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Abstract 

One of the factors that change the UO2 fuel thermal conductivity is the generated porosity in 
the fuel with increasing burnup. At high burnups, the structure known as rim region is 
created, which is due to the Xe depletion process from the fuel matrix, porosity formation and 
fuel grain recrystallization, which in turn changes the fuel thermal conductivity. Using the 
existing low temperature high burnup fission gaseous swelling model with progressive 
recrystallization for UO2 fuel, the matrix swelling terms are calculated and the evolution of 
total volume porosity up to burnup of 120 MWd/KgU is estimated. To study the effect of 
porosity formation on irradiated UO2 thermal conductivity, the irradiated UO2 thermal 
conductivity model based on the Maxwell-Eucken correlation for porosity factor is selected as 
a case study and the calculation of porosity evolution with burnup is carried out. It is shown 
that taking into account the formation of porosity with burnup compared to the case with 
constant porosity equal to as-fabricated value leads to a decrease in the UO2 fuel thermal 
conductivity up to about 15% at high burnup values of 120 MWd/kgU. Results of the 
calculations are also compared with the available experimental data and good agreement 
was found. The conducted parametric study clearly demonstrated the impact of the key 
parameters on the results of the present investigation. 

1. Introduction 

The thermal conductivity is one of the most important properties of fuel that has great 
influence on the fuel operating temperature, performance and behavior. In general, ceramic 
fuels as UO2 have rather low thermal conductivity that is affected by several factors such as 
temperature, porosity, dissolved and precipitated solid fission products, changing in fuel 
microstructure and establishment of high burnup structure, radiation damage and 
stoichiometry. The porosity effect on thermal conductivity, among other factors, is one of the 
most difficult properties to characterize. In fact the oxide fuel is generally fabricated by 
sintering pressed powdered U02 at high temperature. By controlling the sintering conditions, 
material of any desired density, usually around 90% of the maximum possible or theoretical 
density of the solid, can be produced. As a result, as-fabricated porosity is already present in 
unirradiated fuel. The fission gas atoms resulted from the fission process, are known to be 
insoluble in the fuel matrix and to precipitate into intragranular and intergranular bubbles, 
which contribute to fuel swelling and porosity generation. With increasing burnup under low 
temperature condition, UO2 fuel is known to undergo irradiation-induced recrystallization 
process by which more grain boundaries are formed to accommodate fission gas atoms. 
Recrystallization initiates from the boundary of the grain and proceeds toward its center until 
the grain is totally consumed. Large grains turn into small fine grains so as to absorb gas 
atoms in the grain boundary effectively, thus large intergranular bubble will be produced and 
make a major contribution to the gas bubble swelling and corresponding porosity generation 
[1-5]. 

The porosity formation effect on irradiated UO2 fuel thermal conductivity 
in high burnup structure 
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Various equations, both empirical and analytical have been developed to describe the effect 
of porosity on the thermal conductivity. Taking a unit cell of porous material represented as a 
cube of the solid material surrounding a gas pore, Loab [6] and Kampf et al. [7] derived an 
analytical expression for the porosity effect on thermal conductivity. Studies on thermal 
conductivity of high burnup structure and experimental observations of increasing porosity in 
the rim region of UO2 pellet led to proposing some correlations for porosity evolution with 
burnup in this region [8]. Lee et al. [9] studied the effect of calculated porosity of rim region of 
UO2 pellet on thermal conductivity degradation assuming that all generated fission gas 
atoms in the rim region are retained in the rim pores. Using the HALDEN thermal conductivity 
model, they found that the rim porosity yields a thermal conductivity decrease of about 20% 
at high burnups. Recently, based on the relevant experimental data obtained by Spino et al. 
[10], Lemes et al. [11] developed an empirical expression for porosity of UO2 fuel as a 
function of local burnup ranging from 60 to 300 MWd/kgU, including the possible effects of 
pellet-cladding mechanical interaction.  

In this paper, an attempt is made to quantify the influence of porosity on the thermal 
conductivity of UO2 matrix. This is achieved using a model for determining porosity evolution 
based on the work of Spino at al. [12] as well as the Rest model [2,4,5] for UO2 swelling with 
progressive recrystallization. Then as a case study, the Lucuta model [13] for UO2 thermal 
conductivity is selected to evaluate the effect of calculated porosity evolution on the thermal 
conductivity up to the local burnup of 120MWd/kgU. 

