 

AT = (TS1 + TS2) / 2 - TR (1) 

The measurements were performed step-wise as follows (see figure 5): 

(a) Before reactor start-up and with increasing electrical heating the tem

perature difference was determined as a function of linear heat rating: 

[iT 

» T 
l .max 

= f, (QE) 

QE 

(2) 

(b) The nuclear effect was determined at zero electrical heating (QE = 0) 

and with the reactor power increasing to a level giving a maximum tem

perature difference below the previously found value: 

QN 

QN, < QE 
I, max x ^^max -t2 (AT) 

AT, 2, max (AT, 
(3) 

(c) The measurements were then repeated at constant reactor power (con

sequently: QN = QN, ) and with increasing electrical heating: 

AT 

AT, 3max' > AT 2, max 
f3(QE) 

AT 2, max 

QN, +OE 
^ l .max max 

QN. 

(4) 

' l . m a x 

These procedures (2) and (3) (eqB. (3) and (4)) were repeated up to a maximum 

reactor power of 10 MW. Early in the irradiation this power correspond to 

a temperature difference (AT) of some 350°C and a linear heat rating (QN) 

of about 450 W/cm. 

A manually variable transformer controlled the calibration furnace.and 

the temperatures were measured with a digital voltmeter. The specified 

accuracy of the unirradiated thermocouples was within * 3/4%. The esti

mated accuracy of the linear heat rating was within — 2%. The calibration 

measurements were repeated during each reactor start-up and shut-down. 

QN was used in the calculation procedure for the thermal conductivity of the 

UO~-pellets (see Appendix A). 

3 . 2 . Irradiation Conditions and History 

The irradiation conditions are given in table 2. The experiment was 

performed in the 7V1 -facility in the DR 3 . A maximum unpertubated 
13 2 

Westcott-flux of 4 to 7 x 10 n/cm s could be obtained in this reactor 
position depending on the position in the three-hole adapter plug chosen for 

11 2 
the rig. The maximum fast-neutron flux was 5 x 1 0 n/cm s , and the 

T -radiation heat amounted to 300 mW/g Al. 

The irradiation history i s given in figure 6. During the first start-up 

the central thermocouple failed at a centre fuel temperature of about 700°C. 

The failed thermocouple was succesfully exchanged during reactor shut-down. 

Figure 7 shows X-ray photographs of the thermocouple prior to irradiation 

and after it had failed. 

During some of the reactor shut-downs the rig had been rotated in order 

to obtain symmetric burn-up in the pellets and to eliminate the eccentricity 

or thermocouple placement errors . The post-irradiation examination of the 

fuel structure indicated uniform overall circumferential power distribution 

(see section 4 .2 ) . 

During subsequent irradiation the rig functioned satisfactorily. The 

measured maximum fuel temperature was 2180 C. After a total of six reac-
20 3 

tor irradiation periods, corresponding to about 0.8 x 10 f i s s / cm , the 

capsule gases were replaced by pure helium at 1 ata (20°C) for investigation 

of the effect of fission gases on the fuel to cladding heat transfer. After this 

experiment the r ig was discharged for replacement of the central thermo

couple in order to obtain information on irradiation-induced sensitivity 

changes. However, the thermocouple broke during handling, leaving the tip 

'The DR 3 i s a 10 MW, high-flux research reactor (Pluto-type), designed 

primarily to provide facilities for irradiation experiments. The reactor 

i s fuelled with highly enriched uranium, and i s moderated and cooled with 

heavy water. 



behind in the capsule. A new thermocouple could not be inserted, and there

fore the irradiation was finished at that t ime. 

4. RESULTS AND DISCUSSION 

4 . 1 . In-Pile Measurements 

Information on the thermal behaviour of the.fuel was obtained by cor

relating the thermocouple signals with calculated linear heat rating. 

4 . 1 . 1 . Effect of Irradiation on Centre Fuel Temperature 

Figure 8 shows the measured centre fuel and outer cladding temperature! 

versus linear heat rating. Early in the irradiation the temperatures fitted 

well with predicted values. During subsequent irradiation the measurements 

indicated a marked increase in centre fuel temperature at the same power, 
20 3 

After 0. 8 x 10 f i s s /cm an increase of about 9% was observed at a linear 

heat rating of 350 W/cm, in reasonable agreement with observations pub-

lished by Kjaerheim and Rolstad '. These authors compared, in three ex

periments, centre fuel temperatures at initial operation with those after 
20 accumulation of burn-up. One experiment was irradiated to about 0.7x10 

3 
f i s s /cm (fuel diameter = 13.85 mm, diam. clearance -200pm, density = 

20 3 
96% of TD), the two others to about 1.2 xl 0 '" f i s s / c m " (12.54 mm, 60 |im, 

95% of TD). The results indicated an increase in centre fuel temperature of 

5% and 8% respectively, at a linear heat rating of about 400 W/cm. However 

Kjaerheim and Bolstad were not able to identify the cause of the temperature 

r i se . 

