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A B S T R A C T   

This work presents the results of a collaborative benchmark activity between different organizations towards the 
use of the TRANSURANUS code to estimate the release of gaseous and volatile radioactive fission products from 
defective fuel rods, into the primary coolant of pressurized water reactors. First, the radioactive release from the 
fuel to the gap is evaluated according to three approaches: the coupling between TRANSURANUS and SCIANTIX, 
the development of TRANSURANUS devoted subroutines, and the use of the ANS 5.4–2010 methodology. Fuel- 
to-gap release calculations are benchmarked and assessed against measured data from the CONTACT1 irradiation 
experiment. Then, TRANSURANUS has been used to estimate the radioactive release into the primary coolant by 
applying a first-order phenomenological rate theory and tested against measured data of fission product coolant 
concentrations from irradiation experiments of the CRUSIFON program.   

1. Introduction 

During the operation of a nuclear reactor, radioactive fission prod
ucts (FPs) accumulate within the fuel rods. Most FPs are retained within 
the fuel pellets. A small, yet not negligible, amount of gaseous and 
volatile FPs is released from the fuel and accumulated in the fuel rod free 
volume by recoil, knockout, and diffusion mechanisms (Dong et al., 
2019). The fuel rod cladding acts as a first protective barrier against the 
release of gaseous and volatile radioactive FPs into the coolant (Saad 
et al., 2021). Also, a low rate of cladding failure events is recognized 
from past experiences (Locke, 1972; Kim, 2009; Veshchunov, 2019), 
nevertheless the consequences have shown to be significant (IAEA, 
2015). Therefore, accurate predictions of the coolant activity improve 
the reactor safety. When a defect in the cladding of a light water reactor 
(LWR) is formed, high-pressure water enters the gap. Radioactive 
gaseous and volatile FPs escape then into the coolant and increase the 
coolant activity. Besides, fuel oxidation due to fuel-steam interaction 
occurs, resulting in a larger radioactive release from the fuel (Massih, 
2018) and cladding oxidation acts as a source of hydrogen in the fuel rod 
free volume, besides radiolysis and steam dissociation, that should be 
accounted due to potential chemical interactions (Lewis et al., 1990; 

Lewis, 1990). 
Improving current fuel performance codes (FPCs) capabilities to 

evaluate the radioactive release from the fuel, the gap activity, and the 
reactor source term is one of the main objectives of the R2CA H2020 
European Project (R2CA, 2019). In this regard, the present work 
involved collaboration between the partners (Politecnico di Milano 
(PoliMi), NINE (NINE), and JRC-Ka (JRC-Ka) to undertake a TRANS
URANUS (Lassmann, 1992; Magni et al., 2021) code development ac
tivity towards the modelling of defective fuel rods and the subsequent 
assessment and benchmarking strategy of the results (Zullo et al., 2023a; 
Zullo et al., 2023b). To enable the TRANSURANUS code to model the 
radioactive release from defective fuel rods, models are available in the 
literature (Veshchunov, 2019; Lewis et al., 2017). The first step is to 
reproduce the fuel-to-gap release, then, the gap-to-coolant release. 

The fuel-to-gap release concerns the transport of radioactive (short- 
lived) gaseous and volatile FPs from the fuel into the fuel rod free vol
ume. This is considered in the TRANSURANUS fuel performance code 
according to three different approaches. Namely, (i) the use of the meso- 
scale code SCIANTIX, developed at Politecnico di Milano (Pizzocri et al., 
2020; Zullo et al., 2023c), coupled to TRANSURANUS, (ii) the devel
opment of new TRANSURANUS subroutines, performed at NINE, and 
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(iii) the application of the recently implemented ANS 5.4–2010 semi
empirical methodology (Turnbull and Beyer, 2010). Fuel-to-gap release 
calculations are then benchmarked and assessed against the CONTACT1 
experiment (Bruet et al., 1980; Charles et al., 1983). 

The second step considers the release of FPs from the gap to the 
coolant, carried out at NINE. This is based on a phenomenological first- 
order kinetic model (Veshchunov, 2019; Yang-Hyun et al., 1994) that 
has been implemented in TRANSURANUS. Gap-to-coolant release cal
culations has been tested against the CRUSIFON1bis and CRUSIFON2 
experimental tests (Harrer et al., 1980; Harrer et al., 1981). Further 
advancement of this work is to consider axial mass transport processes in 
the gap, e.g., based on the generalized Lewis model (Lewis, 1990). 

This paper is organized as follows. In Section 2, two fuel-to-gap 
modelling approaches (TRANSURANUS//SCIANTIX and 
TRANSURANUS-NINE) are described, benchmarked, and assessed. In 
Section 3, the gap-to-coolant model implemented in TRANSURANUS- 
NINE is outlined, together with the results of CRUSIFON simulations. 
Conclusions are drawn in Section 4. 

2. Model benchmark for the release of radioactive gases to the 
fuel-cladding gap 

The release of fission gases (FGs) and volatile FPs from the fuel to the 
fuel-cladding gap is attributable to recoil, knockout, and diffusion 
mechanisms (Lewis, 1988). Under LWR operating conditions, the tem
peratures reached by the fuel allow disregarding recoil and knockout 
mechanisms while focusing only on the dominant diffusion mechanism 
(Dong et al., 2019; Lewis and Husain, 2003). The diffusion of FGs and 
volatile FPs includes the production within UO2 grains, diffusion to
wards grain boundaries and accumulation in grain-boundary bubbles, 
together with the radioactive decay in the case of unstable isotopes. 
Bubble growth and coalescence processes result in the grain-boundary 
bubble interconnection phenomenon which initiates the release of 
gaseous and volatile FPs from the fuel to the gap (Pizzocri et al., 2020; 
Booth, 1957; Kogai, 1997; Olander, 1976; Pastore et al., 2013; Rest and 
Gehl, 1980; Tonks et al., 2018; White and Tucker, 1983; Zullo et al., 
2022b; Van Uffelen et al., 2010). 