2. Models and methods 

2.1. Lucuta model of thermal conductivity 

The model of irradiated UO2 thermal conductivity developed by Lucuta et al. [13] can be 
expressed as: 

k ൌ k଴κ୆κୗκୖୈκ୔,                                                                                                                  (1) 

where k଴	is unirradiated UO2 thermal conductivity and for a fully dense UO2 (100% of 
theoretical density) as a function of temperature is given by the expression [13] 

k଴ ൌ
ଵ

଴.଴ଷ଻ହାଶ.ଵ଺ହൈଵ଴షర୘
൅

ସ.଻ଵହൈଵ଴వ
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exp ቀെ

ଵ଺ଷ଺ଵ

୘
ቁ,                                                                    (2) 

where T is the temperature in Kelvin. 

κ୆ is the burnup dependence factor that consists of the following two contributions:   

 κ୆ ൌ κୈୗκ୔ୗ 
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,                                                                               (4) 

where  κୈୗ and κ୔ୗ	denote the effect of the dissolved and precipitated solid fission products, 
respectively and Bu is the fuel burnup in percent . 

κୗ is associated to the effect of deviation from the stoichiometry on the thermal conductivity 
that is important for accident conditions and fuel defects. In both cases, the fuel becomes 
hyper stoichiometric and thermal conductivity would decrease accordingly [13], but no 
deviation from the stoichiometry under normal operating conditions is observed, so that 
under these conditions κୗ ൌ 1.                                                                                                                            



3 
 

κୖୈ refers to the effect of the radiation damage from the neutrons, α-decay which increases  
lattice defects and consequently reduces the fuel thermal conductivity. κୖୈ can be expressed 
as [13]: 

κୖୈ ൌ 1 െ
଴.ଶ

ଵାୣ୶୮ቀ
ሺ౐ሺేሻషవబబሻ

ఴబ
ቁ
.                                                                                                   (5) 

	κ୔ indicates the porosity effect on the fuel thermal conductivity. The expression for κ୔, 
according to Maxwell-Eucken formula [13] consists of a pore shape factor, σ, that equals to 
1.5 for the spherical pores  and hence the total porosity P given by:  

κ୔ ൌ
ଵି୔

ଵାሺ஢ିଵሻ୔
                                                                                                                           (6) 

In the present study, we examine the effect of porosity evolution with burnup on the thermal 
conductivity as expressed by the factor 	κ୔ in the Lucuta formula for irradiated UO2 fuel 
thermal conductivity. 

2.2. Porosity  

Porosity is defined as the ratio of voided volume over the total volume. Total porosity P is 
composed of two contributions: One comes from pores P୴ including as-fabricated voids as 
initial porosity with no contribution to the matrix swelling and the other named swelling 
porosity Pୱ		stems from the irradiation induced fission gas bubbles contributing to the matrix 
swelling. If ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ V଴

୫ୟ୲୰୧୶⁄  represents the fractional fuel matrix swelling due to fission 
gas bubbles, where V଴

୫ୟ୲୰୧୶ denotes the initial matrix volume, and ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ  is the increase 
of matrix volume due to bubble formation, then by definition the swelling porosity Ps  is given 
by:	 

Pୱ ൌ ሺ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ V଴
୫ୟ୲୰୧୶⁄ 		ሻ/൫1 ൅ ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ V଴

୫ୟ୲୰୧୶⁄ 			൯                                                      (7) 

Taking the unirradiated fuel volume as the reference state in the fuel swelling calculation, the 
pore P୴  may be obtained by the following expression given in [12] 

P୴ ൌ 1 െ ൫1 ൅ ∆V୫ୟ୲୰୧୶ V଴
୫ୟ୲୰୧୶⁄ ൯ሺρ ρ୲୦⁄ ሻ ,                                                                               (8) 

where ρ is the bulk fuel density and ρ୲୦ is the theoretical density of UOଶ, and  
∆V୫ୟ୲୰୧୶ V଴

୫ୟ୲୰୧୶⁄  represents the total fractional fuel matrix swelling caused by both solid 
(∆Vୱ୭୪୧ୢ V଴

୫ୟ୲୰୧୶⁄ ) and gaseous (	∆V୥ୟୱୣ୭୳ୱ V଴
୫ୟ୲୰୧୶⁄ ) fission products as follows: 

