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ABSTRACT 
In the present work thermal conductivity data of irradiated UO2 fuel obtained at the Joint Research Centre, 

Institute for Transuranium Elements (JRC-ITU) are analyzed. The samples for the thermal conductivity measurements 
performed in the ITU were presented by the CRIEPI High Burn-up Rim Project (HBRP). In total 19 data sets for 11 
samples: results of 11 measurement sessions performed at increasing temperatures (‘before annealing’ data set) and 8 
measurement sessions performed at decreasing temperatures (‘after annealing’ data set) were considered. The hysteresis 
of thermal conductivity of irradiated fuel under alternating heat-up and cool-down phases was analyzed. The current 
value of thermal conductivity under such conditions depends not only on actual temperature, irradiation temperature and 
burn-up value, but on the prior temperature history of the sample as well. The main principles of the dynamic model for 
UO2 fuel thermal conductivity under in-pile conditions were formulated. 

1. INTRODUCTION 
One of the most important thermo-physical properties of UO2 fuel is the thermal conductivity since it determines 

heat exchange of the fuel pellet with the cladding and temperature distribution inside the pellet during regular industrial 
exploitation as well as during transient regimes and possible accident conditions.  

The thermal conductivity of UO2 fuel depends on a number of parameters characterising its internal 
microstructure, mainly connected with irradiation effect: gaseous, volatile and non-volatile fission products (FPs’) 
presence in dissolved and precipitated state, lattice displacement defects, porosity, cracks, etc. Generally, a model of 
thermal conductivity of irradiated fuel should be developed as a model of effective thermal conductivity of a composite 
material on the basis of the above-mentioned microstructural parameters. Such model can be characterised as 
‘microscopical’ one. 

On the other hand, the thermal properties of the irradiated fuel may be described in terms of such 
phenomenological values as burn-up (MWd/kg), temperature of irradiation and annealing temperature, in that a way the 
ITU data are presented in the corresponding paper [1]. One can say that these values implicitly represent the 
microscopical details of the fuel lattice structure. Such model can be named ‘phenomenological’. This approach is quite 
useful with respect to usage in a severe accident system code (such as SCDAP/RELAP or ICARE2) since these codes do 
not consider structural changes of fuel due to irradiation in great details or even do not consider these changes at all. 

At the same time, the advanced mechanistic code MFPR [2, 3] developed in IBRAE (Nuclear Safety Institute of 
Russian Academy of Sciences, Moscow) in close cooperation with IRSN (France) gives detailed description of the UO2 
fuel lattice defects evolution and FP behaviour under irradiation conditions. When considering coupling of the MFPR 
code with a system code in order to provide self-consistent description of the fuel behaviour under either a regular 
exploitation regime, or transient or accident conditions (namely, the radial temperature profile evolution with time that 
allows for the local thermal conductivity changes and in turn, effect of local temperature on the thermal conductivity) one 
should think about a ‘microscopical’ thermal conductivity model.  

In the present work thermal conductivity data of irradiated UO2 fuel obtained at the Joint Research Centre, 
Institute for Transuranium Elements (JRC-ITU) are analysed and the possibility to use them in the severe accidents 
system codes is evaluated. The consideration is performed within the framework of ‘phenomenological’ model.  

2. ITU EXPERIMENTAL DATA 

The samples for the thermal conductivity measurements performed in the ITU were presented by the CRIEPI 
High Burn-up Rim Project (HBRP). The important advantage of these samples consist in the fact that they were 
irradiated in the Halden reactor under constant, controlled temperature ( irrT  from 770 to 1470 K) and up to different 
burn-ups ranging from 34 to 96 MWd/kg [4]. In this capsule irradiation, each sample (1 mm thick disks) was pressed 
between two metallic plates, so that the temperature profile in the disk was sufficiently flat to justify the assumption of 
effectively isothermal irradiation conditions. Thus, the irradiation temperature was very well determined which is not the 
case for industrial fuel usually used for thermal conductivity measurements.  

The experimental procedure was the following. The measurements were started from 500 K with the 
temperature steps of 50 K until the temperature of 1450 K was reached. After increasing the temperature by each 50 K it 
took some time for the temperature equilibrium inside the experimental facility to be established. After reaching the 
temperature equilibrium the measurements of thermal diffusivity χ  and heat capacity pC  were performed and then 
temperature was increased by another 50 K.  