The next section details two mechanistic formulations that describe 
the behaviour of gaseous and volatile radioactive FPs within the fuel: the 
model currently implemented in the SCIANTIX code (Pizzocri et al., 
2020; Zullo et al., 2022b; Zullo et al., 2022c), automatically inherited by 
TRANSURANUS via the coupling with SCIANTIX (i.e., TRANS
URANUS//SCIANTIX), and the model implemented in the TRANS
URANUS code at NINE (i.e., the TRANSURANUS-NINE version). The 
two formulations are benchmarked and assessed against the CONTACT1 
irradiation test (Bruet et al., 1980; Charles et al., 1983). Along with these 
two physically grounded descriptions, the comparison includes the 
prediction of TRANSURANUS (in terms of radioactive release-to-birth 
ratio) when using the semiempirical ANS 5.4–2010, that is fully 
described in Ref. (Turnbull and Beyer, 2010) and has been recently 
implemented in the TRANSURANUS code at FORTUM (Zullo et al., 
2022c). 

2.1. Fuel-to-gap model for the release of radioactive gas in 
TRANSURANUS//SCIANTIX 

The phenomenon of FG release from the fuel to the rod free volume is 
currently modelled in SCIANTIX (Pizzocri et al., 2020) with a two-step 
process (Pastore et al., 2013; White and Tucker, 1983; Zullo et al., 
2022b; Pizzocri, 2018):  

1. FG atoms are uniformly generated within the fuel grains due to 
fission events. The dominant gas transport mechanism from the fuel 
to the rod free volume is the atomic diffusion (White and Tucker, 
1983; Pastore et al., 2013; Friskney and Speight, 1976; White, 2004; 
Turnbull et al., 1982; Turnbull et al., 1988), in the first place from 
within the grains to the grain boundaries, where the gas accumulates 
in grain-boundary bubbles. 

2. The inter-granular bubbles grow by absorption of both FG and va
cancies and can coalesce together, resulting in larger and fewer 
bubbles (White, 2004; Veshchunov, 2008). Coherently with the 
state-of-the-art modelling (White and Tucker, 1983; Pastore et al., 
2013; White, 2004). we assume that this process continues until the 
grain boundaries are sufficiently populated with large bubbles, and a 
network of interconnected bubbles is formed. This network consti
tutes a pathway through which fission gas is vented out of the fuel 
pellet, as soon as the network gets in touch with an easy escape route, 
e.g., a fuel crack. We assume that this release happens instantly, i.e., 
the gas is brought from the grain boundaries to the fuel rod free 
volume, neglecting all the intermediate mechanisms occurring, e.g., 
long-distance axial transfer, percolation, grain-face diffusion, re- 
solution from grain-boundary bubbles (Pizzocri et al., 2020; Pas
tore et al., 2013; Bernard et al., 2002; Rest, 2003). 

This behaviour is supported by experimental observations of frac
tured surfaces of UO2 showing that the grain boundaries are populated 
by large, lenticular bubbles (White, 2004). If the grain-boundary bubble 
density is Ngb (bubbles m− 2) and the bubble average (projected on the 
grain boundary) area is Agb (m2), the fraction of the grain boundary 
covered with grain-boundary bubbles is NgbAgb, defined as fractional 
coverage Fc (/). The critical, or saturation, value of Fc that determines 
the interconnection of the grain boundary bubbles is set to Fc,sat = 0.5, in 
line with experimental observations (White, 2004; Veshchunov, 2008; 
White et al., 2006). 

The intra-granular behaviour of radioactive FG is modelled as fol
lows. Considering a spherical fuel grain, the diffusion of radioactive FG 
towards the grain boundary is described following Booth formulation 
(Booth, 1957), according to Eq. (1): 

∂C(r, t)
∂t

= Deff (F, T)∇2C(r, t) − λC(r, t)+ S(F) (1)  

where F(fiss m− 3 s− 1) is the fission rate density, T(K) is the (local) fuel 
temperature, t(s) is the time, r(m) is the radial position in the ideal 
spherical grain, λ (s− 1) is the decay rate and S = yF (at m− 3 s− 1) is the 
production rate of the gas, y (at fission-1) is the cumulative fission yield. 
The concentration C (at m− 3) represents the residual amount of intra- 
granular FG. The effective diffusivity Deff (m2s− 1) includes a correc
tion due to the first precursor through a factor α (/), as in the ANS 
5.4–2010 methodology1 (Turnbull and Beyer, 2010; Zullo et al., 2022b; 
Zullo et al., 2022c). Also, it includes the combined effect of trapping-in 
(Ham, 1958) and irradiation-induced re-solution (Speight, 1969) from 

1 The precursor enhancement factor α (/) is a corrective factor which takes 
into consideration the (observed) diffusivity increases for some radioactive 
gaseous and volatile FPs (Brown and Faircloth, 1976). As reported in the ANS 
5.4–2010 methodology (Turnbull and Beyer, 2010), and based on the work of 
Friskney et al. (Friskney and Speight, 1976), for the first precursor we can write 

α =

⎛

⎜
⎝

1−
(

y0
x0

)3

1−
(

y0
x0

)2

⎞

⎟
⎠

2

. In this expression, y0 =
̅̅̅̅̅̅̅̅̅̅̅̅
Dp/λp

√
and x0 =

̅̅̅̅̅̅̅̅̅̅̅
Di/λi

√
, where λp 

and λi are the decay rates of the precursor and consider isotope, respectively, 
and Dp and Di are the diffusion coefficients of the precursor and considered 
isotope, respectively. Lastly, Section 2 deals only with xenon and krypton 
(gaseous fission products). In line with the state-of-the-art modelling of fission 
gas behaviour (Turnbull and Beyer, 2010; Zullo et al., 2022b; Zullo et al., 
2022c), it is reasonable to assume their diffusivities equal. 
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intra-granular bubbles, according to the approach proposed by Speight 
(Speight, 1969), further extended by White and Tucker2 (White and 
Tucker, 1983). The expression for the single-atom diffusivity D(m2/s) is 
the legacy expression from the work of Turnbull et al. (Turnbull et al., 
1988), in line with the modelling adopted in SCIANTIX for the inert gas 
behaviour (Pizzocri et al., 2020; Turnbull et al., 1988), and the classical 
interpretation for the xenon mobility in irradiated UO2 (Rest et al., 
2019). In the end, g (s− 1) being the trapping rate and b (s− 1) the re- 
solution rate, respectively, the effective diffusivity is then given by 
Deff = α b

b+g D. The numerical solution of Eq. (1) is calculated via spectral 
diffusion algorithms, proved to be effective under constant and, most 
importantly, fast transient conditions3 (Pastore et al., 2018; Pizzocri 
et al., 2016; Zullo et al., 2022a). 