The increase in fuel temperature may be caused by: 

impaired heat transfer between fuel and cladding due to released fission 

gases, and 

decrease in fuel thermal conductivity due to fission products and ir

radiation damage. 

Inherent sources of errors with thermocouple measurements are: 

calibration drift due to transmutation reactions, and 

emf leakage through the insulator mainly at the high-temperature part 

of the thermocouple inside the capsule. 

Temperature measurements before and after replacement of the capsule 

gases showed no effect of fission gases on fuel to cladding heat transfer. The 

unchanged fuel temperatures indicate that the heat transfer mainly takes 

place through the fuel cladding interfaces. This may be due to the small 

~- I T -

initial gap (0.57% of fuel diameter). 

An attempt to obtain information on the calibration drift in the central 

thermocouple failed. However, published data by Carpenter et al. 3 ' with 

W, 3% Re/W, 25% Re-thermocouples show a continuous decrease in emf-

-output as the neutron exposure increases. After a total neutron flux ex-
21 21 

posure of 1.6 x 10 thermal nvt and 2 . 7 x 1 0 fast nvt the thermocouple 

indicated a temperature decrease of 85°C at about 1100°C. Unfortunately, 

results obtained at higher temperatures have not yet been published. 

The central thermocouple was controlled during the whole experiment. 

The electrical resistance was rather stable, only influences from tem

perature changes were detected. 

The most likely explanation of the increased centre fuel temperature is 

therefore a reduction in the fuel thermal conductivity. The measured in

crease in centre fuel temperature may be somewhat low owing to irradiation 

damage in the central thermocouple. 

4 . 1 . 2 . Thermal Conductivity of Irradiated UO, 

The heat released in the fuel between the peripheral thermocouples was 

calculated from the total heat developed in the fuel and the neutron flux de

pression curve. It was assumed that the heat generation in this part was 

proportional to its f issi le content. Variations in the distribution of different 

isotopes in the fuel during irradiation were not taken into account (see Ap

pendix A). 

The integral thermal conductivity from the peripheral to central thermo

couples was determined over increasing and decreasing power ranges. The 

integral conductivity equation was calculated by means of a least-squares 

fit and expressed as a polynomial function of temperature. By differentiation 
4) 

of this equation the thermal conductivity values were obtained '. The est i 
mated accuracy was within ± 7% up to 2000°C and within i 9% above this tem
perature. Figure 9 shows the thermal conductivity early in the irradiation as 

19 3 
a function of temperature (burn-up* 10 f i s s /cm ). Table 3 shows good 
agreement between the present results and data recommended by Kamp and 

5) Karsten ' on the basis of a literature study. 
During subsequent irradiation, increased fuel temperatures (at the same 

power) indicated a reduction in the thermal conductivity with burn-up. This 

effect decreased with increasing temperature, and above approximately 

1000°C no influence of burn-up on the thermal conductivity <as observed. 



In the literature there is a disagreement about the irradiation influence 

on the thermal conductivity of UO,. Some investigators ' have found that 

the irradiation does not affect the thermal conductivity of stoichiometrir UO, 

above approximately S00°C. However, according to results obtained by 

Westinghouse , a decrease in the thermal conductivity to 75% of that of 

nonirradiated UO, (~ 97% of TD) is likely for a centre fuel temperature of 
n 20 3 

1000 C, after about 1 4 x 1 0 f iss /cm . The same burn-up was simulated 
g\ 

by Runfors in out-of-pile experiments, by adding corresponding quantities 
of the oxides of zirconium, rare earths, and alkaline earths to UO,- Runfors 

observed a decrease in the thermal conductivity to 82% compared to pure 

UO, ( - 94% of TD) at temperatures between 500 and 1000°C. Unfortunately, 

experimental results for temperatures above 1000 C are not yet available . 

4 .2 . Post-Irradiation Examination of Fuel Structure 

Similarity in fuel structure above and below the thermocouple hot junc

tion suggests uniform overall axial power distribution. Symmetry in the 

grain growth indicated uniform overall circumferential power distribution. 

Figure 10 shows a transversal cross section above the hot junction. The 

following fuel zones can be observed from periphery to centre: 

as-fabricated grain structure, 

larger equiaxial grains, and 

columnar grains. 