∆V୫ୟ୲୰୧୶ V଴
୫ୟ୲୰୧୶⁄ 	ൌ ∆Vୱ୭୪୧ୢ V଴

୫ୟ୲୰୧୶⁄ ൅ ∆V୥ୟୱୣ୭୳ୱ V଴
୫ୟ୲୰୧୶⁄                                                        (9) 

With  ∆V୥ୟୱୣ୭୳ୱ V଴
୫ୟ୲୰୧୶⁄   representing the total fractional gas swelling resulting from both gas 

atoms in the dynamic solution and the fission gas bubbles as follows 

∆V୥ୟୱୣ୭୳ୱ V଴
୫ୟ୲୰୧୶⁄ ൌ ∆V୥ୟୱ	ୟ୲୭୫	 V଴

୫ୟ୲୰୧୶⁄ 	൅ ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ V଴
୫ୟ୲୰୧୶⁄                                            (10)  

 The swelling due to solid fission products is given by [14] : 

∆Vୱ୭୪୧ୢ V଴
୫ୟ୲୰୧୶⁄ ൌ 0.0032 ∗ BuሺGWd tM⁄ ሻ 10⁄  ,                                     (11) 

where Bu depicts the fuel burnup. To estimate the swelling due to gaseous fission products, 
an analytical approach to fuel element swelling developed in the low temperature condition 
(T < 850 K) is used [5,15]. 

Hence the total porosity P =Ps+Pv takes the following form:  

P ൌ 1 െ ൫1 ൅ ∆V୫ୟ୲୰୧୶ V଴
୫ୟ୲୰୧୶⁄ ൯ሺρ ρ୲୦⁄ ሻ ൅	ሺ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ V଴

୫ୟ୲୰୧୶⁄ 		ሻ/൫1 ൅ ∆V୥ୟୱ	ୠ୳ୠୠ୪ୣ V଴
୫ୟ୲୰୧୶⁄ ൯                  

                                                                                                                                             (12) 

To study the evolution of porosity with burnup using Eq. (12), one needs to calculate the 
terms associated with the matrix swelling. 
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2.3. Matrix swelling before grain recrystallization 

An analytical approach in the low burnup regime to obtain fission gas induced swelling 
was developed in References [4,5,12]. For completeness, this approach is outlined in this 
Section. 

 In this approach, fission gas swelling is a function of the fission gas atoms and bubbles 
concentration and lattice size in the fuel matrix. The density of the gas in the intragranular 
bubbles change by irradiation time and can be written as the sum of the two equations, 
representing the time evolution of the fission gas bubble density cୠ	and of the gas atoms 
content in bubbles nୠ	as follows [4,5,12]: 

ୢୡౘሺ୲ሻ

ୢ୲
ൌ

ଵ଺஠୤౤ୈౝ୰ౝୡౝሺ୲ሻୡౝሺ୲ሻ

୬ౘሺ୲ሻ
െ

ୠ

ଶ
cୠሺtሻ                                                                                          (13)    

ୢ୬ౘሺ୲ሻ

ୢ୲
ൌ 4πrୠሺtሻD୥c୥ሺtሻ െ

ୠ

ଶ
nୠሺtሻ,                                                                                          (14) 

where f୬ (ൎ 	10ିସ) is the bubble nucleation factor, b is related to the effects of fission-induced 
gas atom resolution and is the rate of gas atoms ejected from the bubble, and c୥,  D୥, r୥ and 

rୠ are the concentration of the intragranular gas atom, diffusion coefficient and radii, 
respectively.  

In present work, the system of Eqs. (13) and (14),  with initial conditions (cb=nb=0) is solved 
numerically the by Runge Kutta-4 to obtain cୠ	and nୠ	.The first term on the RHS of Eq. (14) 
represents the creation rate of intragranular bubbles with an average size of rୠ. The last 
terms on the RHS of Eqs. (13) and (14) are a loss due to the whole bubbles destruction and 
a loss term due to gas atom chipping from bubbles, respectively. 

