The Pennsylvania State University
The Graduate School
Department of Mechanical and Nuclear Engineering

AZIMUTHAL HYDROGEN CONCENTRATION FACTOR USING THE
BISON FUEL PERFORMANCE CODE

A Thesis in
Nuclear Engineering
by
Christopher J. Piotrowski

 2014 Christopher J. Piotrowski

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

December 2014

ii
The thesis of Christopher Piotrowski was reviewed and approved* by the following:

Arthur Motta
Professor of Nuclear Engineering and Materials Science and Engineering
Chair of Nuclear Engineering
Thesis Advisor

Maria Avramova
Assistant Professor of Nuclear Engineering

Kostadin Ivanov
Distinguished Professor of Nuclear Engineering

Karen A.Thole
Department Head of Mechanical and Nuclear Engineering
Professor of Mechanical Engineering

*Signatures are on file in the Graduate School.

iii

ABSTRACT

Hydrogen can enter nuclear reactors because of the corrosion reaction. Hydrogen that is
picked up by nuclear reactor cladding may become heterogeneously distributed due to
concentration gradients as described by Fick’s law and temperature gradients as described by the
Soret effect. Understanding hydrogen behavior is important for ensuring the safety and integrity
of a nuclear reactor, since hydrogen that precipitates as hydrides may weaken cladding and lower
ductility. This phenomenon has been studied by many researchers since the start of the nuclear
industry.
In order to predict hydrogen and hydride distributions, computer codes are essential
because of the complexity of models and reactor conditions. A hydrogen transport and
precipitation model was created and simulations were previously conducted that predicted the
radial and axial distributions of hydrogen and hydrides under various conditions. The current
objective of this study and goal of this project is to simulate various azimuthally dependent
hydrogen and hydride distributions. This is done through the use of BISON fuel performance that
is indirectly coupled to Penn State maintained thermal-hydraulics code, COBRA-TF and the
neutronics code, Deterministic Core Analysis based on Ray Tracing (DeCART).
The goal of the azimuthal simulations is to produce boundary condition in which
hydrogen and hydride distributions are most heterogeneous. The three simulations highlighted in
this study include modeling a 4x4 pin array where a water rod is located near the rod of interest to
produce a large thermal gradient, a partially inserted control rod located near the rod of interest to
produce a thermal gradient based on differences in power, and modeling cladding in which a
portion of the oxide has broken off producing a thermal gradient in the spalled region. A new
azimuthal mesh and associated boundaries was created in order to simulate these scenarios. The
water rod and control rod simulations used COBRA-TF and DeCART outputs as boundary
conditions for the BISON input deck. In each of the simulations, the hydrogen in solid solution
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diffused to the colder regions, as anticipated, leading to hydride precipitation in specific favored
regions. This resulted in a high concentration in hydride which we believe mimics real cases.
Further work can be done to add more competing driving forces to the BISON fuel performance
code such as the effect of applied stress on hydrogen and hydride distributions.
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Chapter 1 Background and Introduction
This chapter provides basic knowledge about hydrogen behavior in Light Water Reactor
(LWR) fuel cladding. Section 1.1 provides a fundamental background about the importance of
zirconium alloys used as nuclear cladding material. The oxidation mechanisms that produce
hydrogen in reactor cladding at the cladding-coolant interface are detailed in section 1.2. Section
1.3 explains the factors that affect the redistribution and diffusion of hydrogen within the reactor
cladding. Section 1.4 briefly reviews effects of hydrides within the cladding and studies used to
model hydride precipitation and dissolution. The purpose and motivation of this study is found in
section 1.5. Section 1.6 contains a description of the organization of the thesis.

1.1

Importance of Zirconium Alloys in Nuclear Fuel Cladding

The nuclear industry always aims to improve current commercial nuclear reactors with
great focus on extending the lifetime of the nuclear reactor and taking measures to avoid unsafe
operation. The materials in a nuclear reactor operate under very high pressures, high
temperatures, large thermal gradients, and intense nuclear radiation [1]. Materials that can
withstand these dangerous conditions are in high demand. Light Water Reactors contain fuel
assemblies that are cooled by water. These fuel assemblies are made up of fuel rods which
contain fissile material within the matrix of fuel pellets made of uranium dioxide (UO2). The fuel
pellets are encased in a nuclear fuel cladding tube made of various zirconium alloys which acts as
the main barrier to fission product release into the primary circuit coolant. It is important for the
cladding material to withstand reactor operating and accident scenarios for extended periods of
time while maintaining the integrity of the material. Zirconium alloys are typically chosen
because of their low neutron absorption cross-section, low corrosion rates, good heat transfer
properties, and some resistance to radiation damage [2, 3]. Much is known about the effect of
mechanical and thermal stresses on material behavior; however, there is much to learn about the
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nuclear radiation and corrosion behavior. Understanding these phenomenon is vital for improving
core structures within a nuclear reactor to their full potential while maintaining safe operation.
Two of the most common zirconium alloys used within the nuclear industry are Zircaloy2 and Zircaloy-4. These alloys contain small amounts of iron, chromium tin and nickel, in varying
weight percentages which can strongly impact the in-service behavior [2]. Zircaloy-4 is often
used in Pressurized Water Reactors (PWRs) and Zircaloy-2 used in Boiling Water Reactors
(BWRs). Modern alloys, such as ZIRLO and M5, have aroused the industry’s interest because
they exhibit improved corrosion resistance [4, 5].

