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As a result of corrosion during normal operation in nuclear reactors, hydrogen can enter the zirconium-
alloy fuel cladding and precipitate as brittle hydride platelets, which can severely degrade the cladding
ductility. Under a heterogeneous temperature distribution, hydrides tend to accumulate in the colder
areas, creating local spots of degraded cladding that can favor crack initiation. Therefore, an estimation
of the local hydride distribution is necessary to help predict the risk of cladding failure. The hydride dis-
tribution is governed by three competing phenomena. Hydrogen in solid solution diffuses under a con-
centration gradient due to Fick’s law and under a temperature gradient due to the Soret effect.
Precipitation of the hydride platelets occurs once the hydrogen solubility limit is reached. A model of
these phenomena was implemented in the 3D fuel performance code BISON in order to calculate the
hydrogen distribution for arbitrary geometries, such as a nuclear fuel rod, and is now available for BISON
users. Simulations have been performed on simple geometries to validate the model and its implemen-
tation. The simulations predict that before precipitation occurs, hydrogen tends to accumulate in the
colder spots due to the Soret effect. Once the solubility limit is reached, hydrogen precipitates and forms
a rim close to the outer edge of the cladding. The simulations also predict that the reactor shut down has
little effect on already precipitated hydrides but causes the remaining hydrogen to precipitate homoge-
neously into hydrides.

� 2014 Published by Elsevier B.V.
1. Introduction

The core of a Light Water Reactor (LWR) contains fuel assem-
blies that are cooled by water. The fuel rods in these assemblies
are sheathed in the nuclear fuel cladding, made of various zirco-
nium alloys. This fuel cladding serves as a barrier to prevent fission
products from escaping into the primary coolant water. The outer
wall of the cladding undergoes corrosion when in contact with the
cooling water at a temperature range from 280 �C to 340 �C. The
corrosion reaction generates hydrogen, a fraction of which is
picked up by the cladding.

Once the hydrogen enters the cladding, it can either be dis-
solved in solid solution in the a-Zr matrix or precipitated as zirco-
nium hydrides. The hydrogen in solid solution corresponds to H
atoms occupying interstitial sites in the hcp zirconium structure
[1]. At higher concentrations, hydrogen precipitates and forms
hydrides (mostly delta hydrides) [2]. These hydrides are inhomo-
geneously distributed within the cladding tube, and in high enough
concentration they can severely degrade cladding ductility [3].

During operation, temperature gradients exist in the cladding,
in the axial, radial and azimuthal directions, so that hydrogen dis-
tribution, in response to those gradients, can become inhomoge-
neous, and local high hydride concentration regions can occur.
Fig. 1.1 is a schematic of these different features.

A radial gradient in the hydride distribution is normally
observed in fuel rods exposed to the LWR environment. After long
exposures (>4 years), a high hydride concentration region is
observed, constituting a hydride ‘‘rim’’. A hydride rim is observed
close to the outer edge of the cladding, where the temperature is
the lowest [4]. A study of Bossis et al. [5] shows that at high bur-
nup, the average hydrogen concentration in the rim is on the order
of 1300 wt. ppm, while the cladding average concentration is
430 wt. ppm.

Because of the heat production in the fuel, the coolant temper-
ature gradually increases with height along the axial direction. Just
after the spacer grid mixing vanes, local decreases in temperature

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2014.05.013&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2014.05.013
mailto:o.courty@gmail.com
mailto:atm2@psu.edu
mailto:jason.hales@inl.gov
http://dx.doi.org/10.1016/j.jnucmat.2014.05.013
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


FUEL 

F 

U 

E 

L 

Cladding

FUEL 

Fuel pellet 

Fuel Pellet 

Hydride rim Axial increase  

of hydrides 

Azimuthal variations Interpellet gap 

Blister 

Hydrides

Fig. 1.1. Schematic of typical hydride distribution: Hydride rim, axial increase, azimuthal variations and interpellet gap.
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are also seen, caused by improved heat transfer associated with
better mixing of the coolant flow. The oxide growth follows the
same profile as the temperature, increasing generally and decreas-
ing locally at the spacer grids locations [6]. As a consequence, the
amount of hydrogen picked up increases with height.

Another common observation regarding the temperature
dependence of hydrogen distribution is the enhancement of the
concentration of hydride at the inter-pellet gaps. The lower heat
flux causes a slight decrease in temperature which can cause
hydride to concentrate. The work by Garde and co-workers [7]
shows a high concentration of hydrides close to the inter-pellet
gap, compared to the mid-pellet cladding, as shown schematically
in Fig. 1.1.

In the azimuthal direction, a hydrogen temperature distribution
can also occur because of the heterogeneity of the core geometry.
Guide tubes, corners and sides of the assemblies can create colder
temperature regions that can increase local hydride concentration.
This is the least well-known hydride heterogeneity, but evidence
for this has been given by Billone and co-workers who observed
for a cladding with 600 wt. ppm average hydrogen concentration,
a range around the azimuth from 400 wt. ppm to 800 wt. ppm [4].
Hydride blisters can also form when oxide spallation occurs [8].

Because the overall cladding ductility is often effectively limited
by the highest hydrogen concentration region, it should be clear
from the preceding discussion that the cladding ductility is inti-
mately dependent on the local hydride concentration, and thus
an accurate representation of the detailed temperature distribu-
tion and a reliable model of hydrogen transport and precipitation
is needed to evaluate the overall ductility of the full range of fuel
rods found in PWR cores. The aim of this study is to present a
model of hydrogen behavior and describe its implementation into
the BISON fuel performance code, which allows for the simulta-
neous solution of hydrogen and temperature distributions.
2. Modeling hydrogen redistribution

The hydrogen picked up by the cladding has its distribution
altered by three main phenomena: (i) the hydrogen in solid solu-
tion diffuses under a concentration gradient due to Fick’s law, (ii)
the hydrogen in solid solution diffuses under a temperature gradi-
ent due to the Soret effect; (iii) finally hydrogen in solid solution
can precipitate into hydrides once the concentration reaches the
terminal solid solubility (TSSp) for precipitation. The modeling of
these phenomena is shown in the following section. Although the
hydrogen distribution is also affected by stress gradients [9,10]
and by microstructural features such as grain boundaries and
intermetallic precipitates, the current model does not yet consider
these effects.
2.1. Transport of hydrogen

2.1.1. Diffusion under a concentration gradient: Fick’s law
A concentration gradient in the hydrogen distribution generates

a flux according to Fick’s law [11]. This concerns only the hydrogen
in solid solution, as the hydrogen in the hydride phase is not
mobile.

