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a b s t r a c t 

We propose a model describing the high burnup structure inter-granular porosity evolution under irradi- 

ation. The evolution of the porosity collecting the gas diffusing from the grains is modeled by exploiting 

a second-order Fokker-Planck expansion of the cluster-dynamics master equations governing the prob- 

lem, considering nucleation of pores, gas absorption due to the diffusional flow from the grains, size- 

dependent re-solution of gas from pores due to interaction with fission fragments, vacancy absorption, 

and pore coalescence. Model predictions on xenon local retention, matrix fuel swelling, and porosity evo- 

lution are compared to experimental data and to models available in fuel performance codes. 
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. Introduction 

As the conditions for the formation of the high burnup struc- 

ure (HBS) are attained (i.e., local burnups above 45/50 MWd kg -1 
U 

nd local temperatures below 10 0 0 
◦
C), the formation of a novel 

orosity is observed in the fuel [1,2] . With the absorption of fis- 

ion gas diffusing to grain boundaries as the fuel grains in the HBS 

ndergo gas depletion [3–5] , the porosity evolves up to causing 

ignificant local swellings [1,2] . Given the important consequences 

rought by the presence of a high porosity region in the fuel (on 

.g., its thermal performance, its mechanical interaction with the 

ladding, its retention properties, and its ability to withstand ther- 

al transients), it is necessary to develop models to equip fuel per- 

ormance codes with reliable predictive capabilities for HBS poros- 

ty evolution. 

Jernkvist [6] adopted the concept proposed by Lassmann [7] to 

escribe xenon depletion, while the development of HBS porosity 

as tackled assuming dislocation punching as the driving force, 
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nd is described through a simple and pragmatic growth equa- 

ion governed by the pore pressure difference with respect to an 

mpirical pressure threshold. The model has been made available 

o the FRAPCON/FRAPTRAN codes [8] . Lemes et al. [9] extended the 

odel by Lassmann, including the treatment of Kr and comple- 

enting it with a mixed empirical and mechanistic description of 

he porosity development. As for the porosity evolution, the model 

s a combination of empirical correlations and of the model by 

lair and co-workers [10] for considering pore interactions for lo- 

al burnups exceeding 100 MWd kg -1 
U 

. The model is implemented 

n the DIONISIO code [11] . 

The model by Khvostov and coworkers [12,13] paires a semi- 

mpirical treatment of HBS formation to a description of pore evo- 

ution at grain boundaries. There, the gas diffused from the grains 

an be accommodated in existing pores – or create new ones –

ontributing to pore growth together with the trapping of point 

efects. To this aim, the model considers an empirical reduction 

f the grain size, dependent on the local burnup and temperature, 

nd an empirical but unspecified increase of the effective volu- 

etric vacancy diffusion dependent amongst others on the local 

egree of restructuring. Finally, pore coalescence based on prob- 

bilistic considerations and a-thermal fission gas release mecha- 

isms are accounted for. The overall model is grafted in the GRSW- 

 model [13] and integrated in the FALCON code [14] . 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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L. Noirot proposed a comprehensive model for the evolution of 

BS [15] . In this model, the porosity evolution is tackled consid- 

ring a number of nucleated pores proportional to the degree of 

ocal restructuring, and ascribing pore growth to the absorption of 

as diffused from the restructured grains and to vacancy inflow 

riven by pore over-pressurization. The phenomena are modeled 

y the classic formalism of diffusion-limited reactions in the mean- 

eld approximation. No pore interconnection is considered in the 

odel, whereas a multiplication factor enhancing vacancy diffusiv- 

ty, similarly to the work by Blair and coauthors [10] , is considered. 

he description is plugged in the MARGARET code, which provides 

 mechanistic description of fission gas behavior, and is integrated 

nto the ALCYONE code [16,17] . 

Kremer and coauthors [18] proposed an empirical approach to 

odel HBS porosity in the MFPR/F code. They coupled a mechanis- 

ic description of HBS formation and intragranular bubble behavior 

o an empirical correlation based on the local porosity data by Cap- 

ia and coauthors [2] as a function of burnup in the MFPR/F code. 

