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This work studies the effect of the hydrogen precipitation on the in-clad hydrides distribution, given its potential
impact on cladding integrity (ductility reduction). To do so, a hydrogen migration/precipitation model derived,
called HYDCLAD, has been extended to take into account two different options for the precipitation modelling: a
semi-empirical approach and a more phenomenological one. The model has been further extended to encompass

the variability of existing solubility limits.

Different scenarios of hydrogen uptake have been assessed from non-defective and defective irradiated fuel
rods. In the first case, the comparison with data allows concluding that the more phenomenological approach
better predicts the hydride rim if a re-parameterization is done along with the oxidation front effect modelled in
HYDCLAD. In defective fuel rod, the enhancement with the more phenomenological approach is capable of
estimating the hydrides blisters expected under massive hydrogen uptake in the cladding fuel side. The vari-
ability of the solubility limits hardly has an impact on hydrides distribution.

1. Introduction

The diffusion and precipitation of the hydrogen picked up in LWR
fuel claddings is a key aspect for fuel safety given its impact on the
material resistance to failure. The hydriding of Zircaloy claddings may
give rise to the formation of dense hydrides regions, which notably re-
duces the alloy ductility. At high burnup, the so-called hydride rim is
related to the formation of a much higher hydrogen concentration close
to the cladding water side (Nagase and Uetsuka, 1997). In the particular
case of defective fuel rods, hydrogen can be picked up in the cladding
fuel side (secondary hydriding), which may lead to a massive hydriding
that may evolve into the formation of hydrides blisters (Evdokimov
et al., 2011; Lee et al., 2017).

To predict the consequences of the hydriding it is of utmost interest
to properly model the in-clad hydrogen migration and precipitation. In
other words, the estimation of the extension and concentration of the
hydrides formed is needed to characterise the mechanical state of the
cladding. This is especially important if transient mechanical loads
would come into play after the hydriding (i.e., conditions that would
lead to cladding failure).

The experimentation and modelling of in-clad hydrogen performance
mechanisms have been an object of study over the years (Sawatzky, 1960;
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Kearns, 1967; Marino, 1972; Kammenzind et al., 1997; McMinn et al.,
2000; Une et al., 2009; Courty et al., 2014; Courty et al., 2015; Passe-
laigue et al., 2021a). This has allowed enhancing the predictability of fuel
performance codes. So far, the main focus of interest has been the
behaviour of the hydrogen picked up in the cladding water side, which is
currently modelled in codes like BISON (Stafford, 2015), SVECHA/
QUENCH (Veshchunov et al., 2016), TESPA-ROD (Sonnenburg and Boldt,
2017) or FRAPCON-xt (Feria and Herranz, 2018).

Current models encompass diffusion and thermo-diffusion as drivers
of the atomic hydrogen migration, and precipitation of zirconium hy-
drides as a sink of the cited migration. The models derived so far require
further validation to reduce uncertainties found (Stafford, 2015; Feria
and Herranz, 2018; Passelaigue et al., 2022). In particular, hydrogen
precipitation needs further research. Earlier modelling is based on the
fact that there is hysteresis in the solubility limit (i.e., precipitation and
dissolution limits) and the precipitation kinetics are independent of the
hydrides formed (Courty et al., 2014; Stafford, 2015). However, recent
studies suggest that there is only one thermodynamic solubility limit
with precipitation kinetics depending on hydrides present in the clad-
ding, from which a new model has been derived (Passelaigue et al.,
2021a); recently, this model has been updated taking into account non-
fixed solubility limits along time (Passelaigue et al., 2022). This latest
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approaches, though, should be validated against representative data
from irradiated fuel rods.

This work studies the effect of the hydrogen precipitation modelling
on the in-clad hydrides distribution when simulating both separate ef-
fect tests and integral scenarios representative of PWR conditions with
intact and defective fuel rods. This activity has been carried out in the
framework of the R2CA project (within Work Package 4). The study has
been performed with HYDCLAD, the in-clad hydrogen model built-up
(Feria and Herranz, 2018), which latest developments are also
described in this paper. HYDCLAD extensions involve three different
aspects: an additional precipitation model has been implemented based
on Passelaigue et al. (2022); based on the variability of the solubility
limits reported in the literature (Zanellato et al., 2012), several options
have been included to enable sensitivity analyses; and, finally, model
application to fuel side hydrogen uptake (i.e., defective fuel rods) has
been made possible.