JFick ¼ �D � rCss ð1Þ

where JFick is the diffusion flux due to concentration gradient, Css the
concentration of hydrogen in solid solution, T the temperature in K
and D the hydrogen diffusion coefficient in Zircaloy, which is writ-
ten in Arrhenius form as:

D ¼ AD � exp � Q D

R � T½K�

� �
ð2Þ

where QD is the activation energy for diffusion and AD is a constant.
The coefficients have been measured by Kearns [11], for a tem-

perature expressed in Kelvin as AD = 7.90 � 10�7 m2/s and
QD = 4.49 � 104 J/mol.

2.1.2. Diffusion under temperature gradient: Soret effect
As observed by Sawatzky [12] and confirmed in several studies

[13–21], hydrogen diffusion is also driven by a temperature gradi-
ent. According to the linear thermodynamic model [22], there is a
coupling between the thermal gradient and chemical diffusion.
This phenomenon is called the Soret effect. The diffusion flux due
to the temperature gradient is given by [12]:

JSoret ¼ �
DCssQ

�

RT2 rT ð3Þ

where JSoret is the diffusion flux due to the Soret effect and Q⁄ is the
heat of transport.

Different values of Q⁄ have been measured in the literature
[13,19,21,23]. This study assumes a Q⁄ value equal to 25.1 kJ/mol,
based on Kammenzind’s measurements performed in Zircaloy-4
[21]. The combined diffusion flux under concentration gradient
and temperature gradient is given by:

Jdiffusion ¼ �DrCss �
DCssQ

�

RT2 rT ð4Þ
2.2. Hydride precipitation

2.2.1. Terminal solid solubility
When the hydrogen content reaches the terminal solid solubil-

ity (TSS) in the a-zirconium matrix, hydrides are formed. The
hydrides observed in fuel cladding are most often FCC delta
hydrides ZrH1.66 [2]. Kearns’ study on the TSS using the diffusion



Fig. 2.1. Schematic of the hydrogen and hydride distribution in the cladding.

O. Courty et al. / Journal of Nuclear Materials 452 (2014) 311–320 313
couple method has been widely used as the reference for TSS
determination [24].

A hysteresis phenomenon has been observed in several studies
between the TSS for dissolution (TSSd) and the TSS for precipitation
(TSSp). This temperature hysteresis is a result of the additional
energy associated with the volume expansion that accompanies
hydride precipitation. According to McMinn [25], the TSSd and
the TSSp for unirradiated Zircaloy can be approximated by the fol-
lowing equations:

TSSd½wt: ppm� ¼ 106446:7 � exp �4328:67
T½K�

� �

TSSp½wt: ppm� ¼ 138746:0 � exp �4145:72
T½K�

� �
2
6664 ð5Þ

Eq. (5) have been used in the current study to calculate the TSSp and
the TSSd. Other parameters, such as irradiation, stress and alloying
elements, may change the TSSp and the TSSd, but they have not been
considered in this work. We note that other solubility limit equa-
tions [21,24] have a greater range of applicability, as this correlation
was developed for H levels <80 wt. ppm. Nevertheless, these equa-
tions were chosen as the reference for precipitation.

2.2.2. Precipitation kinetics
The limited solubility and the kinetics of precipitation are a crit-

ical aspect of hydrogen redistribution in the cladding. While the
TSSp and TSSd describe the hysteresis between the precipitation
and dissolution solvus, the kinetics provide information regarding
the transient behavior between a non-equilibrated initial condition
and the final steady state equilibrium. The detailed kinetics of
hydride precipitation is a significant factor in the development of
the hydride rim feature and of other specific hydrogen distribu-
tions that can occur in nuclear fuel cladding.

In the case of reactor operation, the initial concentration of
hydrogen starts at about 5–10 wt. ppm. The cladding is subjected
to a temperature gradient of about 60 �C/mm over the cladding.
The hydrogen flux is coming from the coolant interface as a result
of the corrosion pickup. As noted by Shewmon [26], it is not possi-
ble to predict the redistribution solely from the diffusion laws and
the Terminal Solid Solubility. Indeed, as long as the hydrogen con-
centration does not reach the TSSp, the equilibrium is established
in a quasi-steady-state manner, following Eq. (6), as calculated
by Sawatzky [13].

Css ¼ K int � exp
Q �

RT

� �
ð6Þ

where Q⁄ is the heat of transport of hydrogen in Zircaloy and Kint is
an integration constant that depends on the initial conditions and
that can be obtained by applying the conservation of mass of hydro-
gen. The highest concentration of hydrogen will occur in the colder
area, which is the coolant/cladding interface.