The concentration of gas atoms within grain c୥ሺtሻ, according to Rest [2] is formulated as 

 c୥ሺtሻ ൌ
ିሺଵା୤౩ሻାൣሺଵା୤౩ሻమା଺ସ஠୤౤୰ౝୈౝ஑୤ሶ୲ ୠ⁄ ൧

భ
మ

ଷଶ஠୤౤୰ౝୈౝ ୠ⁄
,                                                                                  (15)    

where fሶ	ሺfission/mିଷsecିଵሻ is the fission density rate, α is the number of gas atoms produced 
per fission event and fୱ is the fraction of the gas that diffuses to the grain boundary of 
diameter d୥ and can be approximated by [4] 

fୱ ൌ
଼

ୢౝ
ቀ
ୈౝ୲

஠
ቁ
భ
మ െ

଺

ୢౝ
మ D୥t																				

ସ஠మୈౝ୲

ୢౝ
మ ൑ 1						                                                                       (16)  

fୱ ൌ 1 െ
ୢౝ

మ

଺଴ୈౝ୲
൅

ୢౝ
మ

ଶୈౝ୲
exp ൬െ

ସ஠మୈౝ୲

ୢౝ
మ ൰																								

ସ஠మୈౝ୲

ୢౝ
మ ൐ 1						                                                (17) 

To obtain the bubble concentration on the grain boundary,	Cୠሺtሻ, one can use an 
approximate relation as [4,5,12]: 

∁ୠሺtሻ ൌ ൬ ଼୸ୟ୏

ଵଶభ య⁄ ஠మஞୈౝஔ
൰

భ
మ
  ,                                                                                                         (18) 

where 
ୟయ

ଵଶ
 is the average atomic volume in UO2 [12], a is the lattice constant, z is the number 

of sites explored per gas-atom jump, δ is the width of the boundary, ξ is a grain-boundary 
diffusion enhancement factor, and K is the diffusion flux of gas-atoms from grain interior to 
the grain boundary given by [12]: 

K ൌ
ୢౝ
ଷ

ୢୡౝ
ୢ୲

ୢሺ୤౩୲ሻ

ୢ୲
	,                                                                                                                     (19) 
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with 

ୢୡౝ
ୢ୲

ൌ
஑୤ሶିୡౝୢ୤౩ ୢ୲⁄

ଵା୤౩ାଷଶ஠୤౤୰ౝୈౝୡౝ ୠ⁄
	                                                                                                         (20)  

The gas concentration on the grain boundaries, C୥, is given by: 

C୥ሺtሻ ൌ
ୢౝ
ଷ
fୱሺtሻc୥ሺtሻ	                                                                                                              (21)  

And the average number of gas atoms in a grain boundary bubble is  

Nୠ ൌ
େౝሺ୲ሻ

∁ౘሺ୲ሻ
                                                                                                                              (22)  

The radius of the intragranular bubble rb can be calculated using the modified Van der Waals 
gas law as: 

ଶஓ

୰ౘ
ቀ
	ସ஠୰ౘ

య

ଷ
െ hୱBnୠቁ ൌ nୠkT                                                                                                     (23) 

where B is the Van der Waals constant for Xe, k is Boltzmann's constant, T is the absolute 
temperature, γ is the surface tension and hୱ	is a fitting parameter that for a given T makes 
Eq. (23) equivalent to the hard sphere equation of state [12].  

An approximate solution to Eq. (23) for intragranular bubbles in the nanometer size range is 
given by 

rୠሺtሻ ൌ ቀଷ୦౩୆୬ౘሺ୲ሻ
ସ஠

ቁ
ଵ ଷ⁄

 ,                                                                                                         (24) 

where B is the Van der Waals constant for Xe, k is Boltzmann's constant, T is the absolute 
temperature, γ is the surface tension and hୱ	is a fitting parameter that for a given T makes 
Eq. (23) equivalent to the hard sphere equation of state [12].  

The radius of the intergranular bubble Rb can be obtained by numerically solving Eq. (23) 
written on the grain boundary while substituting nb and rb with Nୠ and Rୠ, respectively. 

Finally,  the total fractional gaseous swelling defined by Eq. (4) is given as [12] 

ቀ∆୚
ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ቁ

୥
ൌ

ୡౝୟయ

ସ
൅	

ସ஠

ଷ
൬rୠ

ଷcୠ ൅	
ଷୖౘ

య∁ౘ
ୢౝ

൰                                                                                  (25) 

The first term on the RHS of Eq. (25), represents the swelling due to gas atoms in the 
dynamic solution and does not contribute to the swelling porosity Ps, and the second term 
represents the contribution of intragranular and intergranular bubbles to the matrix swelling 
leading to swelling porosity formation, respectively. 