Besides the aforementioned empirical and semi-empirical mod- 

ls, more mechanistic models have been developed to describe 

BS porosity. Rest [19,20] proposed a comprehensive, mechanis- 

ic description of HBS formation and porosity evolution, based on 

he rate theory approach. Veshchunov and Shestak [21] proposed 

 model accounting for the evolution of point, line, and volume 

efects under irradiation. The key parameter determining HBS for- 

ation is the predicted dislocation density, which is compared 

o a threshold inferred from experimental data [22] to establish 

BS formation. Albeit featuring a consistent description of defects 

volution, the transition from original to restructured microstruc- 

ure is step-wise, thus likely failing to properly describe the grad- 

al xenon depletion experimentally observed. Moreover, the as- 

umption of mean-field concentration of vacancies and interstitials 

ight be questionable when applied to HBS, due to high local con- 

entrations of defects and sinks [23] . Furthermore, the evolution 

f HBS porosity is grafted in a more general model holding for 

O 2 porosity evolution under different conditions [24] , and con- 

iders the pore interaction with vacancies and gas atoms diffus- 

ng from the grains. Yet, the growth of pores is ascribed to va- 

ancy precipitation and was the object of further publications [24–

6] . In the latest work [26] , however, the authors propose disloca- 

ion punching as the leading mechanism for pore growth at high 

urnups. Moreover, they account for the pore coarsening observed 

t ultra high burnups via a triple collision interconnection model, 

onsidering a polydispersed pore distribution. The model is avail- 

ble in the MFPR/R code [27] , which is included in the SFPR and

ERKUT codes [28] . 

In a companion paper [29] , we proposed a novel model describ- 

ng HBS formation and intra-granular xenon depletion. The HBS 

ormation – i.e., the increase of local fuel volume that underwent 

estructuring as a function of the local effective burnup – is de- 

cribed through the KJMA formalism for phase transitions [30,31] . 

he HBS formation is paired to a mechanistic model describing 

ntra-granular fission gas behavior [29] , providing the evolution 

nder irradiation of the intra-granular bubble population, account- 

ng for bubble nucleation, gas atom trapping into and irradiation- 

nduced re-solution from bubbles, along with diffusion of gas 

toms to the grain boundaries. Estimating the evolving concentra- 

ions of retained gas into the grain allows us to consistently calcu- 

ate the fuel matrix swelling, i.e., the swelling due to solid fission 

roducts and to inert fission gas atoms found in the fuel matrix 

nd in intra-granular bubbles, up to high burnups. In this work, 

e add modeling the evolution of the HBS inter-granular porosity, 

hich is tackled considering a Fokker-Planck approximation of the 

aster equations governing the gas evolution at grain boundaries. 

he Fokker-Planck expansion yields a model featured by a limited 

umber of equations, tracking the evolution of pore average size, 
2 
ore-distribution variance, and pore number density, yet consider- 

ng in a mechanistic fashion the phenomena determining pore evo- 

ution, i.e., irradiation-driven re-solution and gas trapping. Because 

he pores are generally over-pressurized, we consider the vacancy 

bsorption by the pores as a further mechanism of growth, to- 

ether with the coalescence of immobile pores by interconnection 

nd impingement. We implemented the model in the stand-alone, 

pen-source, meso-scale computer code SCIANTIX [32] , which has 

een coupled with the TRANSURANUS code [33] . 

We present the stand-alone validation of model predictions, by 

omparing the model predictions in terms of pore number density, 

verage radius, and resulting swelling to the experimental data by 

pino and co-workers [1] and Cappia and co-workers [2] , as well 

s to models available in fuel performance codes (FPCs) and to 

he model presented by Kremer et al. [18] available in MFPR/F, 

hich has also been coupled with TRANSURANUS. The compari- 

on to more complex models, e.g., the model by Veshchunov and 

o-workers available in the MFPR/R code [21,25,26] , is of interest 

n perspective to further assess the modeling framework proposed 

n this work. The comparison will be the subject of a future work 

entered on a thorough and systematic comparison between the 

imulations results and models of SCIANTIX and MFPR/F. 

The proposed description of HBS porosity, whose foundations 

ie on the master equations of cluster dynamics, allows for includ- 

ng the effects due to the pore size distribution on the trapping 

nd re-solution rates. This constitutes a step forward with respect 

o the available single-size models [10,13,15,19,24] in both fidelity 

f the physical description and the resulting transferability of the 

odel to different operating conditions, such as consideration of 

he pore size for fragmentation during LOCA as suggested by Ku- 

acsy [34] . These aspects are combined to the required character- 

stics for models included in engineering-scale fuel performance 

odes used for industrial and research purposes, i.e., an acceptable 

omputational burden and an optimal numerical stability. 

. Formulation of the model for high burnup structure 

orosity evolution 

In this Section, we present the derivation of a model describing 

he evolution of inter-granular porosity in the HBS. The model is 

erived starting from the cluster dynamics master equations gov- 

rning the inter-granular gas behavior, enforcing a Fokker-Planck 

xpansion in the phase space of the problem (i.e., cluster sizes) to 

ome up with a model tracking the evolution of the three first cen- 

ral moments, i.e., integral pore number density, mean pore size 

nd variance of the size-distribution. On top of this, vacancy ab- 

orption due to pore over-pressurization and pore interconnection 

y impingement are accounted for and integrated. Together with 

he HBS formation and intra-granular model presented in the com- 

anion paper [29] , this model provides an integral description of 

ssion gas behavior in the HBS, ready to be included in FPCs. 