The inter-granular behaviour of short-lived fission gases is modelled 
following a physics-based approach valid for stable FG behaviour, which 
describes fission gas release and gaseous fuel swelling (Pizzocri et al., 
2020; Pastore et al., 2013; White, 2004). This choice lies on the 
assumption that grain-boundary bubble growth, coalescence, and 
interconnection are mainly driven by stable FGs and that short-lived 
FGs, negligible in mass with respect to stable isotopes, are not rele
vant in determining the grain-boundary bubble evolution (Zullo et al., 
2022b). In the end, grain-boundary bubble interconnection proceeds 
until grain-boundary saturation, and this process represents an incuba
tion time for the onset of the thermal release (Vitanza et al., 1979). The 
incubation period is caused by the initially closed porosity of the fuel 
microstructure and for short-lived radioactive FGs, this delay is signifi
cant. Hence, suitable modelling of this incubation period is required. 
From the modelling point of view, the grain-boundary bubble behaviour 
is currently described according to works of White (White, 2004) and 
Pastore et al. (Pastore et al., 2013). In line with the modelling of stable 
FGs, the concentration of radioactive FGs accumulated at the grain 
boundary Cb (at m− 3) is given by: 

dCb

dt
= −

(
3
a
Deff

∂C
∂r

)

r=a
− λCb − R (2)  

The release rate R (at m− 3 s− 1) accounts for the FG atoms accumulated 
at grain boundaries that are released to the fuel rod free volume as soon 
as the grain-boundary saturation occurs (Pizzocri et al., 2020; Pastore 
et al., 2013; Zullo et al., 2022b). 

2.2. Fuel-to-gap model for the release of radioactive gas in 
TRANSURANUS-NINE 

Fission product transport mechanisms inside and outside the fuel 
differ according to species (e.g., due to different chemical affinity) and 
among isotopes of the same species (e.g., due to radioactive decay). 
When the release outside the cladding is considered in defective fuel 

rods, the decay rate of different isotopes plays a relevant role by eval
uating the coolant activity (White and Tucker, 1983; Pastore et al., 2013; 
White, 2004). For these reasons, thoroughly studying transport and 
concentration of different fission products in nuclear systems requires to 
evaluate each isotope separately. 

At the current state of development, the TRANSURANUS code4 

considers many stable isotopes of Xe, Kr, Cs and Nd, and the following 
unstable isotopes: 133Xe, 135Xe, and 85Kr. The code simulates the pro
duction of these isotopes through fission events, and by correcting the 
fission yields of the unstable isotopes with some empirical multiplication 
factors to account only for the equilibrium concentrations. Then, the 
production of each species is calculated as the sum of the production of 
all the isotopes of such species, e.g., the sum of 133Xe, 135Xe and the 
stable isotopes of xenon gives the final production of xenon. Doing this, 
the information referred to single isotopes is lost. 

Besides, in TRANSURANUS, the release of gaseous and volatile 
radioactive (in particular, short-lived) fission products can be calculated 
by using the ANS-5.4 methodology (Turnbull and Beyer, 2010; Turnbull, 
2001). This semi-empirical approach yields the release-to-birth ratio of 
some isotopes of xenon, krypton, and iodine, and when coupled with 
corresponding fission yields produces the released number of atoms. 

To provide TRANSURANUS with a more robust option to assess the 
production and release of gaseous and volatile radioactive FPs, an 
alternative option has been implemented within the R2CA project at 
NINE, separating the contribution of each isotope of interest and 
extending the mechanistic modelling of stable fission gases to radioac
tive isotopes.5 The following isotopes have been considered in the 
development:  

• 128Xe, 129Xe, 130Xe, 131Xe, 132Xe, 133Xe, 134Xe, 135Xe, 136Xe, 137Xe, 
138Xe  

• 80Kr, 82Kr, 83Kr, 84Kr, 85Kr, 86Kr, 87Kr, 88Kr, 89Kr  
• 133Cs, 135Cs, 137Cs, 138Cs  
• 131I, 132I, 133I, 134I, 135I, 136I, 137I, 138I 

The isotopes are interconnected by decay processes (β-) and capture 
events (σc), as schematically shown in Fig. 1. 

To compute the FP inventory in the fuel the following equation has 
been considered for each isotope: 

dA
ZN(t)
dt

= yf q − λNA
Z

A
Z
N(t) − σcNA

Z
Φ A

ZN(t) (3)  

In Eq. (3), N is the local concentration (namely the production) of the FP 

isotope (Z,A) in the fuel 
(

μmol
mm3

)
, yf is the fission yield 

(
μmol

W

)
, q is the local 

power density 
( W

mm3

)
, σcA

Z N is the neutron capture cross section evaluated 
at thermal energy (cm2), and Φ is the thermal neutron flux 