2. HYDCLAD model
2.1. Fundamentals

HYDCLAD is a 1D model of the hydrogen performance across the
cladding thickness derived by CIEMAT (Feria and Herranz, 2018; Feria
et al., 2020b). The fundamentals for modelling diffusion and precipita-
tion/dissolution phenomena, as well as the initial and boundary con-
ditions are described below.

2.1.1. Diffusion

The general equation used to model the diffusion of the hydrogen
concentration, H, is based on the Fick’s second law. Focusing on the
radial direction, r, it is expressed as:

dH ]

= ar W

where H is the hydrogen concentration, J the hydrogen flux and r the
radial direction. The hydrogen flux is calculated taking into account
both the concentration gradient (Fick’s first law) and the temperature
gradient (Soret’s law):

dH Q*-H dT
= -D(=— — 2
! (dr + RT? dr> )

where D is the diffusion coefficient, Q* the heat of transport, T the
temperature and R the ideal gas constant. The hydrogen concentration is
split into dissolved, Hg, and precipitated, H},, based on the solubility
limits, as is shown in the following section. In order to consider the mass
transfer through a two phase-region, the volume fraction of the hydride
phase, f, is accounted for. It is determined through the ratio between Hj,
and the local concentration of hydrogen in hydride precipitates, H5. The
details of D, Q* and H$ are reported elsewhere (Stafford, 2015; Vesh-
chunov et al., 2016). It should be mentioned that the modelling of the
hydrogen mobility and hydride orientation related to the stress (Bruni
etal., 2011; Massih and Jernkvist, 2009) is not taken into account under
irradiation conditions.

2.1.2. Precipitation/dissolution

The classic modelling of hydrogen precipitation/dissolution in the
zirconium alloy is used, based on empirical terminal solid solubilities
concerning precipitation (TSS;) and dissolution (TSSy), assuming that
there is hysteresis (Courty et al., 2014). The calculation of the precipi-
tation rate is based on the linear approximation in the hydride precipi-
tation model (Marino, 1972); concretely, the rate of precipitation was
measured to be proportional to the hydrogen supersaturation. If the
concentration in solid solution lies between TSS, and TSSq (i.e., hys-
teresis area), neither dissolution nor precipitation occurs. When the
concentration in solid solution is below the TSSgy, there is only a change
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in the precipitation rate if hydrides are present (i.e., dissolution of the
hydrides). Therefore, the precipitation rate is determined from TSSp,
TSSq and the precipitation and dissolution rate parameters (k; and kg,
respectively):

ky+(Hq — TSS,) if Hy >TSS,
dH, _ 0 if TSS,>H, > TSS,
dt ) kg(Hy — TSS,) if H,<TSS; and H, > 0
0 lf HdSTSSd and Hp =0

3

The details of the kinetic parameters and the solubility limits are
shown elsewhere (Stafford, 2015; Veshchunov et al., 2016). The options
used by default in HYDCLAD are depicted in Figs. 1 and 2, respectively
(represented as blue lines).

Additionally, CIEMAT implemented an additional contribution to
the hydrogen migration/precipitation based on the effect of the oxida-
tion front (Feria and Herranz, 2018). Particularly, from experimental
observations made by Tupin et al. (2015), it is modelled that the
hydrogen from the hydrides incorporated in the oxide is pushed ahead of
the oxidation front, which implies inwards transport into the most
external location of the metallic cladding and its subsequent reprecipi-
tation. The latter is simulated through a fitting parameter, rp, with a
value between O (instantaneous reprecipitation) and 1 (reprecipitation
according to the kinetics modelled), given the lack of data concerning
the effect of hydrides in the reprecipitation kinetics.

Accordingly, the precipitation rate is re-casted as,
dH, dH,  dH,

o @ Pa )

where Hp is the precipitated hydrogen obtained from equation (3) (i.e.,
without the effect of the oxidation front), Hyy is the concentration of
precipitated hydrogen covered by the oxidation front, and rp is the
fraction of Hyx that does not re-precipitate instantaneously (the re-
precipitation kinetics has been modelled by the same k, as the
precipitation).

The assessment against post-irradiation measurements of a high
burnup fuel rod showed that this contribution with rp values close to 1
considerably enhances the prediction of the hydride rim (Feria and
Herranz, 2018), so this is the value adopted by default.