.1. Fokker-Planck approximation of CD master equations 

In order to describe the evolution of HBS pores, we employ 

 cell model (e.g., [35,36] ), i.e., a regular 3D array of spherical 

igner-Seitz cells is associated to the pore pattern. A 2D sketch 

f the representation is provided in Fig. 1 (a). 

The evolution of HBS pores is described by the master equa- 

ions of cluster dynamics (e.g., [37–39] ) which accounts for the 

henomena of pore nucleation, re-solution, gas precipitation from 

he grain boundaries – as sketched in Fig. 1 (b). In the following, we 

ssume that re-solution events lead to the destruction of the pore 

i.e., an heterogeneous re-solution modeling approach). The formu- 
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Fig. 1. Left: sketch of the model employed in this work to represent HBS pore growth, based on [36] . Right: Schematization of the phenomena accounted by the CD master 

equations. 
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2 As restructuring rate, we assume the derivative of the restructured volume frac- 

tion αr = 1 − exp (−2 . 77 10 −7 (bu e f f ) 
3 . 54 ) with respect to the local effective burnup, 

i.e., d αr 

d bu e f f 
= 3 . 54 · 2 . 77 10 −7 (1 − αr )(bu e f f ) 

2 . 54 . The exponent of the effective bur- 

nup was mistakenly reported in [29] as 3.35 instead of 3.54 
ation of the master equations reads 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∂c gb 

∂t 
= κ − 2 νP −

∞ ∑ 

n =2 

βn c n + 

∞ ∑ 

n =2 

nαn c n 

∂c 2 
∂t 

= νP − α2 c 2 

∂c 3 
∂t 

= β2 c 2 − α3 c 3 

. . . 

∂c n 

∂t 
= βn −1 c n −1 − αn c n 

(1) 

here c gb (at m 

−3 ) is the gas concentration at the grain bound- 

ries not trapped in pores, c 2 , c 3 ,..., c n (at m 

−3 ) are the number

ensity of pores containing 2,3,.n atoms, κ (at m 

−3 s −1 ) is the gas 

rrival rate from the interior of the grains, νP (pores m 

−3 s −1 ) is 

he pore nucleation rate, βn and αn ( s −1 ) represent the probabil- 

ty of gas precipitation into and re-solution from HBS pores, re- 

pectively. The expression of the HBS pore re-solution rate is taken 

rom Veshchunov and Tarasov [40] and considers a size-dependent 

rocess, namely 

n = 2 · 10 

−23 ˙ F 

(
3 d V 

3 d V + R 

P 
n 

)(
δV 

δV + R 

P 
n 

)
(2) 

here R P n (m) is the radius of a cluster (pore) containing n atoms, 

 V (m) is the critical distance from the pore surface within which 

tom re-solution occurs, and δV (m) is thickness of the re-solution 

ayer around the pore. It should be noticed that the present model 

oes not consider a re-solution back into the grains of the gas 

toms ejected from HBS pores. While this assumption might be 

uestionable when considering standard grain size fuel, HBS fuel 

s featured by such small (i.e., hundreds of nanometers) grains that 

he gas atoms would be dissolved very close to the grain bound- 

ries. We consider diffusion of those gas atoms back to the grain 

oundaries as instantaneous. 

Following Gosële [23] , we evaluated the precipitation rate of gas 

toms from the grain boundaries into the pores 

n = 4 πD 

SA 
gb c gb R 

P 
n 

(
1 + 1 . 8 ξ 1 . 3 

)
(3) 
3 
eing D 

SA 
gb 

(m 

2 s −1 ) the grain-boundary diffusivity of single gas 

toms. The original formulation by Ham [41] was corrected by 

ösele [23] to account for the competitions between sinks on the 

recipitation rate. In fact, the local porosity ξ (/) – considering 

pherical pores – is evaluated as 

= 

4 π

3 

N p 

(
R 

P 
n̄ 

)3 
(4) 

here the total number density of pores, N p (pores m 

−3 ), is de- 

ned as 

 p = 

∞ ∑ 

n =2 

c n (5) 

nd R P 
n̄ 

is the number-averaged radius of the distribution. As for 

he nucleation rate, νP (pore m 

−3 s −1 ), in the light of the large 

ncertainties associated to this parameter (e.g., [42,43] ), we chose 

ot to model it explicitly. Rather, we consider it as proportional to 

he local restructuring rate 2 as 

P = 5 · 10 

17 d αr 

d bu e f f 

(6) 

here the proportionality constant is a model parameter. Finally, 

iven the appreciable shift in the tilt angle of grain boundaries ob- 

erved during the HBS formation [44,45] – which can be ascribed 

o primary recrystallization [46–48] – we introduce a preliminary 

odification of the diffusion coefficient of gas atoms (and vacan- 

ies) at grain boundaries with respect to that in pristine fuel. Based 

n the information extracted from the experimental work of Ger- 

zak and co-workers [44] , and considering the dependence of the 

rain boundary diffusion coefficient on the tilt angle proposed by 

eterson [49] , we propose the following correction for the grain 

oundary diffusion coefficient of atoms and vacancies 

 