2.4. Matrix swelling with grain recrystallization 

In low temperature, high burnup conditions, irradiation induced recrystallization process 
wherein the as-fabricated micron-size grains are transformed to submicron-sized grains 
accelerates the fission gas swelling. This is due to a combination of short diffusion distances 
which further facilitates gas depletion, increased grain-boundary area per unit volume, and 
greater intergranular bubble growth rates as compared to that in the grain interior. The 
initiation of the recrystallization has been observed to occur predominantely along the 
preexisting grain boundaries at a fission density of Fୢ୶ estimated as [2,5] 

Fୢ୶ ൌ 4 ൈ 10ଶସfሶ ଶ ଵହ⁄  .                                                                                                            (26) 
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 Subsequently, the recrystallization front moves toward the grain center eventually 
consuming the entire grain. Thus, the volume fraction of recrystallized material is a function 
of the irradiation time as well as the initial grain size given by [2,5]  

V୰ ൌ 1 െ ቈ1 െ
ଽ଺ஓ୆మሺ୊ౚି୊ౚ౮ሻ

ୢౝେఽେಙ
ට୤ሺ஝ሻ

ଶ஠
቉
ଷ

 ,                                                                                       (27) 

where Fୢ and Fୢ୶ ൌ fሶt୶ are the fission density related to the irradiation time, t, and onset of 
the recrystallization time,  t୶ respectively, fሺνሻ ൌ ሺ1 െ ν/2ሻ/ሺ1 െ νሻ, where υ is poisson's ratio,  
C୅ is 3 for the cubic cells, C஡	is within a factor of unity [2,5], Bଶ is a parameter in the 

expression for the fission induced microscopic creep, εሶ ൌ Bଶfሶσ, and stress, 	σ, is a function of 
the lattice displacement, σ ൌ EΔa a଴⁄  , where E is the bulk modulus of fuel material [3]. After 
the onset of the recrystallization, the original grain is divided into two regions of the 
recrystallized and unrecrystallized grain. The total fractional gas swelling can be expressed as  

 ቀ
∆୚ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ቁ

୘୓୘
ൌ ሺ1 െ V୰ሻ ቀ

∆୚ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ቁ

୥
൅ V୰ ቀ

∆୚ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ቁ

୥୶

,                                                        (28) 

where V୰ is given by Eq. (27),  ቀ
∆୚ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ቁ

୥
 indicates  the gaseous swelling within the 

unrecrystallized zone which  is still composed of both the intragranular and intergranular 

bubbles  given  by  Eq. (25), and  ሺ
∆୚ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ሻ୥୶  denotes the gaseous  swelling within the  

recrystallized  area which is due to the  Xe depletion  in the fuel matrix steming from the 
intergranular bubbles only,  and  can be calculated by [2,5]   

ሺ
∆୚ౝ౗౩౛౥౫౩

୚బ
ౣ౗౪౨౟౮ ሻ୥୶ ൌ 	4πRୠ୶

ଷ ൬	
∁ౘ
ୢౝ
൅

∁ౘ౮
ୢౝ౮

൅
ଵ

ଷୢౝ౮
య ൰,                                                                                (29) 

where Rୠ୶ and ∁ୠ୶ are the radius and the density of the intergranular fission gas bubble and 
d୥୶ is the grain size after the recrystallization. For evaluation of ∁ୠ୶ , Eq. (18) is used , and 

Eq. (23) is numerically solved for 	Rୠ୶, with as fabricated grain size  d୥  replaced  with the  

recrystallized grain size d୥୶ and Nୠ with  Nୠ୶ which is obtained by the modified expression  

given by Yi Cui et al. [16] as follows: 

Nୠ୶ ൌ
஑୤ሶ୲

ଷቆ	
∁ౘ
ౚౝ
ା
∁ౘ౮
ౚౝ౮

ା
భ

యౚౝ౮
య ቇ

 .                                                                                                           (30) 

In Eq. (30), it was assumed that in the recrystallized region of the fuel, the majority of the 
generated gas is on the grain boundaries. This assumption is consistent with the fractional 

gas release calculated using Eq. (17) for 
ସ஠మୈౝ୲

ୢౝ
మ ൐ 1 [4].  

3. Results and discussion 

3.1. Matrix swelling 

The values of the parameters used in the present calculations are listed in Table 1. Fig.  1 
depicts the total matrix swelling of UO2 fuel as a function of the local burnup calculated at a 
representative temperature of 800K for various recrystallized grain sizes. It is seen that after 
initiation of recrystallization, the fuel matrix swelling rate increases showing a “Knee” in the 
corresponding curve as would be expected .Moreover, the increase of recrystallized grain  
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