Moreover, the TSSp decreases when the temperature decreases.
Therefore the area with the lowest temperature also shows the
lowest TSSp. Thus, the hydrogen concentration first reaches the
TSSp at the cladding/coolant interface. If instantaneous precipita-
tion is assumed, there is no reason for the hydrogen to diffuse into
the cladding, as it precipitates instantaneously upon entry into the
cladding. This would however lead to the formation of a solid
hydride rim, which does not correspond to experimental observa-
tion. Therefore, the role of precipitation kinetics needs to be exam-
ined, to rationalize why hydrogen diffuses into the cladding. If the
hydrogen does not precipitate instantaneously, it can remain
supersaturated in the solid state. In that case, the previous diffu-
sion equilibrium is modified and hydrogen diffuses toward the
inner cladding. As a result, some hydrogen will precipitate further
into the cladding, as shown schematically in Fig. 2.1.
The precipitation kinetics used in this study follows the model
developed by Marino [27,28], who proposed that the precipitation
rate is proportional to the difference between supersaturated
hydrogen in solid solution concentration Css and the equilibrium
value (given by the TSSp):

dCss

dt
¼ �a2ðCss � TSSpÞ ð7Þ

The kinetics parameter a2 has been measured by Kammenzind, who
proposed an Arrhenius law to describe its dependence on tempera-
ture [21]. The equation found for a2 is:

a ¼ Aa � exp �Qa

RT

� �
ð8Þ

with Aa � 62.3 s�1/2 and Qa � 4.12 � 104 J/mol
2.3. Balance equation for hydrogen in solid solution and precipitated
hydrogen

From the precipitation, dissolution and diffusion models
explained in the previous sections, a balance equation for hydrogen
in solid solution and hydride concentration can be derived. As
described by Eq. (9), the variation of hydrogen in solid solution
per unit time is given by the sum of the net flux, the hydrogen cre-
ated by the dissolution of hydride minus the hydrogen transformed
into hydride due to precipitation.

dCss

dt
¼ �r � J � Rprecipitation þ Rdissolution

dCpp

dt
¼ Rprecipitation � Rdissolution

8>><
>>:

9>>=
>>; ð9Þ

where CSS is the concentration of hydrogen in solid solution, Cpp the
concentration of hydrogen in hydride precipitates, J is the diffusion
flux, Rprecipitation and Rdissolution are the rates of precipitation and dis-
solution respectively.

Hydride precipitation occurs when the concentration of hydro-
gen in solid solution surpasses the TSSp. Hydride dissolution occurs
when the concentration of hydrogen in solid solution becomes
lower than the TSSd. Four different cases have to be taken into
account for the writing of the balance equations.
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2.3.1. Case 1: precipitation
In the first case, the concentration of hydrogen in solid solution

in a unit volume is greater than the TSSp. In this case, the variation
of hydrogen in solid solution per unit of time is equal to the net
flux minus the amount of hydrogen that is transformed into
hydrides.

If Css > TSSp;

dCss

dt
¼ �r � J � a2ðCss � TSSpÞ

dCpp

dt
¼ a2ðCss � TSSpÞ

8>><
>>:

9>>=
>>; ð10Þ

where again Css is the amount of hydrogen in solid solution,
expressed in wt. ppm. Cpp is the amount of hydrogen precipitated
in hydrides, expressed in wt. ppm.

2.3.2. Case 2: hysteresis
In the second case, the concentration in solid solution lies

between the TSSp and the TSSd. This is the ‘‘hysteresis’’ area, where
neither dissolution nor precipitation occurs. Only the hydrogen in
solid solution responds to temperature and concentration gradients.

If TSSp P Css > TSSd;

dCss

dt
¼ �r � J

dCpp

dt
¼ 0

8>><
>>:

9>>=
>>; ð11Þ
2.3.3. Case 3: dissolution
In the third case, the concentration in solid solution is below the

TSSd, and hydrides are present (Cpp > 0). The hydrogen in the pre-
cipitated hydrides (Cpp) is dissolving so that the Css matches the
TSSd value.

If TSSd 6 Css and Cpp > 0;

dCss

dt
¼ �r � J þ b2ðTSSd � CssÞ

dCpp

dt
¼ �b2ðTSSd � CssÞ

8>><
>>:

9>>=
>>;
ð12Þ

where b is the kinetics parameter for dissolution. It is usually
assumed that dissolution kinetics is very fast compared to precipi-

tation kinetics, so that b2 � a2 andb2 � l2

D
, with l the characteristic

length of the geometry.

2.3.4. Case 4: diffusion only
In the fourth and last case, the concentration in solid solution is

below the TSSd, but no hydrides are present. In that case, the only
change to the hydrogen concentration comes from the net diffu-
sion flux.

If TSSd P Css and Cpp ¼ 0;

dCss

dt
¼ �r � J

dCpp

dt
¼ 0

8>><
>>:

9>>=
>>; ð13Þ

There are physical limits to the amount of hydrides per unit of vol-
ume. A first limit is that there cannot be more hydrogen in a given
volume than is contained in a stoichiometric hydride, that is, the
material is a solid hydride. This amount is given by Eq. (14)

Cpmax ¼ 1:66 � MðHÞ
MðZrÞ � 106 � 18;200 wt:ppm ð14Þ

However, it has been experimentally observed that the
maximum amount of hydrogen in the rim falls between
1000 wt. ppm and 2000 wt. ppm [4,5]. Although solid hydrides
are observed when blisters form or when hydrogen is charged elec-
trolytically, the hydride rim concentrations observed are normally
much lower than the value in Eq. (14) (1000–2000 wt. ppm). There
are several possible physical reasons why the hydrogen concentra-
tion of the rim is smaller than the theoretical limit. The equilibrium
between hydrogen in solid solution and hydrides may be affected
by the hydrides that have already precipitated. The precipitation
kinetics may be changed by the increase of hydride nuclei, or by
a competition between different hydrides. The hydrogen levels in
the rim in samples oxidzied in the reactor vary depending on alloy,
burnup, etc. The implementation of the model allows the user to
choose the maximum value for Cpp. In the simulations presented
in this paper, the maximum was arbitrarily set to 1000 wt. ppm.
Once the limit is reached at a given location, no further precipita-
tion can happen at this location. It is clear that this is an artificial
limitation, serving here to account for physical phenomena that
are not accounted for in the model, such as sympathetic nucle-
ation, and the influence of the asymmetric hydrogen distribution
on trapping of hydrogen atoms.