′ = D 

′ (T ) · sin [ 4 

◦ · (1 − αr ) + 40 

◦ · αr ] 

sin ( 4 

◦) 
(7) 
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here D 

′ (T ) (m 

2 
s −1 ) is the gas atom or vacancy diffusion coef-

cient at the grain boundaries, αr (/) is the local fraction of re- 

tructured volume, and the correction term considers a weighted 

verage between the average tilt angle observed in the non- 

estructured region (i.e., 4 
◦
) and the average tilt angle observed in 

he fully restructured region (i.e., 40 
◦
). This modification allows for 

n enhanced diffusivity of species at grain boundaries and the cor- 

ection factor spans between 1 and about 10, at beginning and end 

f restructuring, respectively. The modification is consistent with 

he conclusions of the analyses on gas behavior in the HBS by 

aron and co-workers [50] and by Blair and co-workers [10] , al- 

hough they proposed an empirical enhancement of the diffusivity 

bout two and four orders of magnitude, respectively. 

Since the solution of Eq. (1) is unpractical for application to 

PCs [37,38] , we focus on the evolution of the first three central 

oments of the cluster distribution instead of solving the set of 

hundreds of) thousands of coupled equations given by 1 . In par- 

icular, in addition to the integral of the pore size distribution, N p , 

e consider the following two quantities 

A = 

∞ ∑ 

n =2 

c n n 

B = 

∞ ∑ 

n =2 

c n ( n − n̄ ) 
2 

(8) 

hich are related to the mean and variance of the pore size distri- 

ution, n̄ (atom/pore) and M 

2 (atom 

2 /pore), by 

n̄ = 

A 

N p 

M 

2 = 

B 

N p 

(9) 

To express the time evolution of the quantities appearing in 

q. (8) and following Clement and Wood [37] , we consider a sec- 

nd order Fokker-Planck expansion of the coefficients of Eq. (1) in 

he phase space of the problem, i.e., with respect to the cluster 

ize, reading 

n ≈ α( ̄n ) + 

∂αn 

∂n 

∣∣∣
n̄ 

( n − n̄ ) + 

1 

2 

∂ 2 αn 

∂n 

2 

∣∣∣
n̄ 

( n − n̄ ) 
2 

n ≈ β( ̄n ) + 

∂βn 

∂n 

∣∣∣
n̄ 

( n − n̄ ) + 

1 

2 

∂ 2 βn 

∂n 

2 

∣∣∣
n̄ 

( n − n̄ ) 
2 

(10) 

Combining Eqs. (1), (8) , and (10) , one obtains the following sim- 

lified model, able to estimate the evolution of the distribution 

number-averaged) mean size and variance, together with pore 

umber density and gas stored at grain boundaries 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d N p 

d t 
= νP − αn̄ N p − 1 

2 

α′′ B 

d A 

d t 
= 2 νP + βn̄ N p − αn̄ N p − α′ B + B 

(
β ′′ 
2 

+ n̄ α′′ 
)

+ 

n̄ 

2 

2 

α′′ A 

d B 

d t 
= βn̄ N p − αn̄ N p + B 

(
2 β ′ + 3 α′ n̄ 

)
− 3 ̄n B (β ′′ + α′′ )+ 

+ 

B 

2 

( 1 − 2 ̄n ) β ′′ − n̄ 

2 β ′′ A − 3 

2 

n̄ 

3 Aα′′ + νP ( ̄n − 2 ) 
2 

d c gb 

d t 
= κ − d A 

d t 

(11) 
3 In the following, the first and second derivative of the parameters with respect 

o the cluster size will be indicated, e.g., focusing on the re-solution parameter, as 
′ and α′′ , respectively. 

w

e

t

a

4 
The system is solved considering null initial conditions for all 

he state variables, implying that all the HBS pores are nucleated 

uring the restructuring process and that they are not interacting 

ith the existing fabrication porosity. 