The columnar grains were found over 43% of the fuel radius from the centre. 

The outer boundary temperature of the columnar grain region proposed by 

Asamoto et a l . 9 ' is T e . » 1900°C. Centre fuel temperatures estimated 

from the extent of grain growth suggest a maximum value of 2150 - 2250°C, 

in good agreement with the measured maximum temperature of 2180°C. 

The post-irradiation examination of the central thermocouple indicated 
that the system for exchange of this thermocouple is limited to a maximum 
fuel temperature of 1400°C. Above this temperature material transport 
within the tungsten sleeve and high pressure in the plastic zone of the hot 
fuel resulted in failure of the thermocouple during replacement (see Appen
dix B). 

5. CONCLUSIONS 

1. The in-pile measurements showed: 

(1) Good agreement with literature data on thermal conductivity of UO, 
— 19 3 

early in the irradiation (burn-up3 10 f i s s /cm ). 

(2) A reduction of the thermal conductivity, with burn-up, at tempera

tures below 1000 C. This reduction caused a 9% increase of centre 

fuel temperature at a linear heat rating of 350 W/cm, after 0.8 x 

10 f i s s / cm . 

(3) No influence of burn-up on the thermal conductivity above 1000°C. 

(4) No influence of fission gases on the fuel to cladding heat transfer 

(initial gap = 0.57% of fuel diameter). 

2. The post-irradiation examination showed: 

(1) A maximum fuel temperature of 2150 - 2250 C, in good agreement 

with the measured value of 2180 C. 

(2) The system for exchange of the central termocouple seems to be 

limited to a maximum fuel temperature of 1400 C. 

6. FINAL REMARKS 

For verification of the irradiation influence on the thermal conductivity 

of UO, a second experiment i s presently carried out in a new rig. 

The fuel parameters and the irradiation conditions are identical in the 

two experiments. The rig design i s slightly different from the previous one: 

(1) The system for exchange of the central thermocouple is improved 

by: 

- closing the bottom of the tungsten s leeve, 

- increasing the gap between thermocouple and sleeve, and 

- increasing the clearence between sleeve and fuel. 

(2) Two p-current neutron detectors placed perpendicularly in the 

aluminium sleeve determine the thermal neutron flux and flux 

gradient. 
20 3 

Results from this new rig (present burn-up: — 3 x 1 0 f iss /cm and 
overall evaluation of both experiments are under preparation. 
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APPENDIX A 

CALCULATION OF THERMAL CONDUCTIVITY OF UOj 

A1. Symbols 

A, Aj A , A., A K constants 

C conversion factor 

I„, I. modified Bessel functions of the first kind of orders 0 and 1 

resp. 

K«, K. modified Bessel functions of the second kind of orders 0 and 

1 resp. 

QN linear heat rating 

RF fuel centre hole radius 

Rf fuel radius 

Rf 1 , Rf2 radius for Tf 1 and Tf2 

T temperature 

TF fuel centre hole temperature 

Tf fuel surface temperature 

Tf 1, Tf2 off-centre fuel temperature 

cp volumetric heat capacity 

k thermal conductivity 

q specific heat production 

qs specific heat production at fuel surface 

r radius co-ordinate 

t time 

z co-ordinate on axis 

8 cylindrical co-ordinate 

£f macroscopic fission c '••• 9 section 

• thermal neutron flux 

»s thermal neutron flux at fuel surface 

* inverse diffusion length for thermal neutrons in fuel rod 



A2. Physical and Mathematical Model 

The basic differential equation for nonstationary heat conduction in fuel 

with cylindrical co-ordinates is given by a nonlinear differential equation of 

the second order 10). 

r t r 
( r k (r, 9 , z) 

) z 

J3L) + i - ±-( L. k(r,e,z) ± l ) H 

( k ( r . 8 , z ) - i Z . ) +q(r, e , z ) = cp(r, 9 , z ) ± T _ 
x &z ' »t 

(A1) 

A reasonably good description of the system may be obtained by approxi

mating the true physical situation with a simplified model: 

True situation: 

Thermal conductivity is a function of all three 

co-ordinates, r, 9 , and z, but the dependence 

on r is more important. 

Change in thermal conductivity during ir

radiation is a function of overall structural 

changes. 

Some of the heat producted in the fuel is de

posited outside the fuel 

Temperature field is nonstationary because 

of the fluctuation of: 

- neutron flux, 

- coolant temperature, 

- coolant mass flow, and 

- coolant pressure. 