( n
cm2s

)
. The 

fission yields, decay constants and neutron capture cross sections are 
evaluated from the JEFF-3.3 library (White and Tucker, 1983; Pastore 
et al., 2013; White, 2004). This approach to evaluate the isotopes in
ventories has been implemented in TRANSURANUS, and the use of cu
mulative fission yields has been assessed through a comparison with the 
Serpent code (White and Tucker, 1983; Pastore et al., 2013; White, 
2004). The calculation of the release of radioactive isotopes is based on 
the mechanistic TRANSURANUS option to describe the stable (xenon 
and krypton) fission gas behaviour (White and Tucker, 1983; Pastore 
et al., 2013; White, 2004). Namely, stable FGs are produced inside the 
UO2 grains, they migrate towards the grain boundaries predominantly 
via thermal or irradiation-induced diffusion and accumulate in grain- 

2 In the SCIANTIX code, the model for intra-granular FG behaviour is tightly 
bound to the mechanistic description of the intra-granular bubble (average) size 
and concentration, for which we refer to the work of Pizzocri et al. (Pizzocri 
et al., 2018) for a more detailed description. Concerning the intra-granular FG 
diffusion, the diffusivity is influenced by the irradiation-induced re-solution 
from and trapping in intra-granular bubbles, assumed immobile (Eq. (2)). The 
trapping rate g (s− 1) is calculated as g = 4πDRigNig (White and Tucker, 1983; 
Ham, 1958), with Rig (m) and Nig (bub m− 3) average intra-granular bubble 
radius and density, respectively, and it represents the rate of FG atoms trapping 
into bubbles. The re-solution rate b (s− 1) is assumed to be mainly heterogeneous 
(i.e., irradiation-induced (White and Tucker, 1983; Lösönen, 2000; Turnbull, 
1971; Govers et al., 2012), and written as b = 2πμff

(
Rig + Rff

)2F, where μff(m) 
is the average length of a fission spike and Rff (m) its average influence radius.  

3 The latter feature demonstrated to be essential when considering short-lived 
isotopes, in which the time constants of Eq. (1) may be dominated by high value 
of λ, competitive with diffusion rates D/a2. This topic has been explored in 
depth in Zullo et al. (2022a). 

4 In this work, the reference TRANSURANUS version is the v1m6j21.  
5 In the current work, chemical interactions between non-inert FPs are 

neglected and will be object of further developments involving thermo- 
chemical libraries. 
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boundaries bubbles. The intra-granular diffusion of stable fission gas in 
TRANSURANUS is governed by: 

∂C(r, t)
∂t

= Deff (F,T)∇2C(r, t) + S(F) (4)  

The intra-granular diffusivity Deff can be chosen among different op
tions. Notwithstanding, none of them considers the possibility to diffuse 
in a hyper-stoichiometric fuel matrix. The hyper-stoichiometric condi
tion may occur in presence of a cladding defect. Indeed, in a defective 
rod the coolant may enter the fuel-cladding gap permitting oxidation of 
both the fuel and the cladding. It is known that in oxidizing conditions 
the release of the fission products increases due to changes in the intra- 
granular diffusivity (Massih, 2018; Dobrov et al.; Higgs et al., 2007; 
Olander, 1998, 2017; Killeen and Turnbull), hence it is of interest to 
account for this process from a mechanistic point of view. In the work 
carried out by Killeen and Turnbull (Killeen and Turnbull), there are 
reported a series of experiments in which the release of 85Kr from hyper- 
stoichiometric uranium dioxide was measured under annealing condi
tions, in CO/CO2 atmospheres (White and Tucker, 1983; Pastore et al., 
2013; White, 2004) and an expression for the intra-granular diffusivity is 
given. Nevertheless, the equation is somewhat inconvenient for a fuel 
rod modelling code due to its complexity and the presence of many 
empirical constants and parameters, which may vary depending on the 
isotope and atmosphere considered. For this reason, Kim (Kim, 2000) 
provides a simplified practical expression for the intra-granular diffu
sivity of fission gas in UO2+x. In Kim’s formulation the intrinsic thermal 
contribution D1 (m2/s) is corrected with a factor that accounts for the 
observed enhanced diffusivity under hyper-stoichiometric conditions, 
resulting in: 

D1 = 7.6 × 10− 10e− 35000
T f (x) (5)  

f (x) = 1+ 493x+ 32182x2 (6)  

The variable x (/) indicates the deviation from stoichiometry. Eqs. (5) 
and (6) are considered valid in the hyper-stoichiometry range 
0.005 ≤ x ≤ 0.12, and in the temperature range 1000 K ≤ T ≤ 1600 K. 
The coefficient D1 together with the thermal irradiation enhanced and 
the a-thermal components contributes to the calculation of the single- 
atom diffusivity defined from Turnbull et al. (Turnbull et al., 1988). 
Then, the intra-granular diffusivity implemented in TRANSURANUS is 
defined according to the approach proposed by Speight (Speight, 1969), 
further extended by Van Uffelen (Van Uffelen et al., 2011): 

Deff =
b

b + g
Ds +

g
b + g

Db (7)  

That considers trapping (g) and irradiation-induced resolution rates (b). 

The effective diffusion coefficient Deff is decomposed in two compo
nents: the first one considering only the fraction of FPs not trapped in 
intra-granular bubbles (i.e., available as single-atoms in solution in the 
fuel matrix, with diffusion coefficient Ds) and the second one referring to 
the population of FPs trapped into bubbles and available to diffuse only 
through bubble mobility6 Db. 

As previously stated, in this work the mechanistic description of 
stable fission gas diffusion, available in TRANSURANUS, has been 
extended to gaseous and volatile radioactive fission products. Eq. (4) can 
be solved by both URGAS and FORMAS algorithms (Lassmann and Benk, 
2000; Forsberg and Massih, 1985; Forsberg and Massih, 1985) that are 
tailored for the diffusion equation without the decay loss, hance it has 
been approximated as valid to describe the diffusion of short-lived 
fission products. In the current implementation, the stoichiometry de
viation x equals the radially averaged oxygen-to-metal ratio in each 
section (or slice) of the discretized fuel rod. Further developments of this 
description will consider the development of a dedicated solver for Eq. 
(1) in TRANSURANUS as well, and the formulation of an oxygen 
redistribution model inside the fuel matrix (including local stoichiom
etry variations) and the analysis of the thermal effect on the hyper- 
stoichiometry conditions. Lastly, grain-boundary processes (e.g., grain- 
boundary bubble evolution, onset for fission gas release and gaseous 
fuel swelling) are determined by the evolution of stable fission gases, 
according to (Pastore et al., 2013). 