The formulation of the model constituted by Eq. (11) embraces 

he fundamental physical phenomena governing the gas transfer 

o the HBS pore under irradiation and during restructuring, i.e., 

as diffusion from the interior of the grains, atoms re-solution, 

nd gas atoms trapping. This is in-line with available models con- 

eived for FPC application (e.g., [15] ). The novelty of the model 

e propose in this work lies in the intrinsic consideration of the 

ffects brought about by the evolution of the pore-size distribu- 

ion. In fact, these effects are embedded in the derivatives of the 

e-solution and trapping parameters through the Fokker-Planck ex- 

ansion. Albeit not calculating the complete pore-size distribution, 

he Fokker-Planck expansion is known to be a satisfactory approx- 

mation when the cluster size is large [51] – which is the case of 

eveloped HBS porosity. Moreover, the presented model allows for 

racking the evolution of the distribution mean size and variance, 

hus one can assume a certain shape of the pore-size distribution 

e.g., log-normal [2] ) and compute the evolution of the distribution 

nder irradiation. This feature results in a unique capability offered 

y the present model for HBS modeling in FPCs, and was proved 

o be a necessary condition for the correct estimation of HBS pore 

racturing under LOCA conditions [34] . Finally, it is worth underly- 

ng that the second-order Fokker-Planck expansion ( Eq. (10) ) of the 

oefficients retains its validity when the pore-size distribution is 

ufficiently peaked around the mean value. From the experimental 

bservations available in the open literature [2,52] , we can deduce 

hat this condition is met up to around 175 MWd kg -1 
U 

. Beyond 

his limit, the distributions start to exhibit a wider/multi-modal 

hape, which would call for high-order expansions or considera- 

ion of multiple collisions (e.g. see [26] ). 

.2. Pore size calculation 

HBS pores are strongly over-pressurized [4,53,54] , mainly be- 

ause of the substantial inflow of fission gas atoms coming from 

he depleted HBS grains. Thus, they will tend to relieve the pres- 

ure by absorbing vacancies by the surrounding medium. A con- 

istent treatment of the vacancy absorption mechanism would re- 

uire extending the master equations exposed above to a two re- 

cting species CD model. This extension – which is pursued in 

ther fields or by dedicated CD tools [39,51] – would hinder the 

pplicability of the Fokker-Planck procedure exposed above, calling 

or a multidimensional Fokker-Planck expansion which would in- 

rease the computational burden significantly. Thus, we chose to 

odel the vacancy absorption as if it was governed by the mean 

ize of the distribution, rather than consider it, class by class, in 

he master equations. This is in turn affecting the moments cal- 

ulation, since the average pore radius is needed in Eqs. (10) –(11) 

nd depends on the number of vacancies calculated as outlined be- 

ow. Albeit simplified, the developed approach allows estimating 

he vacancy absorption in a physically grounded manner and with 

 level of complexity in line with the single size model described 

y Eq. (11) . 

As discussed above, we assume HBS pores to be spherical. The 

ressure of a pore of radius R P 
n̄ 

(m) obeys the following capillarity 

elationship 

p P eq = 

2 γ

R 

P 
n̄ 

− σh (12) 

here p P eq (Pa) is the equilibrium pressure, γ (J m 

−2 ) is the surface 

nergy, and σh (Pa) is the hydrostatic stress (considered negative if 

he medium is under compression). Since pores are, in general, not 

t equilibrium, they tend to equilibrate by absorbing or emitting 
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Table 1 

Expressions of the model parameters. 

Parameter Expression/Value Reference 

D SA 
gb 

D SA 
gb 

= 1 . 3 · 10 −7 exp (−4 . 52 · 10 −19 /k B T ) [61] 

D v 
gb 

D v 
gb 

= 8 . 86 · 10 −6 exp (−5 . 75 · 10 −19 /k B T ) + 10 −39 ˙ F [62,63] 

νP νP = 5 · 10 17 d αr / d bu e f f This work 

d V d V = 1 nm [40] 

δV δV = 1 nm [40] 

γ γ = 1 J m 

−2 
[35] 


 
 = 4 . 09 · 10 −29 m 

3 
[35] 

t

p

o

s

o

t

t

f

s

a

t

g

a

p

t

a

p

l
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w
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i

m

a

t

i
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c

c

b

acancies. The rate of variation of the pore volume is defined via 

d V 

P 
n̄ 

d t 
= ω 

d ̄n 

d t 
+ 


d n v p 

d t 
(13) 

here V P 
n̄ 

(m 

3 ) is the pore volume, n v p (/) is the number of vacan-

ies per pore, ω (m 

3 ) is the atomic volume for xenon, and 
 (m 

3 )

s the vacancy volume. The content of gas atoms is calculated solv- 

ng Eq. (11) , whereas the vacancy absorption/emission rate d n v p / d t 

s calculated as [55] 

d n v p 

d t 
= 

2 πD 

v 
gb 
ρP 

k B T ζ
(p P − p P eq ) (14) 

here D 

v 
gb 

( m 

2 s −1 ) the vacancy diffusion coefficient at grain 

oundaries, ρP (m) is the radius of the Wigner-Seitz cell 4 assigned 

o each pore, k B (JK 

−1 ) is the Boltzmann constant, T (K) is the local

emperature, and ζ (/) is a dimensionless factor calculated as 

= 

10 ψ(1 + ψ 

3 ) 

−ψ 

6 + 5 ψ 

2 − 9 ψ + 5 

(15) 

here ψ = R P 
n̄ 
/ ρP is the ratio between the radii of the pore and

f the cell. This factor, which is calculated based on purely ge- 

metrical considerations, embodies the effects of the pore radius 

nd pore number density on the vacancy precipitation rate in a 

pherical object. The original factor was introduced by Speight 

nd Beere [56] to account for a bi-dimensional sink at the grain- 

oundaries, and it was extended to three-dimensional objects by 

ome of the authors in [57,58] . 