Model: 

Thermal conductivity is 

a function of the radius 

co-ordinate alone, i. e. 

k(r,9.. z) = k(r) 

Temperature determines 

the thermal conductivity 

at constant total burn-up, 

i . e . k(r) = k(T) 

All the heat generated is 

deposited in the fuel 

itself. 

The effect of a slight tem

perature fluctuation is 

negligible, i. e. 

±L -o 
»t 

In this way, equation (A1) can be written as: 

J_ _ i _ ( r k(T) - i £ ) + -L -i-i-L k(T) JLL ) + 
r »r v fcr ' r &9 v r »9 ' 

+ - ! _ ( k(T) — ) + q ( r . 9 , z) = 0 (A2) 
t z v i z ' 

This general equation is sufficient for a definition of parameters of common 

interest in all steady-state methods for determination of temperature dis

tribution in the fuel. The parameters are: 

- the thermal conductivity of the fuel, and 

- the total heat production and its distribution. 

The boundary conditions for which equation (A2) may be solved may be of 

one of the following two kinds: 

- a heat transmission coefficient is given for the boundary so that the 

heat flux is proportional to the temperature difference across the 

boundary, or 

- a temperature i s given ton the boundary. 

A3. General Considerations 

The design of the fuel usually starts with consideration of the reactivity 

of fresh fuel placed in the appropriate geometrical configuration and operated 

at ambient temperature. This is a situation amenable to convenient, and pre

c ise experimental check. But it is only the first stage in assess ing the per

formance of fuel. The latter requires a representation of the influence of 

changing isotopic compositions in the fuel brought about by burn-up, i. e. the 

changes in the parameters in equation (A2) are a function of burn-up. 

For determination of the temperature distribution in the fuel it is necess 

ary to obtain information about the parameters and the boundary conditions 

in equation (A2): 

- The thermal conductivity may be deduced from temperatures and heat 

production. 

- The total heat production may be deduced from calibration measure

ments. 

• The distribution of heat production in the fuel is assumed to have the 

same form as the distribution of neutron flux. Therefore, the distri

bution of heat production may be deduced from neutron flux measure

ment. 



- The heat transfer coefficient between the fuel and cladding ( t h e least 

difficult boundary condition to determine) may be deduced in the same 

manner as the thermal conductivity. 

It can be seen from the above that the basic problems in determination 

of temperature distribution in fuel are: 

- to measure some temperatures inside the fuel without disturbing the 

existing temperature field, and 

• to determine the actual neutron flux. 

A4. Calculation of Integral Thermal Conductivity 

Assuming that the heat production can be analysed by the neutron dif

fusion equation, we get: 

dr* r dr 

d » j r ) + - L d » W - «2 *{r ) = 0 (A3) 

where 

* ( r ) = A j I 0 ( , r ) + A k K Q ( , r) (A4) 

Equation (A4) can be solved by means of the following boundary conditions: 

- neutron flux just inside the fuel surface is the same as at the surface: 

• W I » »s (A5) 
I r=Rf s 

and 

- there is no neutron absorbtion in the centre hole: 

dr I r=Rf 

From eqs. (A4)-(A6) we get the following equation for the radial distribution 
of neutron flux: 

I, ( « RF) 

f i V' r ) + K° (» r) iqmnn- {A7) 
* (r) = *8 1, i, m I0( s R f ) + K 0 ( » Rf) 

K,{» RF) 

Furthermore, the specific heat production can be expressed by the 

equation 

q(r) = — * (r) (A8) 
C 

where we assume that the distribution of heat production over the cross s e c 

tion of fuel has the same form as the distribution of -he neutron flux, and 

thus 

a!rL * -liri (A9) 
qs • s 

The linear heat rating i s defined as follows: 

RF 

QN = Jf 2« r q(r) dr (A10) 

On the basis of eqs . (A2), (A7), and (A10), and the following assumption: 

- the fuel is an infinite cylinder which is symmetric in the axial direc

tion, and 

- the variation of neutron flux in the axial direction i s negligible, 

we get the integral thermal conductivity 

-TF 

Lk(T) dt = SL 
JTI 4« 

f U « RF) , 
J V « r)+K„(« r) 1<i<, HJ,.) \ 

» . { . [l,(. *-«,(- r) Hi 

Rf 

RF 
R F ) 1 , 
RF)J> 

Hf 

RF 

(All) 

Equation (Al l ) can be written as 

TF 
f k(T) d T = - S 5 L * CORRECTION (A12) 

JTf 4 » 

where CORRECTION = shape factor dependent on the fuel dimensions, en

richment, and burn-up. 