After reaching the annealing temperature of 1450 K it was observed that the radiation damage recovery 
processes were effectively completed. Then the second set of measurements of thermal diffusivity and heat capacity was 
performed at decreasing temperatures with the same steps of 50 K down to 500 K. The data sets obtained at increasing 
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temperature measurements session is referred in the paper [1] as ‘before annealing’ and the date sets obtained at 
decreasing temperatures as ‘annealed at 1450 K’ or ‘after annealing’.  

Thermal conductivity value was determined on the basis of independently measured thermal diffusivity χ , heat 

capacity pC  and densityρ . 

The experimental data on thermal conductivity of irradiated UO2 fuel were presented in [1] in the form of tables 
and thus, the numerical analysis of these data is possible. In total, 11 data sets corresponding to 11 investigated samples 
are available.  

Three ‘before annealing’ data sets ( 680=irrT  K, 55=bu  MWd/kg; 700=irrT  K, 82=bu MWd/kg; 
730=irrT K, 96=bu  MWd/kg) are incomplete and the corresponding ‘after annealing’ data sets are absent. This is due 

to the fact that these samples with high burn-ups and low irradiation temperatures disintegrated when heated to the 
temperatures exceeding the irradiation temperature and further measurements were impossible.  

Thermal conductivity of irradiated fuel 
T_irr = 730 K, burn-up 34 MWd/kg 
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Fig.1. Temperature dependence of the thermal conduct ivity of UO 2 irradiated at 730 
K with burn-up 34 MWd/kg before and after annealing 

 

Thermal conductivity of irradiated fuel 
T_irr = 1300 K, burn-up 51 MWd/kg 
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Fig.2. Temperature dependence of the thermal conduct ivity of UO 2 irradiated at 1300 
K with burn-up 51 MWd/kg before and after annealing 

 
The obtained results for 2 from 8 surviving samples are presented in Figures 1-2. The lower red curve 

corresponds to the ‘before annealing’ data set and the upper blue curve represents the ‘after annealing’ data set. One can 
see substantial annealing effect on radiation damage recovery in the case of low irradiation temperatures leading to 
thermal conductivity increase and an altered temperature dependence (Fig.1). On the other hand, as one could expect, at 
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high irradiation temperatures the difference between ‘before annealing’ and ‘after annealing’ curves is relatively small 
with practically the same temperature dependence (Fig.2). 

3. ANALYSIS OF THE EXPERIMENTAL DATA 

3.1 Modelling approach 
In the paper [1] on the basis of obtained experimental data the model of thermal conductivity of irradiated fuel 

was developed. The study started from ‘microscopical’ consideration of the irradiation effects (gaseous, volatile and non-
volatile FPs’ presence in dissolved and precipitated state, lattice displacement defects, etc) on phonon scattering, but 
finally the correlation for the fuel thermal conductivity was expressed in terms of ‘macroscopical’ parameters: 
measurement temperature T , irradiation temperature irrT , annealing temperature annT  and burn-up value bu :  

),,,( buTTT annirrλλ = , (1) 

Thus, this model can be characterised as a ‘phenomenological’ one.  
The comparison of the ‘after annealing’ experimental data and model predictions show quite good agreement. 

As for the ‘before annealing’ data, it should be noted here that samples during the increasing temperature measurements 
session should be generally considered as not-annealed. One can believe that in these two cases only partial (and rather 
small) annealing took place due to the fact that the temperature of measurements was relatively low and there was not 
enough time for considerable (full) recovery of radiation damage. For the ‘before annealing’ data the irradiation 
temperature can be considered as effective annealing temperature for the temperature range below irrT . For the 
temperature range above irrT  they should be considered as not-annealed, and thus at these temperatures the value of 

annT  just does not have any sense. 
That is why the ITU model correlation (1) which contains the value of annT  as one of the parameters can not be 

directly applied to the analysis of the full set of the ‘before annealing’ data. Due to complicated structure of the 
expressions consisting the ITU model correlation, it is not clear if it is possible to reformulate these expressions correctly 
and exclude the value of annT  from them in order to be able to describe the ‘before annealing’ behaviour of the samples. 