To evaluate the pore pressure, we employ the Hard Spheres 

HS) Equation of State (EoS) as proposed by Carnahan and Starling 

59] , namely 

p P V 

P 
n̄ 

n̄ k B T 
= 

1 + ̃

 y + ̃

 y 2 − ˜ y 3 

( 1 − ˜ y ) 
3 

. (16) 

The packing fraction, ˜ y , is calculated as ˜ y = π/ 6(δ3 
HS 

υ) (/) 

here υ (atom m 

−3 ) is the atomic density in the pore and δHS is 

e HS diameter. The latter is calculated according to Brearley and 

acInnes [60] , considering a modified Buckingham interatomic po- 

ential and reading 

HS = 4 . 45 · 10 

−10 
(

0 . 8542 − 0 . 03996 · log 

(
T 

231 . 2 

))
(17) 

ith the local temperature, T, expressed in K. This expression is 

sed, combined to the definition of ˜ y , to evaluate the volume oc- 

upied by each gas atom in the pore, namely ω = ̃

 y /υ . 

The pore growth due to vacancy and gas atom absorption may 

rigger another mechanism of growth, i.e., interconnection by im- 

ingement. The treatment of interconnection is based on [58] and 

eads 

d N P 

d V P 

= −4 λP N 

2 
P (18) 

here λP = (2 − ξ ) / [2(1 − ξ ) 3 ] is a correction factor limiting the 

nterconnection rate when high local porosity is achieved and ac- 

ounting for the non-superposition of hard spheres. A more rigor- 

us treatment of the interconnection between polydispersed pores 

ould entail the inclusion of additional, non-linear terms in the 

luster dynamics master equations ( Eq. (1) ), as shown e.g. in [38] .

evertheless, this inclusion would require the solution of the over- 

ll system of equations and would invalidate the Fokker-Planck ex- 

ansion. Indeed, the solution of the cluster dynamics master equa- 

ions is not feasible for application to FPCs of the present model, 
4 The radius of the Wigner-Seitz cell is determined from the relationship 
4 
3 
πN P ρ3 

P = 1 . A sketch of the system is reported in Fig. 1 a. 

s

k

n

o

5 
hus we decided to consider the interconnection as it would hap- 

en among monodispersed spheres featured by the average radius 

f the distribution. 

The model presented in this Section allows for a reasonable de- 

cription of the evolution of HBS porosity and presents various 

riginal contributions with respect to the state of the art. First, 

he foundation of the modeling approach lies on the master equa- 

ions of cluster dynamics. This allows for consideration of the ef- 

ects due to the pore size distribution on the trapping and re- 

olution rates, constituting a step forward with respect to the avail- 

ble single-size models [10,13,15,19,24] . Second, the introduction of 

he dependence of grain boundary diffusivity on the tilt angle of 

rain boundaries physically embodies a feature often introduced 

rtificially in HBS porosity modeling (e.g., [10,15] ) to reproduce ex- 

erimental data. Third, the developed approach allows for tracking 

he evolution under irradiation of the pore-size distribution mean 

nd variance. These figures, combined with the assumption of a 

ore-size distribution a priori known, enables a consistent calcu- 

ation of the evolution of the pore-size distribution under irradi- 

tion. Thus, the model can be plugged upon mechanistic models 

hich need as input the distribution of HBS pore pressures to esti- 

ate micromechanics phenomena, such as grain boundary loss of 

ohesion in accident transients [34] . 

. Results and discussion 

The presented results were obtained implementing the model 

nto the SCIANTIX code [32] . We showcase the capability of the 

odel to account for matrix (macroscopic) swelling modification 

s HBS formation occurs. Lastly, we compare the predictions of 

he model for the porosity evolution to recent experimental data, 

n terms of pore number density, mean radius, and the resulting 

aseous swelling. 

.1. Choice of model parameters 

The expressions of parameters employed in SCIANTIX are re- 

orted in Table 1 , and discussed in this Section. For those con- 

erning the intra-granular behavior and HBS formation model, the 

eader should refer to the companion paper [29] . 