2.3. Benchmark of fuel-to-gap models for the release of radioactive gas 
against the CONTACT1 irradiation test 

The two versions of the TRANSURANUS code previously described 
(i.e., TRANSURANUS coupled with SCIANTIX and TRANSURANUS 
extended by NINE) have been used to reproduce the CONTACT1 irra
diation experiment, from the IFPE open database (Bruet et al., 1980; 
Charles et al., 1983), to assess and benchmark their predictive capabil
ities when calculating the release of short-lived gaseous and volatile FPs. 
Along with these two TRANSURANUS versions, the comparison includes 
the prediction of TRANSURANUS when using the semi-empirical ANS 

Fig. 1. Relationship among radioactive decays and capture events for the list of isotopes considered by the development of the new model implemented in 
TRANSURANUS (white boxes represent isotopes not considered in the model described, e.g., barium and rubidium). 

6 The intra-granular bubble mobility, appearing in Eq. (12) through the 
effective diffusivity Db, has been investigated in several works (Van Uffelen 
et al., 2011; Evans, 1994; Verma et al., 2020; Verma et al., 2019; Moal et al., 
2014; Veshchunov and Tarasov, 2013). Its use was exploited to investigate the 
large fission gas release at high temperatures (above 1600◦C) in annealing 
conditions and during transients, while it provides a negligible contribution to 
the fission gas release in normal PWR conditions (Van Uffelen et al., 2011). For 
this reason, the intra-granular bubble mobility is not included in Eq. (2) and 
does not determine a difference in the fission gas release during the CRUSIFON 
experiments shown in Section 3. 
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5.4–2010 (Turnbull and Beyer, 2010), recently implemented in the code 
in the frame of the R2CA European project (R2CA, 2019). In Fig. 2 we 
show the CONTACT1 linear heat rate provided as input to TRANS
URANUS, as a function of the burn-up. The purpose of the CONTACT1 
irradiation experiment was to improve the general understanding of the 
fuel rod performance and the release of short-lived FG isotopes (Bruet 
et al., 1980; Charles et al., 1983). Available data from IFPE documen
tation, shown in Fig. 3, include release-to-birth ratios (R/B) of 133Xe, 
135Xe, 137Xe, 138Xe, 87Kr, 88Kr and 89Kr as a function of the burn-up. The 
monitored isotopes being inert gases (or, in other words, neglecting 
chemical interactions) are treated in the same way by the considered 
codes, in terms of the transport processes from inside the fuel to the rod 
free volume. For this reason, in Fig. 4 we compare the R/B of one 
isotope, the short-lived 133Xe isotope. 

In Fig. 4, we show the 133Xe R/B, as calculated by TRANSURANUS 
and the ANS 5.4–2010 methodology, TRANSURANUS-NINE and 
TRANSURANUS//SCIANTIX. When TRANSURANUS adopts the semi- 
empirical ANS 5.4–2010 methodology (Turnbull and Beyer, 2010) to 
predict 133Xe R/B (green line in Fig. 4), the calculation underestimates 
the data (black dots in Fig. 4), hence the gap activity as well. This 
underprediction has revealed to be systematic in the simulation of this 
case (Zullo et al., 2022b; Zullo et al., 2022c), and it can be attributed to 
the calibration behind the semi-empirical nature of the ANS 5.4–2010 
methodology, that is trained on a different experimental database 
(Turnbull and Beyer, 2010; Turnbull, 2001). In addition, the release 
dynamic is not well represented since the methodology essentially fol
lows the input linear heat rate (Fig. 2). This constitutes a crucial limi
tation when considering fast transient scenarios and their dynamics 
(such as in the case of a fuel failure event) potentially resulting in the 
unreliability of the ANS 5.4–2010 methodology, that can be overcome 
with the help of TRANSURANUS//SCIANTIX or TRANSURANUS-NINE. 

Detailing the performance of the TRANSURANUS code extended by 
NINE, as described in Section 2.2, for the CONTACT1 simulation, Eq. (4) 
is solved with the URGAS algorithm (Elton and Lassmann, 1987) 
(including Eq. (6) with x = 0 in absence of oxidating environment). The 
resulting flux of atoms from the intra-granular region is then combined 
with the TRANSURANUS mechanistic inter-granular gas modelling 
(Pastore et al., 2013; Van Uffelen et al., 2011) and the inventory 
calculation (Eq. (3)) to estimate the release-to-birth ratio of short-lived 

FG isotopes. The predicted R/B curve in Fig. 4 (i.e., the blue line) follows 
a behaviour qualitatively like that described for the previous case 
(TRANSURANUS//SCIANTIX). Namely, it is noticeable the R/B increase 
with burn-up during the irradiation. Indeed, CONTACT experiments 
confirm the difference of the release mechanisms at low and high tem
perature, being 1000 ◦C the transition temperature. When the fuel 
temperature overcomes the transition temperature, there is a strong 
increase in the release, which is clearly visible in the experimental data, 
and it is correctly predicted by the computer codes as well. Furthermore, 
the range of burn-up investigated reveals its influence on the release at 
such high linear heat rate irradiation conditions, and in line with such 
experimental evidence the computer codes calculate increasing release 
even below the transition temperature. Such influence from the fuel 
burn-up is typical of high rating conditions, and it is not visible for fuels 
working in the irradiation conditions of power reactors, e.g., at an 
average linear heat rate of about 25 kW m− 1. Concerning TRANS
URANUS coupled with the mechanistic code SCIANTIX (Section 2.1), 
the modelling includes the fundamental intra-granular production- 
diffusion-decay processes, and inter-granular accumulation-decay- 
release processes (Zullo et al., 2022b; Zullo et al., 2022c; Zullo et al., 
2022a). Because of the SCIANTIX modelling, the predicted R/B (red line 
in Fig. 4) increases during the irradiation (i.e., with increasing burn-up), 
towards an equilibrium value. The overestimation of the measured 
release (black dots in Fig. 4) is mainly attributed to the current 
SCIANTIX modelling of grain-boundary bubble microcracking, a 
mechanism that is initiated by sudden variations in temperature (in this 
CONTACT1 case, in correspondence with linear heat rate variations) and 
has been shown to contribute to this overestimation (Zullo et al., 2022c). 