The constants for the hydrogen in Zircaloy-4 model have been
taken from the literature and are summarized in Table 2.1.

2.4. Boundary condition: flux entering the cladding from the coolant/
cladding interface

The hydrogen flux entering the cladding is proportional to the
oxidation rate, and its value is needed to obtain a quantitative
result. The purpose of the current section is to evaluate this flux
from the oxide kinetics equations. The oxidation kinetics have been
formulated using semi-empirical models, as detailed in the Water-
side Corrosion report, produced by the International Atomic Energy
Agency (IAEA) [29]. These models separate two different kinetic
behaviors. At first, oxidation weight gain kinetics is governed by
a cubic rate law:

w3 ¼ kc � t; with kc ¼ Akc � exp �Q kc

RT

� �
ð15Þ

with: w the weight gain (mg/dm2), Akc the pre-transition frequency
factor (in (mg/dm2)3/d), Qkc the pre-transition activation energy for
oxide growth during cubic kinetics (J/mol), R the gas constant, T the
temperature (K).

Assuming that all oxygen weight gain is used to produce ZrO2

and that no ZrO2 oxide is lost by spallation or dissolution, the oxide
layer thickness is proportional to the weight gain [30]:

dðlmÞ ¼
w mg

dm2

� �
14:7

¼ kc � tð Þ
1
3

14:7
¼ K

1
3
c � t

1
3 ð16Þ

Kc is the cubic constant for the oxide layer growth, and kc is the
cubic constant for the weight gain evolution.

When the oxide thickness follows a cubic law, the oxidation
rate gradually decreases, until at a given oxide thickness
(d � 1.8 � 2 lm for Zircaloy-4), a kinetic transition is observed.
At this point, often referred to as the oxide transition, the oxidation
kinetics return to the initial value seen at the start of the corrosion
of the bare metal [31]. Henceforth, the oxidation kinetics can be
approximated with a linear rate law:

w ¼ kl � ðt � t�Þ þw�; kl ¼ Akl � exp �Q kl

RT

� �
ð17Þ

with: w the weight gain (mg/dm2), kl the linear rate constant (lm/
day), t⁄ the transition time (days), w⁄ the weight gain at the transi-
tion (mg/dm2), Akl the post-transition frequency factor (in (mg/
dm2)/d).

In terms of oxide thickness, Eq. (17) is rewritten as:

d ¼ d� þ KL � ðt � t�Þ ð18Þ

The kinetics constants in Eqs. 17–20 have been taken from previous
work. According to [29], the values given in Table 2.2 have been
considered in previous work and fuel performance codes.



Table 2.1
Hydrogen model constants in Zircaloy-4.

Phenomenon Parameter Value Unit Source Comments

Fick’s law ADff 7.90 � 10�7 m2/s [11] Longitudinal diffusion
QDiff 4.49 � 104 J/mol [11] Longitudinal diffusion

Soret effect Q⁄ 2.51 � 104 J/mol [21] Average value

Precipitation AP 1.39 � 105 wt. ppm [25] Unirradiated
QP 3.45 � 104 J/mol [25] Unirradiated

Dissolution AD 1.06 � 105 wt. ppm [25] Unirradiated
QD 3.60 � 104 J/mol [25] Unirradiated

Precipitation kinetics Aa 6.23 � 101 s�1/2 [21]
Qa 4.12 � 104 J/mol [21]

Table 2.2
Zircaloy-4 empirical oxidation kinetics parameters.

Source/model Pre transition
frequency factor
AKc (cubic)

Pre transition
activation
energy (Q/R)

Post transition
frequency factor
AKl (linear)

Post transition
activation
energy (Q/R)

Transition oxide thickness d⁄ (lm) or time t⁄ (days) = A exp(�B)

A B

(14.7)�3 lm3 � d�1 K (14.7)�1 lm3 � d�1 K lm3 � d�1 K

MATPRO [32] 4.976 � 109 15,660 8.288 � 107 14,080 7.749 790/T
EPRI KWU/C-E 1.78 � 1010 16,250 8.04 � 107 13,766 2.14 � 107 �5417/T – 0.0117T
COCHISE (CEA) 11.4 � 1010 17,171 4.0 � 1011 18,391 8.857 � 1010 921/T – 0.035T
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According to the oxidation reaction shown in Eq. (19), there are
4 atoms of hydrogen for each molecule of Zr oxide.

Zrþ 2H2O! ZrO2 þ 2H2 ð19Þ

A fraction (called the hydrogen pickup fraction) of the hydro-
gen atoms produced in the oxidation reaction are transported to
the oxide-metal interface and are absorbed into the cladding.
The absorbed hydrogen is redistributed in the material in
response to thermodynamic driving forces, as detailed above.
For Zircaloy-4, 10–20% of the hydrogen liberated from corrosion
is typically absorbed into the cladding, as has been studied by
several authors [33,34] and can vary during corrosion, with axial
location and with burnup. A typical value of fH = 15% is used here
as an average pick-up. The hydrogen flux that enters the cladding
at the coolant interface is now calculated. The number of moles of
Zr oxide molecules in the oxide layer, per unit surface area, is
given by:

nZrO2 ¼ d � qðZrO2Þ
MðZrO2Þ

ð20Þ

where d is the oxide thickness, q(ZrO2) the oxide density and
M(ZrO2) the oxide molar mass.

The mass of hydrogen picked up by the cladding is then given
by:

mH ¼ 4f H � d �
qðZrO2Þ
MðZrO2Þ

�MH ð21Þ

where MH is the hydrogen molar mass. It is common to use wt. ppm
for the concentration of hydrogen. The mass of zirconium (per unit
of surface) in the cladding is given by Eq. (22):

mZr ¼ qðZrÞ � ðthZr � dÞ ð22Þ

where q(Zr) is the density of pure zirconium and thZr is the cladding
thickness. The thickness corresponds to the initial thickness of the
cladding, about 600 lm. For corrosion occurring on the outer clad-
ding surface, the average concentration of hydrogen in the cladding
in wt. ppm is given by.