For the grain boundary diffusivity of fission gas, the correla- 

ion (denoted as “low D”) proposed by Olander and Van Uffelen 

61] is employed, as it is one of the few available correlations 

or this parameter in the open literature. The diffusion coefficient 

f vacancies along the grain boundaries is accounted for through 

n expression complementing the coefficient proposed by White 

63] with an a-thermal factor, as suggested by Matzke [62] and as 

onsidered also by Jernkvist [6] . This latter parameter is as un- 

ertain as the diffusion coefficient of gas atoms along the grain 

oundaries, being normally extracted from diffusional creep mea- 

urements. It represents an important parameter, governing the 

inetics of pore growth, but it must be underlined that it does 

ot determine the asymptotic size of the pores. In fact, it affects 

nly the kinetic of their evolution (cfr Eq. (14) ). The re-solution 
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Fig. 2. Comparison of experimental data on HBS pore number density, number-averaged radius, and gaseous swelling (i.e., on local porosity) taken from Cappia and co- 

workers [2,52] , Spino and co-workers [1] , and from Vennix as reported by Lassmann [66] to model predictions. For the sake of comparison, we include the predictions of 

state-of-the-art models,namely the model proposed by Kremer and coworkers [18] , the correlation-based model of TRANSURANUS accounting for HBS porosity [66] , and the 

mechanistic model by Pastore et al. [67] accounting for gaseous swelling in low-medium burnup conditions. 
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Holt and coauthors [65] , reading 
f the HBS inter-granular pores is accounted for following the 

odel by Veshchunov and Tarasov [40] . In fact, the model by Turn- 

ull would predict an indefinite increase of re-solution probability 

ith the bubble size, while recent lower length scale calculations 

emonstrate an attenuation of re-solution with increasing bubble 

adii [64] . 

Lastly, the nucleation rate of HBS pores is evaluated as a con- 

tant value, proportional to the variation of the local degree of re- 

tructuring. Indeed, this approach reflects the experimental find- 

ngs [1–3] but calls for a future, mechanistic refinement, that could 

nvolve the description of point defects like in the MFPR/F and 

FPR/R codes. 

.2. HBS porosity 

In Figs. 2 (a)- 2 (c), we compare the model predictions in terms or

ore number density, mean radius, and resulting gaseous swelling 

s a function of local effective burnup 

5 to the recent experimen- 
5 The effective burnup is a quantity introduced by Khvostov [12] to account for 

he accumulation of irradiation damage at temperatures low enough to prevent the 

nnealing of defects. We chose the definition of effective burnup as proposed by 

b

t

6 
al data on HBS porosity in UO 2 obtained by Cappia and co- 

orkers [2,52] , as well as to experimental data from Spino an 

o-workers [1] . The results presented by Kremer and coauthors 

18] using the MFPR/F code on the same data-set are included for 

he sake of comparison. We underline that the experimental data 

onsidered in this work were obtained using different experimen- 

al techniques, namely, optical or electronic microscopy, and dif- 

erent methods to address the stereology of the problem (i.e., to 

ass from 2D to 3D configurations). It must be underlined that the 

ombinations of these latter aspects have a non-negligible impact 

n the data extraction [2,52] and that a definitive conclusion on 

he correct path is not yet available in the open literature. Thus, 

e consider in this analysis all of the available experimental data 

ithout deeming one dataset superior to the other. 
u e f f = 

∫ 
H(T − T̄ ) dbu (19) 

where H( ̄T ) is the Heaviside function, T ( ◦C) the local temperature, and T̄ is a 

hreshold temperature taken equal to 10 0 0 ◦C. 
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The calculated quantities have been obtained considering an ir- 

adiation history representative for the conditions met in the pe- 

iphery of a fuel pellet in PWRs, namely, a temperature of 723 K, a 

ssion rate density equal to 2 · 10 19 fiss m 

−3 s −1 , and a hydrostatic

tress equal to 20 MPa representative for pellet-cladding mechani- 

al interaction. The considered experimental databases, taken from 

assmann [66] , Spino and coworkers [1] , and Cappia and cowork- 

rs [2,52] , consist of samples coming from a homogeneous set of 

aterial composition (i.e., uranium dioxide) and irradiation (i.e., 

ommercial LWRs). Note that the comparisons only account for the 

urnup because no other details of the specific irradiation histo- 

ies are accessible in the open literature. Despite this limitation, we 

ropose these comparisons to provide an indication of the model 

bility to represent the dependence of HBS porosity on the local 

urnup observed experimentally. 