For the simulation of the not-annealed samples behaviour the new simple phenomenological model is developed 
in the present work on the basis of the experimental data without using ‘microscopical’ considerations. The value of 
thermal conductivity in this model depends only on temperature of measurements, irradiation temperature and burn-up: 

),,( buTT irrλλ = , (2) 

The annealed samples data will be treated with the help of the ITU model correlation (1). 
 
3.2 Experimental data treatment and model development 

In the paper [1] the following general expression for the measurement temperature dependence of the thermal 
conductivity is considered: 

TBA ⋅+
= 1λ , (3) 

where A  and B  contain all information about heat capacity and phonon scattering process. It is assumed that A  and B  
do not depend on the temperature of measurements, but still depend on the two (in the case of not-annealed samples) or 
three (in the case of annealed samples) remaining parameters: 

),(11 buTAA irr= , (4) 

 

),(11 buTBB irr= ; (5) 

 
),,(22 buTTAA annirr= , (6) 

 

),,(22 buTTBB annirr= . (7) 

Here index ‘1’ refers to ‘before annealing’ values and index ‘2’ – to ‘after annealing’ ones. 
We should note that in the paper [1] the obtained experimental data on thermal conductivity were normalised to 

5% porosity (corresponding to the state of the fresh fuel) using the results of porosity measurements for each sample. In 
the present work we use recalculated data to 0% porosity (theoretically dense fuel). 

As it follows from the expression (3), the inverse thermal conductivity data could be interpolated by straight 
lines. Parameters of these straight lines will give us the values of coefficients A  and B . Calculated coefficients 1A  and 

1B  as parameters of the interpolating straight lines are presented in table 1.  
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Table 1. Calculated A, B, C and D coefficients for ‘before annealing’ curves  

 
A, m ·K/W B, m/W, 10 -4 C coeff., 10 -3 D coeff., 10 -6 

Tirr  = 730 K, bu = 34 MWd/kg 0.1991 1.978 4.603 -0.6211 

Tirr  = 860 K, bu = 34 MWd/kg 0.1579 2.456 3.392 0.7856 

Tirr  = 1020 K, bu = 33 MWd/kg 0.1586 2.490 3.514 0.9117 

Tirr  = 1210, K, bu = 34 MWd/kg 0.1371 2.853 2.779 1.954 

Tirr  = 680 K, bu = 55 MWd/kg 0.2845 1.578 4.398 -1.111 

Tirr  = 890 K, bu = 51 MWd/kg 0.2100 2.303 3.283 0.2238 

Tirr  = 1100 K, bu = 51 MWd/kg 0.2826 1.689 4.706 -0.9804 

Tirr  = 1300 K, bu = 51 MWd/kg 0.1177 2.685 1.472 0.9723 

Tirr  = 700 K, bu = 82 MWd/kg 0.3590 0.857 - - 

Tirr  = 730 K, bu = 96 MWd/kg 0.3784 0.9218 - - 

Tirr  = 1490 K, bu = 92 MWd/kg 0.2230 2.526 - - 

 
One can see rather high scattering of the obtained data. Due to this scattering and since the values of 1A  and 1B  

depend on two parameters: irradiation temperature and burn-up it is not possible to derive the dependences (4)-(5) 
without additional assumptions. Here we can use the assumption actually used in the ITU model that the effect of 
radiation damage on the A  and B  values is proportional to the value of burn-up. As it follows from the analysis of the 
ITU model, the only exception is high burn-up fuel at low irradiation temperatures, where the reduction of the fraction of 
gas in solid solution take place as the rim structure is formed. Only in three samples with 82, 92 and 96 MWd/kg burn-
ups such reduction occurred. For the other data sets one can write: 

)(),( 1
0

1 irrirr TCbuAbuTA ⋅+= , (8) 

 

)(),( 1
0

1 irrirr TDbuBbuTB ⋅+= . (9) 

Here 0A  and 0B  are the coefficients which determine the thermal conductivity of fresh (non-irradiated) fuel: 

TBA ⋅+
=

00
0 1λ . (10) 

These values were determined on the basis of data presented in [5], where a lot of experimental results for the 
fresh fuel were analysed: 

 04259.00 =A  m·K/W,  

40 10189.2 −⋅=B  m/W. 