Assuming that the distribution of different isotopes in the fuel during 

irradiation i s constant, we get the heat production between the off-centre 



thermocouples (Rfl = Rf2): | 

r RF 
2n r q (r) dr 

JRfl 
— = CONSTANT (A13) 

fRF 
2« r q (r) dr 

JRf 

where CONSTANT depends on the initial fissile content. 

Finally, the integral thermal conductivity between the fuel thermocouples 

can be calculated on the basis of eqs.(A10), (A11), and (A13). 

APPENDIX B 

POST-IRRADIATION EXAMINATION OF CENTRAL THERMOCOUPLE 

From the open bottom the fuel penetrated and deformed the tungsten 

sleeve containing the thermocouple (see figure 11). The sleeve contracted 

above the thermocouple hot junction and expanded below. The fuel structure 

inside the sleeve indicates that the material transport was caused by high 

pressure in the plastic zone of the hot fuel. The combination of fuel in the 

s leeve, the decreased sleeve diameter, and thermal cycling of the fuel in

troduce significant s tresses on the thermocouple sheath. This could ulti

mately result in thermocouple failure. 

Figure 12 shows that fuel transport across the central hole to the tung

sten s leeve took place. At this position the gap between fuel and sleeve i s 

largest and the temperature difference consequently highest. The small 

grains apparently of high density indicate a gas-phase transport mechanism. 

Furthermore, the molybdenum sheath locally penetrated the tungsten sleeve. 

Some metallic particles are observed in the fuel on the sleeve surface. It i s 

not clear whether these particles were transported by diffusion or resulted 

from the cutting of the capsule. 

Figure 13 shows a longitudial section across the broken central thermo

couple at the top of the pellet stack. In the upper part of the section an a s -

-fabricated fuel structure is seen, indicating a centre temperature below 

1400 C . The appearence of the lower part is similar to that of the centre 

section giving a maximum fuel temperature of 2150 C (see section 4.2) , in 

good agreement with the overall power distribution measured by T -scanning. 

Figure 13 shows also that the centre temperatures gradually decreased in 

the longitudinal direction. At temperatures up to 1400 C the tungsten sleeve 

was unchanged. At higher temperatures the sleeve was somewhat compressed 

owing to high pressure in the plastic core of the fuel. The molybdenum sheath 

penetrated the sleeve in a way similar to that observed in figure 12. The 

thermocouple was "welded" to the s leeve. This resulted in failure of the 

thermocouple during replacement. 

The removed upper part of the thermocouple did not show any defor

mation or sign of reaction between sheath and s leeve. Therefore, the system 

for exchange of the central thermocouple seems to be limited to a maximum 

fuel temperature of 1400°C. 
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Table 1 

Impurity concentration 

Mass-spectrographic result of UO, 

Impurity 

B 

Ba 

C 

Ca 

Cd 

Co 

Cr 

Cu 

Fe 

Gd 

Mg 

Mn 

Na 

Ni 

P 

Pb 

Si 
Sn 

V 

Concentration in ppm 

< 0.3 

< , 0 

(100 

< 1 

< 3 
~ 15 

~ 3 

~200 

< 3 
< 3 
(100 

( 3 
( 30 

< '0 

< 3 

< 3 

Table 2 

Irradiation conditions 

Maximum unperturbed Westcott flux 

Maximum fast-neutron flux 

Maximum y -radiation heat 

Average irradiation period 

Average shut-down period 

4 to 7 x 1 0 1 3 

5 x 10 1 1 

300 

23.4 days 

4 .6 days 

/ 2 
o /cm s 

2 
n/'cm s 

mW/g Al 

Table 3 

Comparison of present initial conductivity data with literature 

Temperature 

°C 

500 

700 

900 

1100 

1300 

1500 

1700 

1900 

2100 

Initial in-pile thermal conductivity of UO. 

mW/cm °C 

Present data ' 

47 ± 3 . 5 

40 ± 3 

33.5 ± 2 . 5 

28 .5 ± 2 

24.5 ± 2 

22 ± 1.5 

21 ± ' - S 

21 ± 1.5 

22 ± 2 

Ref. 4 2 ) 

(46 ± 3.5) 

37 ± 2 . 5 

31 ± 2 

27.5 ± 2 

24.5 ± 2 

23 ± 1.5 

22 ± 1.5 

22 ± 1 . 5 

22.5 ± 1.5 

1) Burn-up * 10 f i s s / cm . 

2) Recommended on the basis of a literature study. 

The data are valid for stoichiometric UO, with 95% 

of TD, at the start of irradiation. 
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