CHðwt: ppmÞ ¼ 4f
1:56

d
ðthZr � dÞ �

MH

MZr
ð23Þ
From Eqs. (16) and (18), the rate at which the oxide layer thickness
increases is:

dðdÞ
dt
¼ ðKcÞ

1
3 � 1

3
t�

2
3ð Þ ð24Þ

for the cubic regime, and

dðdÞ
dt
¼ KL ð25Þ

for the linear regime.
The rate of the increase of hydrogen in the cladding is given by:

dCH

dt
¼ 4f H

1:56
� MH

MZr
� thZr

ðthZr � dÞ2

 !
� dd

dt
ð26Þ

Conservation of mass implies that:

dCH

dt
� V ¼ J � S ð27Þ

where V is the volume of cladding considered and J is the flux of
hydrogen coming into this volume through the cross-section S.
The cross-section S multiplied by the cladding thickness is equal
to the volume V. Therefore:

J ¼ thZr �
4f H

1:56
� MH

MZr
� thZr

ðthZr � dÞ2

 !
� dd

dt

J ¼ 4f H

1:56
� MH

MZr
� th2

Zr

ðthZr � dÞ2

 !
� dd

dt
ðwt: ppm=cm2=sÞ

ð28Þ

To a first approximation, the thickness factor (in parenthesis in
Eq. (28)) can be neglected. After 4 years, the oxide thickness is
about 30 lm according to the MATPRO model, and the thickness
factor is about 1.1. With this approximation the equation becomes:

J ¼ 4f H

1:56
� MH

MZr
� dd

dt
ðwt:ppm=cm2=sÞ ð29Þ

Eq. (29) provides an estimation of the hydrogen flux entering the
cladding as a result of waterside corrosion for use in our
simulations.
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3. Implementation of the hydrogen model into BISON

BISON is a nuclear fuel performance code designed to perform
efficient fully-coupled calculations for steady and transient analy-
sis on both desktop computers and in massively parallel environ-
ments. It employs physics-based preconditioned Jacobian-free
Newton–Krylov solution methods and is developed using modern
software engineering principles to form a robust, extensible soft-
ware architecture to ultimately provide a design and analysis capa-
bility for a wide range of nuclear phenomena [35]. The hydrogen
model presented in the previous section has been implemented
into BISON. The solution for temperature and hydrogen distribu-
tions can be simultaneously computed through the fully-coupled
solution strategy in BISON.

3.1. Implementation of the hydrogen in solid solution balance
equations

In the BISON solution approach, the model equations must be
transformed into their weak form. The following derivation is par-
tially inspired from the work of Newman et al. on the treatment of
oxygen diffusion [36]. The weak form corresponds to the scalar
product (in the function space) of the equation and a test function:

Weak Form ðf Þ ¼ ðf ;wÞ ¼
Z

X
f ðx; y; zÞ � wiðx; y; zÞdX ð30Þ

The function scalar product is represented by (f, w), where f is a
space and time dependent function and wi is a test function over
the domain X. In the case of the second derivative in f, the weak
form allows integration by parts, which eliminates the second
order derivative. For instance (applying the divergence theorem
for the second term):

Weak Formðr2TÞ ¼
Z

X
r2Tðx; y; zÞ � wiðx; y; zÞdX ð31Þ

In Case 1 (precipitation), the balance equation governing the
hydrogen in solid solution is:

dCss

dt
þr � J þ a2ðCss � TSSpÞ ¼ 0 ð32Þ

The weak form is obtained by multiplying Eq. (32) by a test
function wi and integrating over X:Z

X

dCss

dt
� wi � dXþ

Z
X
r: �DrCss �

DCssQ
�

RT2 rT
� �

� wi � dX

þ
Z

X
a2ðCss � TSSpÞ � wi � dX ¼ 0 ð33Þ

The second term is then integrated by parts, so that Eq. (33)
becomes:Z

X

dCss

dt
� wi � dX�

Z
X
�DrCss �

DCssQ
�

RT2 rT
� �

� rwi � dX

þ
Z

S
�DrCss �

DCssQ
�

RT2 rT � wi

� �
� dS

þ
Z

X
a2ðCss � TSSpÞwi � dX ¼ 0 ð34Þ

The third term corresponds to a boundary condition. It is the
weak form of the product of the hydrogen flux multiplied by the
surface unit vector. This boundary condition is usually called the
natural boundary condition or the Neumann boundary condition.
Using (,) notation for volume integrals and the < , > notation for
the boundary conditions, Eq. (34) becomes:

dCss

dt
;wi

� �
þ DrCss þ

DCssQ
�

RT2 rT;rwi

� �

þ �DrCss �
DCssQ

�

RT2 rT;wi

� �
þ ða2ðCss � TSSpÞ;wiÞ ¼ 0 ð35Þ
The weak form is obtained in a similar fashion in the case of dif-
fusion. The weak form of Eq. (11) is:

dCss

dt
;wi

� �
þ DrCss þ

DCssQ
�

RT2 rT;rwi

� �

þ �DrCss �
DCssQ

�

RT2 rT;wi

� �
þ ð�b2ðTSSd � CssÞ;wiÞ ¼ 0 ð36Þ

In the absence of precipitation and dissolution (Cases 3 and 4),
the weak form of the balance equation is:

dCss

dt
;wi

� �
þ DrCss þ

DCssQ
�

RT2 rT;rwi

� �

þ �DrCss �
DCssQ

�

RT2 rT;wi

� �
¼ 0 ð37Þ

In order to compute the solution of the equations (through iter-
ation), BISON uses a mathematical tool called the Jacobian-free
Newton–Krylov method. This method relies on an iterative solver
and the computation of the residual, while the Jacobian (or an
approximation to the Jacobian) is used for preconditioning. The
Jacobian is calculated by differentiating the equation with respect
to the primary variable. Eqs. 38–40 give the Jacobian correspond-
ing to Eqs. 35–37 respectively.