)(1 irrTC  and )(1 irrTD  in relations (8) and (9) are new coefficients which depend only on irradiation temperature. 

Obviously,  

bu

AbuTA
TC irr

irr

0
1

1
),(

)(
−= , (11) 

 

bu

BbuTB
TD irr

irr

0
1

1
),(

)(
−= . (12) 

Calculated values of )(1 irrTC  and )(1 irrTD  are presented in table 1. One can see lesser scattering as compared 
to the 1A  and 1B  values, but still rather high. One can consider different ways to find proper correlation. We will use 
straight line correlation. 

Correlation for the coefficient )(1 irrTC  has the following form: 

 ( )
1

43211 2

73
exp1)(

−
















 −+⋅⋅++⋅+= bu
TccTccTC irrirrirr , (13) 

3
1 107.098 −⋅=c ,     6

2 103.964 −⋅−=c ,     3
3 10106.2 −⋅−=c ,     6

4 10834.1 −⋅=c . 

Correlation for the coefficient )(1 irrTD  has the form: 
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 −+⋅⋅++⋅+= bu
TddTddTD irrirrirr , (14) 

6
1 1019.3 −⋅−=d ,     9

2 108.3 −⋅=d ,     10
3 10233.6 −⋅=d ,     . 9

4 10414.1 −⋅−=d  

We note here that an additional term was introduced in the correlations (13)-(14) similar to that of the ITU 
model [1] in order to account for the rim structure effect on the reduction of the fraction of gas in solid solution at high 
burn-ups. This makes it possible to extend the above correlations to the samples with 82, 92 and 96 MWd/kg burn-ups as 
well. 

The derived relations (8)-(9), (13)-(14) represent an empirical model of thermal conductivity of non-annealed 
irradiated UO2 samples. This model considers thermal conductivity in terms of phenomenological parameters (irradiation 
temperature, burn-up).  In spite of the fact that no microscopical considerations were used in deriving the model relations, 
from the formal point of view it is of the same type as the ITU model [1].  

4. THERMAL CONDUCTIVITY UNDER CHANGING TEMPERATURE CONDITIONS 

4.1 Different types of thermal conductivity temperature dependence curves 

The ITU experiments show that thermal conduction properties of irradiated fuel can change under cooling-
heating conditions. However, experimental observations show that if a sample annealed at some temperature annT  will 
be cooled down below the value of annT  and then heated up to annT , its thermal conductivity will follow the same 
temperature curve, no matter how many cycles of cool-down and heat-up will happen [6]. Thus, one can say that 
annealing at some temperature ‘freezes’ the state of the sample (with respect to thermal conductivity) for all values below 
the annealing temperatures.  

In Fig. 3 the parts of the temperature curves for the samples annealed at different temperatures for the 
temperature range below the annealing temperature are presented (the curves were calculated in accordance with the ITU 
model). The end points of the curves correspond to the values of thermal conductivity measured at the annealing 
temperature. In other words, the sample was annealed at the maximum temperature of measurement. From practical point 
of view it means that the sample was kept at a certain temperature until the radiation damage recovery processes were 
finished (complete annealing) and then the measurement of thermal conductivity was performed, for temperatures below 
the annealing. 

A curve which connects the end points of the temperature curves under consideration represent the thermal 
conductivity of a sample annealed at the temperature of measurement (Fig. 4). This curve corresponds to the 
experimental procedure where a sample is heated up to some initial (low) temperature, then being kept at this temperature 
as long as is needed to complete the annealing process possible at that temperature, and then the measurement of thermal 
conductivity is performed. After that, sample is heated up again to a higher temperature, and complete annealing at this 
new temperature is achieved. The measurement of thermal conductivity is carried out and so on, until the curve is 
complete.  

If thermal conductivity of irradiated fuel annealed at annT  is given by relation (1) 

),,,( buTTT annirrλλ = ,  

then obviously, such ‘annealed at the temperature of measurement’ curve is determined by  

),,,( buTTT irrλλ = . (15) 

The blue curve in Fig 4 was built using ITU model relations in the form (15).   
One can also imagine the situation, when a sample irradiated at some temperature irrT  is heated up to the 

temperatures above irrT  so fast that no annealing can take place since there is no time for the radiation damage recovery 
process to occur. In Fig. 5 the red lower curve correspond to such sample with unchanging (‘frozen’) radiation damage 
defects, i.e. un-annealed sample. This curve was built using relations (8)-(9), (13),-(14) of the model developed in the 
present paper.  