2.1.3. Initial and boundary conditions

The initial conditions for HYDCLAD (i.e., as-fabricated cladding
thickness and hydrogen concentration), as well as the time step, the
number of in-clad radial nodes and the fuel rod axial node simulated, are
given through an input file, while the boundary conditions (i.e.,
hydrogen pickup, Hpk, oxide thickness, 8oy, and thermal conditions;
steady-state and transient conditions can be applied) can be provided
through the input or by the coupling with a fuel performance code.
Particularly, the model is prepared to be coupled with the FRAPCON
code (version 4.0) (Geelhood et al., 2015).

The hydrogen pickup provided by FRAPCON is used as the boundary
condition in the waterside node and the oxide thickness given by the
code is used for the above mentioned oxidation front modelling. Con-
cerning the thermal conditions, FRAPCON calculates the inner and outer
cladding temperature (it does not nodalize the cladding thickness), from
which HYDCLAD estimates the thermal gradient in the nodes estab-
lished; particularly, a linear interpolation is assumed.

It should be noted that the model is solved by the numeric method of
finite differences. The method is stable if At < Ar / 2-Dpax, Where At and
Ar are the temporal and spatial discretization steps, respectively, and
Dmax the maximum value of the diffusion coefficient.

2.2. Extension
In this work, HYDCLAD has been extended to account for a new

approach for precipitation/dissolution modelling, as an alternative op-
tion to the previous approach. Moreover, the model has been also
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Fig. 1. Kinetic parameters for dissolution (left) and precipitation (right, with y-axis in logarithmic scale) as a function of temperature.
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Fig. 2. TSS curves implemented in HYDCLAD.

extended with additional options of solubility limits experimentally
found. Concerning the boundary conditions, the model has been adapted
to take into account the fuel side hydrogen uptake under secondary
hydriding scenarios. These extensions are described below.

2.2.1. Precipitation/dissolution

A new model for precipitation/dissolution proposed by Passelaigue
et al. (2021a), called Hydride Nucleation-Growth-Dissolution (HNGD),
has been implemented in HYDCLAD. In this model, hydride precipita-
tion is divided into nucleation of new hydrides and growth of existing
ones. Nucleation and growth of new hydrides occur when the dissolved
hydrogen is above the TSS,, which is identified as the supersolubility
limit. The TSSq is identified as the only thermodynamic solubility limit
and the growth of existing hydrides occurs when the solid solution
content is above. The kinetics of precipitation by hydride growth is
described using the Johnson-Mehl-Avram-Kolmogorov model (Avrami,
1939).

The equations describing this model are the following:

where kq’, ky and kg are the kinetic parameters for dissolution, nucle-
ation and growth, respectively, which are function of the temperature
(kg also depends on the precipitated hydrides, related to the effect of
local stress on the diffusion around the hydrides), x is a measure of the
advancement of the precipitation reaction and p is the dimensionality of
the growth. The details of the model’s parameters are given in Passe-
laigue et al. (2021a).

In order to compare the kinetic parameters of this new approach with
the ones of the previous approach (i.e., classic modelling shown in
equation (3) of section 2.1.2), Fig. 1 illustrates the evolution of these
parameters with temperature. Different trends with temperature are
observed regarding the modelling of each parameter for dissolution and
precipitation. This should be explained by the experimental database
that supports the modelling of each parameter, analysis of which is out
of the scope of this work. Note that the kinetic parameter for nucleation
used by the new modelling is several orders of magnitude greater than
the kinetic parameter for precipitation used by the previous modelling.
Considerably less difference can be observed with respect to the kinetic
parameter for growth, even at the highest hydride content considered.

The approach described in the paragraphs above is hereafter referred
as new approach with “static-TSSs”.

Further extension of HYDCLAD has been done by implementing the
latest HNGD model developments (Passelaigue et al., 2022). They imply
adopting variable solubility limits (new approach with “dynamic-
TSSs™):

“Effective supersolubility”. Supersolubility is considered a variable
value tending to the solubility value at long holds (i.e., matrix in-
homogeneities may play a critical role in catalyzing nucleation). This
gives rise to an effective supersolubility expressed as:

. . oT
7SS =TS8, if > #£0

o ©

l‘*t())
if —=
T ot

where tg is the time when the temperature hold starts and tis the time
parameter that characterizes the decrease.