wj

Dt
;wi

� �
þ Drwj þ

DwjQ
�

RT2 rT;rwi

� �
þ ða2wj;wiÞ ¼ 0 ð38Þ

wj

Dt
;wi

� �
þ Drwj þ

DwjQ
�

RT2 rT;rwi

� �
þ ðb2wj;wiÞ ¼ 0 ð39Þ

wj

Dt
;wi

� �
þ Drwj þ

DwjQ
�

RT2 rT;rwi

� �
¼ 0 ð40Þ

Both the weak form and the Jacobian of the equations governing
the concentration of hydrogen in solid solution have been imple-
mented in BISON in order to perform hydrogen distribution
calculations.

3.2. Implementation of the equation governing the hydrogen in the
hydrides

The equation governing the balance of hydrogen in the precip-
itated hydride (Cpp) involves the time derivative of Cpp and the con-
centration of hydrogen in solid solution (Css):

dCpp

dt
¼ f ðCssÞ ð41Þ

This equation indicates that Cpp does not have to be solved as a
primary variable. Once the Css solution is known, the calculation of
Cpp is straightforward through a simple updating scheme. Also, if
Cpp is calculated based on Css, no Jacobian is required. BISON sup-
ports the use of secondary variables in this manner.

For the precipitation case (case 1), Eq. (10) becomes:

If Css > TSSp;Cppðtnþ1Þ ¼ CppðtnÞ þ Dt � a2 � ðCss � TSSpÞ ð42Þ

In the hysteresis range (case 2), Eq. (11) becomes:

If TSSp P Css > TSSd;Cppðtnþ1Þ ¼ CppðtnÞ ð43Þ

For dissolution (case 3), Eq. (12) becomes:

if TSSd 6 Css and Cpp > 0 and rJ > 0;

Cppðtnþ1Þ ¼ CppðtnÞ � Dt � b2 � ðTSSd � CssÞ
ð44Þ

When there is only diffusion (case 4), Eq. (13) becomes:

if TSSd P Css and Cpp ¼ 0;Cppðtnþ1Þ ¼ CppðtnÞ ð45Þ
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3.3. Implementation of the boundary condition

In order to solve the second-order partial differential equations
that govern the concentration of hydrogen in solid solution, it is
necessary to specify the boundary conditions. There are two ways
to express these boundary conditions. The first one is to impose a
given concentration at a boundary:

Cssðx0; y; zÞ ¼ CBC ð46Þ

The second one is to impose a flux at the boundary:

J � dSðx0Þ ¼ J0 ð47Þ

where bold indicates a vector quantity. It has to be noted that the
hydrogen flux is given by Eq. (4) and is not directly proportional
to the concentration gradient. Therefore, a zero-flux boundary con-
dition does not imply that the solid solution concentration profile is
flat. Indeed, if there is a temperature gradient, the concentration
profile has to show a finite gradient in order to compensate for
the flux induced by the Soret effect:

J � dSðx0Þ ¼ 0 ð48Þ
rCSS � dS ¼ �DCSSQ �

RT2 rT � dS ð49Þ

As shown by Eq. (49) the concentration gradient rCss is not
equal to 0 if the temperature gradient is not equal to 0. Therefore,
in the hydrogen model, the Neumann boundary condition corre-
sponds to the specific flux boundary condition and not to the deriv-
ative of the primary variable. A specific boundary condition has
been created for the hydrogen flux at the interface of the coolant
and the cladding. Since no oxide layer has been yet modeled in
BISON, this flux is calculated from the MATPRO theoretical oxide
growth, detailed in Section 2.4. BISON calculates the flux at inte-
gration points along the cladding/coolant interface and uses this
value in the balance equation. In all the other boundary locations,
the hydrogen flux is assumed to be equal to 0.
Coolant
Fuel
4. Test cases of the hydrogen model

4.1. Geometry and materials

The model is tested under various simple conditions. The simu-
lations are performed on Zircaloy-4 using the constants given in
Table 2.1. A plate geometry of 660 lm (typical thickness for a
PWR Zircaloy-4 cladding) is used. This simple 1-dimensional
geometry allows a straightforward interpretation of the calculated
solutions. However, it does not accurately reproduce all the partic-
ularities of the fuel cladding geometry, in particular the axial trans-
port of hydrogen and specific geometrical features such as the inter
pellet gap or the effect of the spacer grids. In the simulations per-
formed on this mesh, the temperature varies only radially and
there are 22 nodes in the radial direction.
Fig. 4.1. Hydrogen in solid solution during 1 year exposure under a typical cladding
radial temperature gradient (60 �C/mm).
4.2. Case 1: hydrogen distribution under a temperature gradient before
precipitation

This simulation reproduces the first step in hydrogen redistri-
bution. A constant temperature gradient of 60.6 �C/mm in the r
direction has been assumed, corresponding to a temperature going
from 320 �C at the coolant/cladding interface to 360 �C at the fuel/
cladding interface. Since there is no heat source in the cladding and
the conductivity is nearly constant with temperature, the temper-
ature gradient is linear. The hydrogen flux due to oxidation is given
by Eq. (29).
At each time step, the distribution of hydrogen is close to the
equilibrium level, given by Eq. (6). Fig. 4.1 shows the evolution of
the profile for 1 year. After 1 year, the average hydrogen concentra-
tion is low (about 8 wt. ppm). Hydrogen redistributes in the clad-
ding in response to the temperature gradient. According to the
Soret effect; this leads to an accumulation of hydrogen on the
colder side of the cladding (r = 0 lm in Fig. 4.1). The difference
between the highest and the lowest concentration increases as
the average concentration increases. Thus, the Soret effect is more
visible after 1 year than at the beginning of the simulation.