Of course, some partial annealing took place in the ITU experiments. But the large differences between 
‘annealed at the temperature of measurement’ and ‘before annealing’ curves (Fig. 5) point to the fact that such partial 
annealing was small, and this calculated ‘before annealing’ curve is rather close to the real curve describing completely 
un-annealed  samples. 

4.2 Hysteresis-like variation of thermal conductivity 

Every test in which thermal conductivity of irradiated fuel is measured at gradually increasing temperatures will 
give the results which will be located between blue and red curves from Fig. 5. Depending on the rate of the heat-up the 
temperature dependence curve will be located closer to the lower red curve (if heat-up rate is high enough), or closer to 
the upper blue curve (if heating is rather slow). In order to give more definite prediction of the temperature curve one 
should know the kinetics of the annealing process.  
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Thermal conductivity of irradiated fuel 
 T_irr = 1000 K, burn-up 24 MWd/kg 
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Fig.3. Temperature curves of thermal conductivity of  the samples annealed at 
different temperatures 

 

Thermal conductivity of irradiated fuel 
ITU model prediction of hysteresis behaviour. T_irr = 1000 K, burn-up 24 MWd/kg 
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Fig.4. Temperature curves of thermal conductivity of  the samples annealed at 
different temperatures and the ’annealed at the temperature of measurements’ curve 

 

Thermal conductivity of irradiated fuel 
ITU model prediction of hysteresis behaviour. T_irr = 1000 K, burn-up 24 MWd/kg 
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Fig.5. Temperature curves representing hysteresis pa ttern of thermal conductivity. 
Tirr  = 1000 K, burn-up 24 MWd/kg 
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In terms of phenomenological approach that means time dependence of the difference between )(Tannλ  
(completely annealed sample, blue line) and )(Tλ  (current state of the sample) for a given temperature: 

),( tTann λλλ ∆=− . (16) 

In the ITU tests the systematic investigation of the kinetics of annealing process was not performed. Thus, we 
can analyse the considered phenomenon only qualitatively.  

Situation becomes more complex when both heat-up and cool-down phase take place during one set of 
measurements. Let at first un-annealed sample has some temperature 0T  and the value of its thermal conductivity 
belongs to un-annealed red line )(Tunλ  (point ‘0’, Fig. 6). As the temperature is increasing the value of λ  can go to 
point ‘1’ along the red curve (if the temperature will increase quickly enough), or go to the λ  evolution curve that will 
be located higher )(Tunλ  (dotted arrow) in the case if the heat-up rate is not so fast.  

Now let us stop heating when the temperature 1250 K is reached and wait until the annealing process will be 
completed. λ  evolution curve will reach )(Tannλ , point ‘2’. If now we begin to decrease the temperature of the sample 
we will move along the curve ‘annealed at 1250 K’ toward point ‘3’. As it was mentioned above, if after cool-down the 
heat-up will start the value of λ  will move between point ‘2’ and ‘3’ along the curve ‘annealed at 1250 K’ so long as this 
temperature of annealing is not exceeded. When it goes above 1250 K, the value of λ  will move to the point ‘4’ along 
the branch of the curve ‘annealed at 1250 K’ corresponding to temperatures higher than 1250 K (if the heating is very 
fast), or above this curve (dotted arrow) if the heat-up rate is not so fast. 

If we again stop heating when the temperature 1350 K is reached and wait until the end of the annealing process, 
the value of λ  will move to point ‘5’ on the )(Tannλ  curve coinciding with the end point of the ‘annealed at 1350 K’ 
curve. 