0

7SS = TS, + (TSS, — TSS,) ~exp( -

ky-(Hy — TSS,) + ko-(H — TSS,)-p-(1 — x)-(~In(1 —x))" """ if H, > TSS,

dH,

dt K,-(Hy — TSS,) if H,<TSS, and H, > 0
0 lf HdSTSSd and Hp =0

kg-(H — TSS,)-p-(1 — x)-(=In(1 — x))' ™7 if TSS,>H, > TSS,

)
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“Growing solubility limit”. Hydrides deform the matrix allowing
accommodation of more hydrogen atoms in solution. Thus, the higher
hydride concentration, the higher solubility limit. The corresponding
effective solubility limit is given by:

TSST =T8S, +g-vs — ((1 — 8)-TSS, + g)-v2 )

where vd is the hydride volume fraction and g and § are fitting param-
eters. All these parameters are detailed in Passelaigue et al. (2022). In
case of g, it is related to the increase in hydrogen solubility caused by the
previous precipitation of hydrides (important in case of low hydride
content); concerning the parameter , it is the fraction of the unmodified
solubility in a solid hydride (relevant for high hydride content).

This modelling has been assessed against out-of-pile experiments by
Passelaigue et al. (2021b), through which the parameters that better fit
to the data have been given: t = 10*s, 5 = 1.05 and g = 120 wppm (new
approach with “static-TSSs” corresponds to § = 1, g = O wppm and a
tvalue far higher than the time of the case simulated). It should be noted
that this new modelling used in this work is based on assumptions
(controlled through the above mentioned parameters) that need further
analysis. Indeed, this modelling has not been validated against in-
reactor data.

Concerning the TSSs, given the variability found in Zanellato et al.
(2012), alternative options to the ones considered by default in
HYDCLAD (McMinn et al., 2000) have been added to the model.
Particularly, the correlations given by Kearns (1967) (for TSSq) and
Zanellato et al. (2012) (for TSSq and TSS,) have been implemented.
Fig. 2 depicts the TSSs taken into account in the model. As it can be seen
from the curves represented, the variability is not negligible; indeed,
comparing McMinn’s with Zanellato’s curves at 300 °C, relative de-
viations greater than 30% have been found.

2.2.2. Boundary conditions

The CIEMATs model has been also adapted to account for a hydrogen
pickup fraction under massive hydrogen uptake in the cladding fuel side,
as an additional boundary condition related to the secondary hydriding
in defective fuel rods.

For the assessment aimed at this work (focused on hydrides redis-
tribution within the cladding), an ad-hoc hydrogen pickup fraction has
been implemented in HYDCLAD, supported on a database from an
experimental program at the Centre for Energy Research (EK). This
program consisted of experimental series with hydrogen charging of
Zircaloy-4 cladding tube samples, reproducing massive hydrogen up-
take. The tests covered the temperature range of 300-400 °C (typical
cladding temperature range under normal operational conditions). The
details of the experimental setup and the data obtained are shown
elsewhere (Szabo and Hozer, 2019).

This adaptation of HYDCLAD has been done through the imple-
mentation of a correlation that reproduces the experimental data:

pk=1—exp(— (A-T + B)-1“7+2) ®

with pk the hydrogen pickup fraction at each time t (expressed in hours)
and T the cladding temperature (expressed in degrees Celsius). A, B, C
and D are the fitting parameters (values shown in Table 1 for different
temperature ranges); the correlation coefficient is 0.99. Fig. 3 shows the
model-to-data comparison at 300 °C and 400 °C.

Note that in this case of massive hydrogen uptake in the cladding fuel
side, the hydrogen content available to be picked up in the cladding is

Table 1

Fitting parameters for hydrogen pickup correlation.
T A B C D
<330°C —0.0032 1.7512 0.0056 —1.6092
330°C<T<370°C —0.0055 2.5072 0.0083 —2.5122
>370°C 0.0048 —1.2946 —0.0034 1.8055
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Fig. 3. Model-to-data comparison of hydrogen pickup fraction.

included as an additional input parameter of HYDCLAD, as well as the
time at which the uptake starts. The coupling with FRAPCON still pro-
vides the irradiation conditions as the cladding temperature and the
hydrogen uptake in the cladding water side. In the cladding fuel side it is
assumed that the massive hydrogen uptake occurs without any oxide
protective layer according to Lee et al. (2017) (in line with the EK
experiment). In this regard, the above mentioned oxidation front effect
contribution does not play any role in the simulation of the hydrogen
uptake in the cladding fuel side.