Considering the uncertainty of model parameters and the mod- 

ling approach which must ensure a compatibility with the speed 

f computation required for FPCs, as well as the dispersion of the 

xperimental data, the agreement between the predicted results 

nd the experimental results is deemed encouraging. As a general 

rend, the agreement between the calculated quantities and the 

xperimental data is very satisfying until 130 MWd kg -1 
U 

, whereas 

bove this value higher discrepancies arise. In particular, the over- 

stimation of pore number density and underestimation of pore 

verage radius beyond 150 MWd kg -1 
U 

( Figs. 2 a and 2 b) suggest that

he growth of the HBS pores might be somehow underestimated at 

ltra high burnups. In particular, the slope of the calculated pore 

adius as a function of effective burnup does increase around this 

urnup value, while such an increase is apparent in the experi- 

ental data ( Fig. 2 b). The results obtained by Kremer et al. [18] ,

n the other hand, showcase larger radii and lower number den- 

ities. It must be underlined that these results are obtained fixing 

 constant porosity (in this case, equal to 15%) and considering an 

mpirical fit of the pore radii as a function of burnup, then evalu- 

ting pore number density as a consequence. The results show that 

he radii calculated by Kremer et al. [18] are indeed larger, yet such 

n outcome results from a purely empirical correlation. As for the 

esulting gaseous swelling, the experimental data are generally un- 

erestimated, with the discrepancies increasing for the pore evolu- 

ion at ultra-high burnups. 

Indeed, the step forward brought about by the present model- 

ng approach is apparent in Fig. 2 c, where we compare the pre- 

ictions of the proposed model to models included in state-of-the- 

rt FPCs accounting for gaseous swelling and/or HBS pore swelling. 

he predictions by the MFPF/F code are not included since the 

welling is an input parameter of the model and in this case would 

e a constant value at 15%. In particular, the comparison includes 

he correlation-based model available in TRANSURANUS to account 

or HBS porosity [66] and the mechanistic model by Pastore and 

o-workers [67] , which accounts for gaseous swelling in unrestruc- 

ured fuel. Although the latter model is not conceived for HBS, the 

omparison highlights the importance of a dedicated model for the 

BS porosity description as the one developed in this work. As for 

he former model, available in the TRANSURANUS code, it was de- 

ived as a pure fit of experimental data of porosity as a function 

f local burnup, and its predictions are in-line with those obtained 

y the newly developed, physics based model. Experimental data 

sed to draw the TRANSURANUS empirical correlation, obtained by 

ennix and reported in [66] , are included for the sake of compar- 

son. In the light of these promising results, the presented model 

as been made available to the TRANSURANUS code users via a 

oupling scheme with SCIANTIX. The coupled code suite will be 

ubsequently validated against integral irradiation experiments in- 

luding high burnup rods, to assess the impact of the HBS porosity 

odel on the overall fuel rod performance. 
r

7 
. Conclusions 

In this work, we presented a model for the HBS porosity evolu- 

ion, based on a Fokker-Planck expansion of the cluster dynamics 

aster equations describing the pore behavior at grain boundaries. 

he Fokker-Planck approximation is truncated at the second order, 

ielding a model featured by a limited number of equations – thus, 

pplicable to engineering fuel performance calculations – yet al- 

ows the estimation of the evolution of pore number density, mean 

ize and variance of the pore size distribution. In this framework, 

he pore evolution model considers, in a physically-based manner, 

he phenomena determining the pore size, i.e., fission gas absorp- 

ion, gas atoms re-solution, vacancy absorption to compensate for 

ore over-pressurization, and pore interconnection. The considera- 

ion of the HBS pore size distribution also paves the way to model 

uel fragmentation in high burnup fuel [34] . 

The comparisons of model calculations to experimental data 

n HBS porosity shows a satisfactory agreement in terms of pore 

umber density and average radius. Albeit slightly underestimat- 

ng the resulting gaseous swelling, the model ensures a substan- 

ial step forward with respect to state-of-the-art models available 

n fuel performance codes for the estimation of HBS porosity. The 

resent work will be complemented in the future by an integral 

ssessment of the overall model on fuel performance simulations, 

amely via the TRANSURANUS-SCIANTIX code suite, of high bur- 

up rods. 

The underestimated pore growth at ultra high burnups calls for 

dditional modeling effort s. A possible development path could en- 

ail the consideration of higher order pore interactions during the 

nterconnection process, as made by Veshchunov and co-workers 

25,26] introducing a three-body scheme, or considering the inter- 

ction of a population of polydispersed spheres in the two-body 

cheme. Finally, we underline that a set of substantial uncertain- 

ies on both model parameters and irradiation conditions exist. To 

his point, a sensitivity analysis to model parameters affected by 

he largest uncertainties, such as the grain boundary diffusion co- 

fficient of gas atoms, its correction as a function of the tilt an- 

le, and the restructuring and nucleation rates, would help to shed 

ight on the potential impact of these uncertainties on the model 

redictions. Similarly, input quantities for the calculations, such as 

ocal fission rate, temperature, and hydrostatic stress are affected 

y significant uncertainties, whose impact on the results needs to 

e assessed by such analysis. 
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