3. Release of gaseous and volatile radioactive fission products in 
the primary coolant under stationary operation 

The present section outlines a development that has been included in 
the TRANSURANUS version extended by NINE, towards the prediction 
of radioactive release from defective fuel rods, and, ultimately, the 
estimation of the fission product isotopes concentrations in the primary 
coolant. The model that is descried in this section (gap-to-coolant 
release) is an extension of the previous fuel-to-gap release model (Sec
tion 2.2) operated in the TRANSURANUS-NINE version, within the 

Fig. 2. Input linear heat rate for the simulation of CONTACT1 irradiation experiment in TRANSURANUS, as a function of the burn-up.  
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Fig. 3. Measured release-to-birth ratios of short-lived fission gases, monitored during the CONTACT1 irradiation experiment, as a function of the burn-up (Bruet 
et al., 1980; Charles et al., 1983; Zullo et al., 2022b). The dots are connected for sake of readability. 

Fig. 4. Release-to-birth ratio of 133Xe isotope, measured during the CONTACT1 experiment (data reported as black dots) along with code calculation results. The 
green line represents the prediction from ANS 5.4–2010 methodology, the semi-empirical algorithm recently implemented in TRANSURANUS (Turnbull and Beyer, 
2010; Zullo et al., 2022c). The red line represents the calculation from the TRANSURANUS//SCIANTIX version (Zullo et al., 2022b; Zullo et al., 2022c). The blue line 
represents the calculation from the mechanistic TRANSURANUS fission gas behaviour model, extended at NINE to the radioactive isotopes as described in Sec
tion 2.2. 
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R2CA European project (R2CA, 2019). The model is based on a simpli
fied approach, which is detailed in Section 3.1. It is applicable only in 
steady state conditions that allow to reach an equilibrium between the 
release from the fuel and the release out of the defect. Under this hy
pothesis there is no axial transport and accumulation of fission gas 
isotopes in the gap, which allows to neglect the chemical interactions on 
fission products. Section 3.2 presents the results of the application of the 
model to simulate the CRUSIFON1bis and CRUSIFON2 tests. Section 3.3 
is dedicated to the final discussion and future development perspectives. 

3.1. Evaluation of isotopes escape rate coefficients and coolant 
concentrations 

The gap-to-coolant model chosen as a starting point for the analysis 
of defective fuel rods, which was also the most in line with a direct 
implementation in TRANSURANUS, is the generalized Lewis model 
(Lewis, 1990), echoed in the recent work of Veshchunov (Veshchunov, 
2019). The model is based on a phenomenological first-order kinetic 
model. The gap-to-coolant transport of gaseous and volatile FPs through 
the cladding defect is hence described as a first-order rate process: 

dni

dt
= qi − Ri − λini (8)  

where ni
( at

m3

)
is the mean concentration of the i-th isotope in the fuel rod 

free volume (i.e., including the volumes of fuel-cladding gap and fuel 
rod plenum), qi

( at
m3s

)
is the release rate of the i-th isotope from the fuel 

(per unit volume of the fuel rod free volume), and Ri
( at

m3s

)
is the release 

rate from the gap into the coolant. Ri is assumed to be proportional to ni 

through a phenomenological escape rate coefficient ε
( 1

s
)
: 

Ri = εni (9)  

If an equilibrium between the fuel-to-gap release and the gap-to-coolant 
release is reached, the following relation can be used to estimate the 
escape rate: 

qi = Ri = εni hence ε =
qi

ni
(10) 

In the present discussion, axial transport phenomena are neglected, 
and the focus is on PWR conditions, for which a weak dependence of ε on 
the defect size can be considered as valid (Veshchunov, 2019). 

Evaluating the ε phenomenological defective cladding escape rate 
coefficients is the crucial point to estimate the primary coolant activity 
in the event of fuel failure (Veshchunov, 2019). Escape rate coefficients 
are calculated using Eq. (10). 

3.2. Integral irradiation experiment results 

There is a small number of experimental data available in open 
literature about the coolant activity due to radioactive gaseous and 
volatile FPs released from a defective fuel rod. To the best of the authors 
knowledge, the IFPE open database includes data from the CRUSIFON 
program (Harrer et al., 1980; Harrer et al., 1981), representative of 
irradiation experiments in which a cladding failure was mechanically 
imposed. 

Therefore, in this section we show the results of the calculated fuel- 
to-gap release rate coefficients and isotopes coolant concentrations of 
the CRUSIFON1bis and CRUSIFON2 tests. 

The aforementioned tests are part of a series of loop experiments 
performed on short fuel rods by CEA in France with the aim to measure 
and interpret the release rate from defective rods of fission gases and 
iodine, under steady state and transient power operating conditions. 
Both the tests were performed in the Siloe reactor in the Bouffon loop, 
which consisted of two vertical tubes connected at both ends to form a 
continuous circuit for pressurised water. The experimental fuel rod was 
situated in the bottom of one tube below a heater, which provided an up 

current of cooling water over the experimental fuel rod. After some 
cycles at almost constant power, a cladding defect that consisted of a 
small crack was forcibly opened in a precise time instant, during both 
experiments. From that point on the coolant activity began to be 
recorded. The observed fission product release was made up of bursts 
followed by a constant low-level release. 