3. Assessment
3.1. Scenarios

In this section, HYDCLAD model performance, particularly its up-
dates and extensions (new approach for precipitation/dissolution, TSSs
alternatives and secondary hydriding), has been tested in three
scenarios:

e Out-of-pile thermal transients inducing successive hydrogen disso-
lution and precipitation (shown in section 3.2).

e In-reactor irradiation of a non-defective PWR fuel rod, which in-clad
hydrogen distribution was characterized at the end of life (detailed in
section 3.3.1).

e Postulated in-reactor secondary hydriding in a defective fuel rod
with massive hydrogen uptake at the cladding fuel side (section
3.3.2). The lack of open data concerning in-clad hydrogen distribu-
tion on rods that underwent secondary hydriding turns this simula-
tion into a performance consistency check.

The simulations carried out are classified according to the precipi-
tation/dissolution modelling approach considered: previous approach
(section 2.1.2) and new approach (section 2.2.1) both with “static-TSSs”
and with “dynamic-TSSs”. In the case of the previous approach and the
new approach with “static-TSSs”, default and alternative TSSs (shown in
section 2.2.1) have been checked, while in the new approach with
“dynamic-TSSs”, parametric cases based on t, §, and g have been
simulated:

o Fitting values to out-of-pile experiments (parametric called p0), as
obtained by Passelaigue et al. (2022) (t = 10* s,6=1.05and g =120
wppm).

e Bounding values (parametric called pl) of the ranges checked in
Passelaigue et al. (2022) (t = 10%s,5=1.15,and g = 250 wppm). It
is worth noting that the tvalue chosen is far longer than the cases
duration.

e Values targeting the solubility limit parameter affecting high hydride
content in the in-pile cases (6 = 1.15 and g = 0 wppm), mentioned in
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Fig. 4. Evolution during the simulated experiment of the temperature (red dashed line) and the dissolved hydrogen, both measured (black dots) and predicted with
the previous modelling (left) and with the new modelling with “static-TSSs” (right), by using the TSSs by default (continuous line) or the alternative TSSs

(dashed line).

section 2.2.1. Note that thas been set depending on the results from
pO and pl. This parametric case is called p2.

3.2. Out-of-pile thermal transients

A Zircaloy sample hydrogen-loaded with 254 wppm was submitted
to thermal transients to assess the hydrogen precipitation/dissolution
(Lacroix et al., 2018). The initial and boundary conditions were pro-
vided to the HYDCLAD model, as set in the experimental frame.

Fig. 4 shows the heating and cooling cycles to which the sample was
submitted (red dashed line), together with the model-to-data compari-
son in terms of the dissolved hydrogen concentration evolution. The
different modelling options cited above have been checked. Particularly,
the results from the previous and new (with “static-TSSs”) precipitation/
dissolution approaches have been represented; in each case, two options
of the TSSs correlations available in the model have been simulated: the
option by default (McMinn’s correlations for TSSq and TSS;,) and the
option that better fits to the solubility limits observed with the experi-
mental data (Kearns correlation for TSSq and Zanellato’s correlation for
TSS,), called alternative TSSs.

According to Fig. 4, the previous modelling of precipitation/disso-
lution does not capture the evolution of the dissolved hydrogen, while
the new modelling follows the data trend, as was previously shown by
Passelaigue et al. (2021a). The divergences of the previous modelling
appear from the first cooling cycle, since the precipitation kinetics
applied is too slow to simulate the precipitation observed. On the con-
trary, the nucleation and growth modelling for precipitation notably

300 450
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! LAY ) F 350
! \
200 ! \ 1 300
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200
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100 150
CEN

50 . A
_‘)/: \ |/‘ 50
i e &

0 : ‘ 0
0 2000 4000 6000 8000 10000

t(s)

Fig. 5. Evolution during the simulated experiment of the temperature (red
dashed line) and the dissolved hydrogen, both measured (black dots) and
predicted with the new modelling with “dynamic-TSSs” (purple line for para-
metric case p0 and brown line for p1), by using the alternative TSSs.

enhances the prediction by capturing the observed precipitation rate
after each cooling. It has been checked that there is no difference be-
tween using the previous kinetic parameter for dissolution or the new
one. Furthermore, it is shown that the TSSs have an impact on the ac-
curacy of the prediction made; indeed, the option used by default gives
rise to non-negligible deviations with respect to the experimental data in
the case of using the new modelling. In other words, nucleation and
growth provides the right kinetics to the hydride precipitation, enabling
HYDCLAD to follow data, while the alternative TSSs gives a plus to the
model accuracy.