Thermal conductivity of irradiated fuel 
ITU model prediction of hysteresis behaviour. T_irr = 1000 K, burn-up 24 MWd/kg 
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Fig.6. Possible ways of thermal conductivity value v ariation depending on local 
temperature variation  

 
As one can see, temperature dependence of thermal conductivity of irradiated fuel demonstrates a rather 

complicated hysteresis behaviour in the conditions of alternating heat-up and cool-down phases. Current value of thermal 
conductivity under such conditions appears to depend not only on current temperature, irradiation temperature and burn-
up, as it was discussed above, but on the temperature history of the sample as well. The ratio of two characteristic times:  

(i) characteristic time of annealing kinetics annτ  and  
(ii)  characteristic time of temperature variation Tτ   
determine time evolution of the value of thermal conductivity.  
Generalizing the above considerations, one can say that the system of temperature dependence curves ranging 

from the ‘un-annealed’ curveunλ , ‘annealed at the temperature of measurement’ curve annλ  and a set of ‘annealed at the 
temperature T ’ curves form the set of thermal conductivity time evolution trajectories. Form of such sets depends on 
irradiation temperature and burn-up value and determines the evolution of thermal conductivity by using temperature 
variation history and annealing kinetics parameters. 

4.3 Dynamical model for UO2 fuel thermal conductivity 
We should notice here that the above consideration concerns out-of-pile test conditions. As for the in-pile 

conditions, situation becomes even more complex since the new factor – continuous high flux irradiation is taking place. 
One should also take into account that reactor power can vary during exploitation leading to appearance of a new time-
dependent factor. Thus we have complex interdependence of irradiation, annealing and heat exchange effects that 
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determine the value of local thermal conductivity of fuel, which, in turn, determines temperature distribution inside the 
fuel pellet and heat transfer. 

On the basis of the above considerations one can formulate the following main principles of the model for UO2 
fuel thermal conductivity under in-pile conditions:  

1. The model should be based on the pattern of thermal conductivity time evolution trajectories defined in the 
above subsection.  

2. Since temperature of fuel under irradiation can change, and the burn-up value is continuously changing, the time 
evolution set of curves should also be changing during the whole irradiation period. (That is why such a model 
can be characterized as ‘dynamical’ one.)  

3. The model should account for the annealing kinetics and describe the dependence of radiation damage recovery 
rate on the current temperature. 
One may believe that such a model, self-consistently describing the mutual influence of irradiation, annealing 

and temperature evolution processes (while each process has its own time scale) will be able to adequately predict the 
irradiated fuel thermal conductivity evolution. And this, in turn, will allow the description of the heat exchange of the 
fuel pellet with the cladding and temperature distribution inside the pellet during regular industrial exploitation as well as 
during transient regimes and possible accident conditions. Particularly in the latter cases the time scales of the above 
processes can change dramatically. 

5. SUMMARY AND CONCLUSIONS 

• The experimental data on thermal conductivity of irradiated UO2 fuel obtained in the ITU were evaluated. In 
total 19 data sets for 11 samples: results of 11 measurement sessions performed at increasing temperatures 
(‘before annealing’) and 8 measurement sessions performed at decreasing temperatures (‘after annealing’) were 
considered. 

• ‘After annealing’ data is well correlated by the thermal conductivity model elaborated at the ITU. As for the 
‘before annealing’ data, the new relatively simple phenomenological model was developed in order to describe 
thermal conductivity temperature dependence under such conditions. 

• Using the results of ITU model and the newly developed model the hysteresis of thermal conductivity of 
irradiated fuel under alternating heat-up and cool-down phases was analysed. The current value of thermal 
conductivity under such conditions depends not only on actual temperature, irradiation temperature and burn-up, 
but on the prior temperature history of the sample as well.  

• On the basis of this analysis it was concluded that the system of temperature dependence curves consisting of 
‘un-annealed’ curveunλ , ‘annealed at the measurements temperature’ curve annλ  and a set of ‘annealed at the 

temperature T ’ curves form the set of thermal conductivity/time trajectories. Such set depends on irradiation 
temperature and burn-up value. The evolution of thermal conductivity can be determined if the temperature 
variation history and annealing kinetics parameters are known. 

• The main principles of the dynamic model for UO2 fuel thermal conductivity under in-pile conditions were 
formulated. Such model, self-consistently describing the mutual influences of irradiation, annealing and 
temperature evolution processes should be able to predict adequately fuel thermal conductivity evolution during 
regular industrial exploitation as well as during transient regimes and possible accident conditions. 
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