Fig. 5 shows the escape rate coefficients calculated by means of Eq. 
(10), after the defect opening; in particular, two isotopes (i.e., 138Xe and 
87Kr) evaluated during the CRUSIFON1bis experiment are reported as an 
example. Their behaviour is representative of almost all the isotopes 
evaluated considering both experiments. The stationary operating con
ditions at which it make sense to apply the model are indicated by the 
vertical blue lines. We can assume to be in the stationary condition of 
equal releases from and out of the gap, considering the constant linear 
heat rate and especially the stationary coolant activity measured during 
the experiment (Harrer et al., 1980; Harrer et al., 1981). In the neigh
bourhood of such instants (the same approach was used for the Crusi
fon2 test) we evaluated the average escape rate coefficients, considering 
a range between maximum and minimum values, all reported in Table 1 
including the decay rates. Such average escape rate coefficients are 
adopted in the TRANSURANUS-NINE version to evaluate the isotopes 
coolant concentrations, as previously described. Results are reported in 
Fig. 6, considering the same isotopes and test of Fig. 5. Along with the 
calculations, tabulated data from IFPE documentation (Harrer et al., 
1980; Harrer et al., 1981) are reported in Fig. 6. The green dots represent 
tabulated data of nuclide measurement obtained by sampling and 
spectrometry of water samples, while the green line represent coolant 
concentration that has been interpolated according to the measured 
global activity of the coolant in the experimental setup. The prediction 
of this version of TRANSURANUS extended by NINE (blue dots in Fig. 6, 
inside the band of variation of calculated data) gives a qualitative insight 
on the coolant concentration in stationary conditions, namely the ones 
assumed in the previous section for the phenomenological rate theory 
model. 

3.3. Discussion 

The escape rates span a wide range of values among different iso
topes (from about 10-6 to 10-3 s− 1). Some considerations should be kept 
in mind when considering those results. First, the model is based on 
releases balance assumption and a simplified first order kinetic theory. 
Therefore, we are neglecting some important phenomena, like the gap 
composition evolution and the bursts during the power transients. In 
addition, the uncertainties associated with the measurements are not 
known. All these elements contribute to the final release from defective 
fuel and their importance should be further investigated in more 
detailed and specific analyses to be assessed. 

Moreover, not all the isotopes are reported in Table 1 since higher 
escape rates are obtained for some iodine isotopes and the caesium ones 
according to this evaluation. This should not mean that iodine and 
caesium are released more than others, and a further analysis should be 
also envisaged to investigate the smaller spread of the resulting escape 
rates (i.e., min. and max. values have almost the same order of magni
tude). The data show that the behaviour of the iodine isotopes is distinct 
from that of the gases through their capacity to be trapped on internal 
surfaces of the rod. A possible reason that justifies the scarce represen
tativeness of the iodine results is that a smaller quantity remained to be 
released during the steady-state conditions after spiking phenomena, 
due to coolant entering and washing out the gap. 

In particular, on reactor startup the fuel expands with heat up, the 
water turns to steam in the gap and noble gases are convectively forced 
out of the rod. On reactor shutdown, noble gases may be trapped in the 
plenum in the vertical rod (depending on the defect location) and 
thereby prevented from escaping. Nevertheless, the iodine escape rate 
coefficient increases due to Nernst diffusion as the water-filled gap 
dissolves the Cs-I deposits with a more rapid ionic diffusion in the water 
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Fig. 5. Escape rate coefficients from defective cladding to primary coolant of 138Xe and 87Kr, after defect opening in the CRUSIFON1bis experiment (blue dots). The 
right y-axis reports the linear heat rate (red line). The vertical blue line at about 1.7x105 s represents the time at which the steady-state condition is reached, from 
which stationary coolant concentrations were measured. 

Table 1 
Fission products isotopes decay rates and escape rate coefficients evaluated during stationary operation of CRUSIFON1bis and CRUSIFON2 irradiation experiments.  