1.2

Hydrogen Redistribution and Diffusion in Zirconium Cladding

When hydrogen is absorbed into the cladding, the hydrogen in solid solution may diffuse
via two mechanisms. Hydrogen can diffuse due to a temperature gradient, as described by the
Soret Effect, or a concentration gradient, as described by Fick’s Law. Research has been
conducted to find a way to model this behavior particularly by Sawatzky. Sawatzky’s article in
the Journal of Nuclear Materials describes the diffusion of hydrogen in solid solution as a
function of these gradients [8]. The following equation describes the contributions of the Soret
Effect and Fick’s Law on hydrogen diffusion as described by Sawatzky:

Where,

𝐽𝐽 = −𝐷𝐷∇𝐶𝐶 −

𝐷𝐷𝐷𝐷𝑄𝑄 ∗
∇𝑇𝑇
𝑅𝑅𝑇𝑇 2

1-1

J = diffusion flux
D = diffusion coefficient of hydrogen
C = concentration of hydrogen in solid solution
R = gas constant
T = temperature
𝑄𝑄∗ = the heat of transport
The first term on the right side of Equation 1-1 describes the flux of hydrogen based on a
concentration gradient, Fick’s Law. The second term corresponds to the temperature gradient or
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Soret Effect. Each individual portion and derivation is found in greater deal within Olivier
Courty’s Master’s thesis [9]. The diffusion coefficient found in both terms is described by an
Arrhenius law:
𝐷𝐷 = 𝐴𝐴𝐷𝐷 exp �−

Where,

𝑄𝑄𝐷𝐷
�
𝑅𝑅𝑅𝑅

1-2

R is the gas constant
T is the temperature in Kelvin
and the coefficients were found by Kearns to be [10]:

𝐴𝐴𝐷𝐷 = 7.90𝑥𝑥10−7

𝑄𝑄𝐷𝐷 = 4.49𝑥𝑥104

𝑚𝑚2
𝑠𝑠

𝐽𝐽
𝑚𝑚𝑚𝑚𝑚𝑚

1-3

1-4

Kammenzind compiled the most used correlations for the diffusion coefficient and can be
found in Figure 1-1.

Figure 1-1: Measurements of hydrogen diffusion coefficient for Zircaloy-4 [11].
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As more hydrogen is picked up into the cladding, the first term on the right side in
Equation 1-1 means that the concentration gradient will drive the hydrogen from a region of high
concentration to a region of low concentration. Since hydrogen is picked up at the outer cladding
and coolant interface, the hydrogen will diffuse further into the cladding. The second term in
Equation 1-1 also results in a hydrogen flux, since the temperature gradient in the fuel rod can
vary in all directions radially, axially, and azimuthally. Radially, the fuel pellet generates heat
while the coolant acts as a heat sink. This creates a radial temperature distribution. A temperature
drop of approximately 30 °C is observed across the cladding [12]. The effect of this temperature

distribution can be seen by the formation of a hydride rim near the cladding-coolant interface.
Figure 1-2 shows the radial hydrogen distribution and hydride rim.

Figure 1-2: Radial hydrogen distribution and hydride rim in HBR rod F07 cladding 650
mm above mid-plane (740-wppm H) [13].
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Axially, in a PWR coolant enters the core at a temperatures of about 287 °C and exits at

about 320 °C [12]. This axial temperature gradient in the coolant would tend to cause an axial