The model-to-data comparison has been also done with the new
approach with “dynamic-TSSs”, taking into account the alternative
TSSs. The two parametric cases p0 and pl, explained in the previous
section, have been simulated. Fig. 5 shows how in case of using the
fitting values obtained by Passelaigue et al. (2022) (p0), slight de-
viations arise after the second cooling, while the same prediction as the
new approach with “static-TSSs” is obtained if using bounding values of
the parameters (p1). According to these results, the time parameter that
characterizes the supersolubility limit decrease (t) is the source of the
differences found. In case of p0, the relatively low value of T (lower than
the duration of the experiment) leads to an earlier decrease of the
supersolubility limit that gives rise to lower dissolved hydrogen after the
second cooling. Thus, the way to avoid any deviation from the data
evolution in this case goes through imposing a T parameter far higher
than the time of the experiment.

3.3. In-reactor irradiation

3.3.1. Non-defective fuel rod

In order to assess HYDCLAD under hydriding conditions related to
hydrogen uptake in the cladding water side, a model-to-data comparison
has been performed based on the post-irradiation examination (PIE) of a
ZIRLO 17x17 PWR fuel rod irradiated to about 69 GWd/tU (Sahle,
2002). The measurements of two axial positions have been gathered.
Table 2 shows the location and main characteristics of both locations. As
observed, despite very similar oxide thicknesses, the hydrogen contents
were about 40% different.

Table 2

PIE measurements (fuel fissile height, 3658 mm).
Variable vl v2
Axial position (mm) 2924 2925.5
Azimuth (°) 0 0
Sox (pm) 104 103
Hpy (wppm)* 926 1280

" Averaged through the cladding wall.
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parametric cases of new model (“dynamic-TSSs”, called new*) without oxidation front effect. Alternative TSSs applied.
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Fig. 8. Model-to-data comparison for EOL hydrogen radial distribution (normalization of the radius, r, minus the inner radius, r;,) for vl (left) and v2 (right):
previous model vs p2 case of new model (“dynamic-TSSs”, called new*) with oxidation front effect. Alternative TSSs applied.

HYDCLAD has been coupled with FRAPCON to set the irradiation
conditions, including the hydrogen pickup fraction in the cladding water
side (Geelhood et al., 2015). Details of the fuel rod design and power
history are given elsewhere (Feria and Herranz, 2018). Note that the
oxidation rate and hydrogen pickup fraction were tuned in FRAPCON to
match the 8ox and Hyy values shown in Table 2.

Figs. 6-8 show the model-to-data comparison at end-of-life (EOL). The
hydride rim measured reached 4405 wppm (v1) and 6595 wppm (v2) in
the roughly 93 pm thick peripheral cladding layer. Given the relevance of
the hydride rim region, the discussion below is focused on it. Neverthe-
less, for the rest of cladding beyond the hydride rim it might be said that
the models capture the low hydride level there, which should not mean a

significant degradation of clad mechanical properties.

In order to check the impact of the extensions carried out in terms of
precipitation/dissolution modelling and TSSs, Figs. 6-7 show the pre-
dictions made without the effect of the oxidation front (i.e., deactivation
of the contribution). It should be highlighted:

e The new model with “static-TSSs” does not improve the prediction of
the hydride rim with respect to the previous approach (Fig. 6). Both
give rise to similar results in v1 and v2: important underpredictions
of the rim thickness with notable overpredictions of the hydrogen
concentration. The alternative TSSs does not improve the prediction;
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indeed, a similar hydride rim with respect to TSSs by default is
obtained.
The new model with “dynamic-TSSs” with the best fit to out-of-pile
experiments (p0 in Fig. 7) allows enlarging part of the rim thick-
ness beyond the measurements but at the expense of giving rise to
important underpredictions of the hydrogen content. Furthermore,
this simulation still predicts a quite denser thin layer in the cladding
water side. Therefore, it does not capture the hydride rim measured
nor in vl neither in v2. From this case, it can be observed how the
decrease of the supersolubility along the irradiation (obtained
through a value of t quite lower than the irradiation period) fosters
the increase of precipitated hydrides, which in turn increases the
solubility limit; this allows increasing the content of dissolved
hydrogen that can move inwards (responsible of the enlargement of
part of the rim predicted).