Isotope λ (1/s) ε (1/s) 
CRUSIFON1bis CRUSIFON2 average 

min max min max 
128Xe – 2.28x10-6 1.43x10-5 1.71x10-6 1.03x10-5 5.62x10-6 

129Xe – 2.15x10-6 1.61x10-5 1.61x10-6 2.09x10-5 7.22x10-6 

130Xe – 1.67x10-6 1.67x10-5 2.50x10-6 1.51x10-5 6.76x10-6 

131Xe – 7.48x10-6 1.25x10-5 1.87x10-6 1.50x10-5 7.91x10-6 

132Xe – 6.85x10-6 1.14x10-5 1.72x10-6 1.38x10-5 7.25x10-6 

133Xe 1.52x10-6 2.25x10-6 1.42x10-4 1.94x10-6 6.34x10-5 2.48x10-5 

134Xe – 8.86x10-6 1.33x10-5 2.68x10-6 1.34x10-5 8.62x10-6 

135Xe 2.09x10-5 1.33x10-5 1.94x10-3 4.03x10-6 2.14x10-4 1.68x10-4 

136Xe – 3.96x10-6 7.44x10-6 1.50x10-6 1.80x10-5 6.06x10-6 

137Xe 3.03x10-3 6.82x10-6 2.05x10-3 1.02x10-5 9.20x10-4 2.73x10-4 

138Xe 8.20x10-4 1.16x10-5 2.04x10-3 1.97x10-5 9.16x10-4 3.06x10-4 

80Kr – 2.05x10-6 7.70x10-6 1.68x10-6 2.52x10-5 6.22x10-6 

82Kr – 4.51x10-6 8.45x10-6 1.72x10-6 1.90x10-5 6.72x10-6 

83Kr – 4.72x10-6 1.48x10-5 1.76x10-6 1.76x10-5 7.81x10-6 

84Kr – 4.78x10-6 1.27x10-5 1.92x10-6 2.49x10-5 8.53x10-6 

85Kr – 5.96x10-6 1.79x10-5 1.64x10-6 1.31x10-5 7.89x10-6 

86Kr – 1.29x10-6 9.70x10-6 1.94x10-6 9.72x10-6 4.49x10-6 

87Kr 1.51x10-4 2.18x10-5 1.94x10-3 2.43x10-6 9.76x10-4 2.74x10-4 

88Kr 6.78x10-5 6.05x10-6 1.92x10-3 1.77x10-4 1.60x10-3 4.72x10-4 

89Kr 3.67x10-3 2.10x10-5 2.03x10-3 8.57x10-6 8.89x10-4 2.97x10-4  

Fig. 6. Concentration of 138Xe and 87Kr in the coolant, after defect opening in the CRUSIFON1bis experiment. The blue dots represent the concentrations calculated 
with TRANSURANUS extended by NINE, inside the band of variation of calculated data (boundary). The green line represents the data reported in the IFPE 
documentation, interpolated from global activity measurements and the green dots represent experimental data from online measurements tabulated in the IFPE 
experimental report (i.e., Tableau DMG 40/81 (Harrer et al., 1980; Harrer et al., 1981)). 
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to the defect site (compared to Chapman-Enskog diffusion theory for the 
gaseous steam environment), depending on the presence of water or 
steam and adsorption/dissolution processes (Lewis et al., 2017). The 
resulting burst release phenomena should significantly change the fuel 
cumulative release provided by Eq. (10) that is used to calculate the gap 
escape rate under the hypotheses mentioned there, and thus compro
mise the meaning of the results presented in this work. 

A similar transient burst release effect can be also observed for Xe 
and Kr, as reported by the green line and dots of Fig. 6, but the effect is 
smaller due to the lower chemical interaction of the noble gases. Indeed, 
a posteriori comparison with concentrations measured in the coolant 
(see Fig. 6) shows that measured data fall inside a band of variation of 
calculated data which consists of few orders of magnitude. 

Finally, we managed to simplify and describe with a law based on 
releases equilibrium a phenomenon that is quite more complicated and 
intrinsically related to transient conditions. Indeed, the condition of the 
gap after the defect opening is the dominant process in modelling a 
defective rod and obtaining the final release rate to the coolant. It in
volves phase changes of water, FP stationary release and spiking release 
phenomena. Moreover, also the modified release from the fuel due to 
changes in the physical properties of the UO2 resulting from contact with 
water or steam should have important feedbacks. These conditions 
largely determine any release due to recoil in the water, the kinetics of 
fission product transport within the gap, the degree of radiolysis 
occurring and the chemisorption/desorption of iodine isotopes; they can 
have a strong influence on the temperature and gas atom diffusivity of 
the fuel and thus the number of gas atoms available to the gap. It is an 
intrinsic transient mechanism that can be accurately modelled by the 
coupling of the fuel performance analysis (that can calculate fission gas 
production and release from the fuel, temperature distribution and 
oxidation in the fuel and cladding) with a proper description of the gap 
thermal–hydraulic dynamics (i.e., water evaporation and steam 
condensation, partial pressures evolution and non-condensable gas 
release into the coolant), which is the target of specific thermal- 
hydraulics code such as RELAP5-3D. This would be an interesting 
application moving towards a complete phenomenological first-order 
kinetic model, as in Refs. (Veshchunov, 2019; Lewis, 1990); for future 
improvements of fast-running FPCs (as TRANSURANUS) when evalu
ating the radiological consequences of accidental scenarios, e.g., in fuel 
rod failure events. 

4. Conclusions 

This paper presents the results of a collaborative activity of bench
mark and assessment towards modelling the release of radioactive 
gaseous and volatile FPs from defective fuel rods, with a two-step 
approach (fuel-to-gap and gap-to-coolant release) not available in the 
state-of-the-art TRANSURANUS fuel performance code. Due to the 
complexity of the phenomenon, we compare the outcomes of different 
models implemented in or coupled to TRANSURANUS. The focus is on 
short-lived gases and volatile fission products that are of great interest 
when evaluating the radiological consequences of severe accidents with 
conventional fuel performance codes. 

First, the fuel-to-gap radioactive release is benchmarked and 
assessed against the CONTACT1 irradiation experiment, from the IFPE 
experimental database. The gap activity, due to radioactive release, is 
calculated with the TRANSURANUS code, using the state-of-the-art 
methodology ANS 5.4–2010, and compared with the TRANSURANUS 
version coupled with SCIANTIX, and the TRANSURANUS version 
extended by NINE, with dedicated subroutines. Release-to-birth ratios 
calculated with TRANSURANUS//SCIANTIX and TRANSURANUS-NINE 
point out the predictive capability of the mechanistic approaches in 
reproducing a physically grounded release dynamic. On the other side, 
the semi-empirical ANS 5.4.-2010 methodology follows the input linear 
heat rate, this being a limitation when considering time-dependent 
scenarios (such as in the case of a fuel failure event). Future work will 

explore different stoichiometry-dependent diffusivities based on avail
able correlations (Lewis, Jun. 2007) as well atomistic calculations 
(Andersson, 2014). 

The TRANSURANUS-NINE code version has also been extended to 
model the gap-to-coolant release from defective fuel rods. The selected 
approach is based on the implementation of a phenomenological rate 
theory model, available in open literature. Moreover, two experiments 
from the IFPE open database (CRUSIFON1bis and CRUSIFON2) were 
considered to compare the calculated results of escaped isotopes coolant 
concentrations. Average values obtained for the escape rate coefficients 
are in agreement with other evaluations available in open literature, and 
the corresponding coolant concentrations manage to bound well the 
experimental data. Some further analyses should be performed to assess 
the behaviour of some particular fission product species like iodine and 
caesium, which may need a dedicated chemical study. 

Lastly, further developments of the present work include a devel
opment of a grain-scale description of the fuel matrix oxidation in the 
SCIANTIX code and the extension of the TRANSURANUS formulation of 
an oxygen redistribution model inside the fuel matrix (with local stoi
chiometry variations) including the analysis of the thermal effects under 
hyper-stoichiometry conditions (via the impact on fuel material 
properties). 
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