Since the TSSp decreases with temperature, the lowest TSSp is
observed at the outer edge of the cladding. According to the results
above, this is also where the concentration of hydrogen in solid
solution is at its highest (with respect to the radial profile). So this
is where precipitation is expected first. However, as long as this
concentration is below the TSSp at 320 �C, there is no precipitation
and the equilibrium solution given by Eq. (6) is observed.

4.3. Case 2: simulation of the consequences of a reactor shutdown

Most of the hydrogen measurement and cross-sectional pic-
tures performed in the literature are post-facto measurements
[4,5,37]. Therefore, what is observed is not the actual hydrogen dis-
tribution during reactor operation at temperature but rather the
hydride distribution at low temperature after a normal reactor
shutdown. This case aims to study the changes brought to the
hydride distribution upon shutdown.

4.3.1. Reactor shutdown parameters
Reactor shutdown takes place in two phases. First, the control

rods are moved down in order to stop the chain reaction, causing
the reactor to go from Hot Full Power (HFP) to Hot Zero Power
(HZP), an operation that takes about two minutes. Once the control
rods are down, only the heat produced by the radioactive decay of
the fission products remains. At this point, the temperature in the
core is almost homogeneous due to the relatively low power (less
than 7% full power) and correspondingly low heat flux. Then the
main and auxiliary cooling systems are used to bring temperature
and pressure to room and atmospheric conditions. Usually, the
temperature is decreased linearly within 24 h, as explained in the
NRC Standard Technical Specifications [38]. In the current simula-
tion, the coolant temperature is decreased linearly from 320 �C to
20 �C.

The decay heat is calculated as a percentage of the nominal
power by the American Nuclear Society standard, as described in
[39]. The power from decay heat as a function of time (starting
at HZP) is given by:

Pðt;1Þ ¼ P0 � A � t�a ð50Þ



Outer cladding

Inner cladding

Shutdown

HZP

Fig. 4.2. Temperature vs. time for case 3.
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The infinity sign means the equation approximates an infinite time
of operation before the shutdown. P0 is the nominal power pro-
duced by the fuel at the start of each interval shown in Table 4.1.
For each interval, A and a are constants given in Table 4.1.

If the heat rate and the outer cladding temperature are known,
the inner cladding temperature can be calculated using the
equation:

T inner ¼ Touter þ
q0nominal

kcladding
� P
P0
� thZr

2pðRinner þ l=2Þ ð51Þ

with q0nominal the nominal linear heat rate just prior to shutdown,
kcladding the conductivity of the cladding, P/P0 the factor given by
Eq. (50), Rinner the inner cladding radius, thZr the oxide thickness.

Assuming a linear heat rate of 18.5 kJ/m, the inner cladding
temperature is very close to that of the outer cladding. Right after
shutdown, the temperature difference is about 1.5 �C. After 1 h, the
difference is less than 0.5 �C. At the end of 1 day, the difference is
smaller than 0.2 �C. As a consequence, the temperature is almost
constant in the cladding after the Hot Zero Power condition is
achieved. The small temperature gradient and the low temperature
indicates that it is unlikely there could be significant hydrogen
redistribution during shutdown, although much of the hydrogen
in solid solution may redistribute.
Outer cladding
Homogenization 
4.3.2. Simulation of the hydrogen redistribution during shutdown
The simulation considers a shutdown occurring at a time when

the average hydrogen content in the cladding is 120 wt. ppm,
homogeneously distributed. The simulation was run for 2.31 days
using the temperature deduced from the constant heat flux and
the cladding temperature (linear gradient between 330 and
360 �C). This leads to the formation of a small hydride rim. The
shutdown starts at 2.31 days and takes 24 h. After the shutdown,
temperature is held at 20 �C held for 3 more days, in order to verify
that there is no further hydrogen evolution at room temperature.

The temperature and concentration were followed in 7 nodes,
from the outer cladding to the inner cladding, numbered from 1
to 7. Fig. 4.2 shows the evolution of temperature with respect to
time for these nodes. The temperature profiles are consistent with
the conditions detailed in Section 4.3.1. The temperature gradient
disappears when the shutdown begins, since the difference in tem-
perature due to decay heat is too small to be seen on the graphs.
Following shutdown, the temperature decreases linearly to room
temperature in 24 h. Fig. 4.3 shows the evolution of the hydrogen
in solid solution. The Css profile is quickly homogenized when the
conditions go from HFP to HZP, because without a temperature
gradient, the Soret effect disappears. Only Fick’s law remains,
which tends to homogenize the Css concentration in the cladding.
Following the homogenization, the cladding is cooled down and
the TSSp progressively decreases. As hydrogen precipitates, the
hydrogen concentration in solid solution decreases. As the temper-
ature decreases, the precipitation kinetics slows down, so that not
all the hydrogen is precipitated at the end of the simulation. The
concentration of hydrogen in the hydrides is shown in Fig. 4.4.
As mentioned above, before shutdown, a hydride rim is formed
in the first 2 nodes, close to the outer edge of the cladding, as
expected. Because the simulation ran for only 3 days, the concen-
Table 4.1
Shutdown decay power constants.

Time interval (s) A a

0.1 < t < 10 0.0603 0.0639
10 < t < 150 0.0766 0.181
150 < t < 4 � 106 0.130 0.283
4 � 106 < t < 2 � 108 0.266 0.335
tration of hydrogen in hydrides is lower than 350 wt. ppm. Once
the shutdown occurs, hydrides appear throughout the cladding,
as a result of precipitation of the hydrogen from solid solution.