The new approach with “dynamic-TSSs” with bounding parameters

values (pl in Fig. 7) gives rise to similar predictions as the new model

with “static-TSSs”, that is to say, it does not overcome the inaccuracy
in the hydride rim estimation. This case shows how the deactivation
of the supersolubility decrease along the irradiation (through the
high value of t imposed) hinders the enlargement of the rim thick-
ness in spite of the bounding values of the parameters related to the

solubility limit (8 and g).

e In the parametric case p2 with the new approach with “dynamic-
TSSs” (Fig. 7), it has been chosen the value of T from p0 (t = 10* s), in
order to avoid the results obtained in pl (i.e., denser and thinner
hydride rim than measured). This parametric case results in the
closest prediction to the rim measured in v1 and v2. This confirms &
as a key parameter to enhance the prediction of highly hydrided
regions (i.e., rim), while g does not play an important role in this
regard. The prediction shows a trend to decrease the hydrogen
content along the rim thickness, giving rise to a slight overprediction
of this thickness (more observable in v2 due to the high hydrogen
pickup).

In case of activating the oxidation front effect of HYDCLAD (Fig. 8),
the parametric case p2 with the new approach with “dynamic-TSSs”
enhances its prediction in terms of the hydrogen content profile in the
hydride rim (the rim thickness is the same). The thickness predicted in
the rim is conservative in comparison with the estimation of the previ-
ous model with the best fit of the oxidation front effect parameter, rp
(also shown in Fig. 8, with a value of rp that represents a small fraction
of instantaneous re-precipitation).

In the case p2 shown in Fig. 8, the rp parameter of the oxidation front
contribution is set to 1 to avoid any fast re-precipitation, given that it
should be reproduced through the above explained dependency with the
hydride content of the precipitation kinetics related to growth (not
modelled with the previous approach). However, this has resulted in a
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deviation from what is expected close to the water side (lower hydrogen
content estimated in the outermost layer), which would mean that the
kinetics modelled is not sensitive enough to the hydride content.
Anyhow, this should be checked with further validation against more
PIEs made available.

Note that the stress effect on the hydrogen performance has not been
modelled under irradiation conditions (mentioned above). Although this
should not be a first-order effect under the conditions simulated, it could
contribute to the enhancement of the model accuracy.

3.3.2. Defective fuel rod

In this case, the assessment has been focused on massive hydrogen
absorption in the cladding fuel side in a Zircaloy-4 fuel rod that becomes
defective at the beginning of life. As in the previous section, the coupling
of HYDCLAD with FRAPCON has been used to simulate the target
scenario.

A typical PWR 17x17 fuel rod irradiated to an average linear power
close to 20 kW/m has been simulated with FRAPCON to obtain the
beginning of life conditions; the details of rod design and irradiation are
shown in Feria et al. (2020a). The study has been focused on the upper
part of the fuel rod (axial zone below the upper plenum), where
HYDCLAD has been applied. Particularly, a massive hydrogen pickup of
5000 wppm (in-clad average) has been modelled, as approximated
observed bound from fuel rods submitted to secondary hydriding
(Matsson, 2006). The beginning of this event has been simulated after
30 days of irradiation.

Figs. 9,10 represent the results obtained in terms of the precipitated
hydrogen distribution across the cladding thickness. Two times after the
massive hydrogen absorption have been analysed: one hour, as a
representative time of the first stages of hydrogen diffusion and pre-
cipitation; and one month, as enough time for hydrogen distribution in
clad to reach the steady state. A number of observations can be made
from the results obtained:

e The TSSs variability does not show an important impact on the in-
clad hydrides distribution, independently of the precipitation/
dissolution modelling used (Fig. 9).

o The previous modelling gives rise to a rapid distribution across the
whole cladding thickness of the hydrogen absorbed, even at 1 h
(Fig. 9). This means that the in-clad hydrogen performance is gov-
erned by the diffusion mechanisms (related to concentration and
temperature gradients), which lead to a migration rate faster than
the precipitation rate.

e The new modelling results in a slower migration across the cladding
thickness of the hydrogen absorbed, giving rise to localized accu-
mulation of hydrides (Figs. 9 and 10). This is due to the faster pre-
cipitation rate simulated (through the nucleation and growth kinetic
parameters), which is capable of slowing down the diffusion

10000 ] I T
T i o e
o 1 ‘
o i |
2 : | |
- | =——Model:Previous (default TSSs)
- : saasnas Model Previ:us(a%ltemative T5Ss)
i - = Model:New defaLthTSSs)
| deeees Model:New (alternative| TSSs)
1000 L ‘
00 01 02 03 04 05 06 07 08 09 1.0

r-rin

Fig. 9. Precipitated hydrogen distribution across the cladding thickness (normalization of the radius, r, minus the inner radius, r,) at different times after the
massive hydriding simulated (1 h on the left and 1 month on the right): previous vs new with “static-TSSs” model and default vs alternative TSSs.
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Fig. 10. Precipitated hydrogen distribution across the cladding thickness (normalization of the radius, r, minus the inner radius, r;,) at different times after the
massive hydriding simulated (1 h on the left and 1 month on the right): parametric cases of new model with “dynamic-TSSs” (called new*). Alternative TSSs applied.

mechanisms. It has been checked that the diffusion due to the tem-
perature gradient (i.e., Soret effect) is the responsible for the hy-
drides accumulation in the outer side of the cladding.

The major differences of the parametric cases from the new approach
with “dynamic-TSSs” (Fig. 10) can be observed after 1 month (figure
on the right). Different extensions of the hydride rim thickness are
estimated in each case; the thinner rim is predicted with the best fit
to the actual irradiation scenario shown in the previous section (p2
with T = 10* s) and the larger rim is predicted with the bounding
values of the parameters (p1). As mentioned above, the high value of
7 in the case pl deactivates the supersolubility decrease, which en-
larges the rim thickness in this scenario.

From the above discussion, it was highlighted that the new approach
is capable of predicting hydrides distribution expected in secondary
hydriding scenarios, where the formation of blisters is observed (Evdo-
kimov et al., 2011; Lee et al., 2017). However, the lack of data in this
regard prevents from validating the parametric cases of the new
approach with “dynamic-TSSs”.

4. Conclusions

The present work is focused on analysing the impact of hydrogen
precipitation modelling on hydrides distribution across the cladding.
Two scenarios have been addressed: hydriding in non-defective fuel rods
(from a progressive hydrogen pickup in the cladding water side) and
secondary hydriding in defective fuel rods (from a massive pickup in the
cladding fuel side). Particular attention has been given to the potential
effect of a more phenomenological approach (based on nucleation and
growth) to the previous precipitation/dissolution modelling; likewise,
several solubility limits have been explored to know the modelling
sensitivity to the scatter in the existing database. All the studies have
been carried out with HYDCLAD, an in-house model addressing
hydrogen performance in the cladding.

The results obtained allow drawing the following conclusions:

e The more phenomenological approach is capable of notably
enhancing the prediction made under representative irradiation of
non-defective cladding. Nonetheless, it is worth noting that this
enhancement comes along with a model re-parametrization with
respect to previous settings, and the consideration of the oxidation
front effect, especially in the hydride rim prediction (based on
assessment against PIEs). The wide variability of TSSs, though,
hardly has an effect.

The enhancement of nucleation and growth modelling would
strongly affect hydrides distribution in secondary hydriding sce-
narios, being capable of estimating the hydrides blisters expected.

Contrarily, in-clad hydrides distribution is hardly sensitive to TSSs
variability.

To sum up, by a suitable re-parametrization of the new nucleation
and growth model and the consideration of the “push effect” of the
oxidation front, a substantially better description of hydrides distribu-
tion across cladding can be achieved, particularly with HYDCLAD. The
cited re-parametrization has been required in this work due to the fact
that the related modelling of previous work needed further assessment
under representative irradiation conditions; the different parameters
values obtained in the present paper confirm the need of carrying out the
assessment against expected fuel rod scenarios. Thus, this work will be
further supported once more data become available in the open
literature.
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