The results show that the shutdown has little effect on the
hydrides formed during reactor operation. As mentioned above,
the small gradient also means little hydrogen transport. However,
hydrogen that was in solid solution during operation redistributes
and precipitates homogeneously. This potentially explains why
some hydrides are also seen in the metal substrate underneath
the rim, in cross sectional micrographs taken of samples with a
hydride rim, as shown in Fig. 4.5.
4.4. Case 3: hydride rim formation

In a second calculation, the formation of a hydride rim is stud-
ied. The BISON simulation time was 1 year. The initial concentra-
tion is assumed to be equal to 127 wt. ppm homogeneously
distributed. The linear temperature gradient is 45.5 �C/mm. The
TSSp at 330� is equal to 143 wt. ppm according to Eq. (5) (i.e. just
above the concentration seen at the colder spot due to the Soret
effect). For this simulation, 52 radial nodes were used to obtain
an accurate prediction of the hydrogen concentration.

As the simulation starts, the TSSp concentration is reached
almost immediately in the outer wall area due to the Soret effect.
Inner cladding

Precipitation

Fig. 4.3. Hydrogen in solid solution vs. time for case 3.



1 (outer cladding)

2 

All nodes (except 1 and 2)

Reactor shutdown

Fig. 4.4. Hydrogen in hydrides vs. time for case 3.

Fig. 4.6. Hydride profile after 1 year of precipitation with a limit of 1000 wt. ppm of
hydrogen in hydrides.

Fig. 4.7. Hydrogen in solid solution after 1 year of precipitation with a limit of
1000 wt. ppm of hydrogen in hydrides. The zero position is the outer cladding
surface.

Fig. 4.8. Evolution of the rim thickness with time for 1 year. The hydrogen
concentration at the start of the simulation is 127 wt. ppm.

Fig. 4.5. Hydride distribution and morphology in HBR rod F07 cladding near
650 mm above midplane (740-wppm through thickness average hydrogen concen-
tration) [4].
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The temperature profile is kept constant for the run. For this run,
the hydrogen flux has been artificially increased with a factor of
10 to allow speeding up the simulation to emphasize the hydrogen
distribution features. Thus, although the diffusion simulation was
run for 1 year, the pickup rate at the surface simulates 10 years
of corrosion.

In order to understand the formation of the rim, it is necessary
to observe the consequences of the balance equations. Due to the
Soret effect, at the end of a given timestep, the concentration of
hydrogen in the first node (near the outer wall) reaches the TSSp.
This causes a driving force for precipitation DC = Css � TSSp. During
the next timestep, precipitation terms appear in the equation and
the fraction a � DC � Dt precipitates. The remainder (1 � a) � DC � Dt

stays in supersaturation in the node. This increases the inward dif-
fusion flux toward the next node.

Examining the further behavior of the second node, two out-
comes can occur, noting that the TSSp in the second node is higher
than the TSSp in the first. If the hydrogen diffused from the first
node is not sufficient to reach the new local TSSp, a new solid solu-
tion profile is obtained which follows the standard equilibrium,
expressed in Eq. (6). If on the other hand, the concentration in
the 2nd node exceeds the new TSSp, precipitation occurs. Again, a
fraction of the hydrogen in solid solution precipitates while
another fraction stays in solid solution.

Eventually in the first node, the hydrogen flux coming from the
boundary will equal the sum of the hydrogen diffusing and the
hydrogen precipitating. Once this equilibrium is reached, the
concentration in solid solution becomes constant in the location
where the hydrogen has precipitated. In addition to this mecha-
nism, once the precipitated hydrogen Cpp reaches the pre-defined
1000 wt. ppm rim limit, it diffuses toward the inner edge of the
cladding.

Fig. 4.6 shows the distribution of precipitated hydrogen concen-
tration (Cpp) after 1 year. A rim has developed whose thickness is
about 80 lm. The growth of the rim is shown in Fig. 4.8 and is
quasi linear. The rim increases with increasing simulation time
or if the oxidation rate or the hydrogen pick up fraction are
increased. Fig. 4.7 shows the concentration of hydrogen in solid
solution after 1 year. The hydrogen concentration in solid solution
is higher than what it would be without any precipitation because
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the elements close to the coolant interface are filled with the max-
imum hydride concentration. Although the thickness of the rim
would appear to be larger than what would be expected to be
achievable with such low overall hydrogen concentrations, these
results show the correct physical direction and phenomena.

5. Conclusions

This study documents the successful implementation of a
hydrogen model for the fuel performance code BISON. Based on
previous modeling of diffusion and precipitation laws, a model
was established and implemented into BISON. This creates a tool
capable of predicting the hydrogen and hydride distribution in
any geometry. This tool is fully integrated in the code and is avail-
able to BISON users. Simulations performed on a simplified 1D
geometry show consistent results with previous observations.

The first simulation predicts that hydrogen accumulates on the
colder spots of the cladding, as expected, due to the Soret effect.

The second simulation shows that reactor shutdown has a lim-
ited effect on the hydride distribution. The main effect is that the
hydrogen that was in solid solution is homogenized and then pre-
cipitated into hydrides during the shutdown. This explains the
presence of hydride precipitates in the previously hot areas of the
cladding on post-facto micrographs taken at room temperature.

The third simulation shows that the thickness of the hydride
rim is highly dependent on the maximum value established for
the amount of hydrides per unit of volume. The maximum total
hydrogen concentrations in the rim are usually measured between
1000 and 2000 wt. ppm. By setting it at these values, the calcula-
tion predicts a reasonable thickness for the rim (	60 lm) that cor-
responds to experiments.

Future work in this project will include calculation of hydrogen
distribution in more realistic geometries, such as occur in fuel rods.
This will allow the evaluation of the azimuthal and axial hydrogen
distributions. A limitation to the model is that no oxide layer is
modeled by BISON yet. This affects the calculation of the tempera-
ture at the coolant/cladding interface, where the oxide is usually
formed. An improvement of BISON performance in this area would
result in a corresponding improvement of the calculation of the
hydrogen redistribution.
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