temperature gradient within the cladding and the corrosion is higher in the upper grid spaces. Fuel
pellets are manufactured with dishes and chamfers to allow space for fission gas release, thermal
expansion and swelling. With less fuel and consequently less energy deposition, there is an axial
temperature gradient along the inter-pellet gaps. Hydrogen diffuses towards the cold regions that
the inter-pellet gaps create however there are very few measurements of the axial distribution of
hydrogen as a function of elevation [14].
Azimuthally, temperature gradients can be produced due to geometric heterogeneity in
the fuel rod arrangement. An example of this geometry is a water rod placed next to a fuel rod,
since in this case one side of the fuel rod is exposed to more moderation than the other side
surrounded by fuel rods. This geometry would cause a temperature gradient for the hydrogen to
follow. Other examples include replacing the water rod with a control rod, different locations
within the assembly (edges, corners, near spacers, etc.) and defects in the cladding such as the
spallation of oxide, which can all create heterogeneous temperature distributions that affect the
hydrogen distribution. The goal of this thesis is to explore various examples of azimuthal
hydrogen distribution and to create simulations that follow this phenomenon. Figure 1-3 shows a
collection of irradiated cladding metallography produced by Billone et al. that depicts a
heterogeneous hydrogen distribution from a ZIRLO sample exposed to temperature less than or
equal to 1200 °C at 2910 mm from the rod bottom.
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Figure 1-3: Azimuthal variations of the hydride distribution [13].

1.3

Corrosion and Hydrogen Pick-up in Zirconium Cladding

Under normal reactor operating conditions, zirconium cladding is exposed to temperature
ranges of 330-380 °C at the outer surface and inner surface respectively. The outer surface of the
zirconium cladding is in contact with the coolant water. This interface interaction causes a

corrosion reaction which generates hydrogen:

𝑍𝑍𝑍𝑍 + 2𝐻𝐻2 𝑂𝑂 → 𝑍𝑍𝑍𝑍𝑂𝑂2 + 2𝐻𝐻2

1-5

A fraction of the hydrogen produced in the above reaction is picked up by the cladding
(approximately 10-20%) [6]. The corrosion reaction degrades the fuel cladding and creates a
protective zirconium oxide layer on the outer surface of the cladding, which can act as a thermal
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resistance. Some other notable sources of hydrogen are hydrogen generated by radiolysis and
hydrogen intentionally added to the coolant to limit oxidation [7].

1.4

Hydride Precipitation and Dissolution in Zirconium Cladding

Over time as an increasing amount of hydrogen enters the cladding, the concentration of
hydrogen in solid solution approaches the Terminal Solid Solubility for precipitation (TSSp) [15,
16]. Hydrogen in solid solution precipitates into hydrides when the concentration is above this
limit. Understanding the distributions of hydrogen in solid solution and hydrides is important
because they are linked to reduced cladding ductility, and increase the chance of cladding failure
[17].
The Terminal Solid Solubility has been determined by various authors, including Kearns
and McMinn [15, 16]. Kearns described a diffusion couple experiment that approximated the TSS
for Zircaloy-2 and Zircaloy-4 for low concentrations of hydrogen (50-160 wt. ppm) at
temperatures below 550 °C [15]:
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝) = 1.2𝑥𝑥105 exp �−

Where T = temperature in Kelvin

4302
�
𝑇𝑇

1-6

The hysteresis phenomenon observed between the dissolution and precipitation Terminal Solid
Solubility was studied by McMinn using Kearns’ study as a foundation [16]. The TSS for
dissolution (TSSd) and the TSS for precipitation (TSSp) were found to occur at different
temperatures. This temperature hysteresis is a result of the work associated with volume
expansion which is required for hydride precipitation, as illustrated in Figure 1-4.
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Figure 1-4: Illustration of the hydride dissolution-precipitation hysteresis [18].

McMinn found the TSS for dissolution and TSS for precipitation in Zircaloy 4 as:

4328.67
⎡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝) = 106446.7 ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 �−
�
𝑇𝑇 (𝐾𝐾)
⎢
⎢𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝) = 138746.0 ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 �− 4145.72�
𝑇𝑇 (𝐾𝐾)
⎣

1-7

With these equations, the steady state hydride concentration in a given sample can be estimated.
The precipitation of hydrogen in solid solution to hydrides does not occur instantly. The kinetics
of this change was modeled by Marino [19]:

𝑑𝑑𝑑𝑑
= −∇𝐽𝐽 − 𝛼𝛼 2 (𝐶𝐶 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝑑𝑑𝑑𝑑

1-8
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Where,
C = concentration of hydrogen in solid solution
J = the diffusion flux
𝛼𝛼 = precipitation rate constant
TSSp = Terminal Solid Solubility Limit for precipitation
A detailed derivation and explanation of the precipitation rate constant can be found in Olivier
Courty’s Master’s thesis [9].

1.5

Motivation of Study

As mentioned in previous sections, zirconium is a very important material that is used in
the fuel cladding as a first barrier against the release of fission gasses within the fuel rod.
Ensuring that this protective barrier can withstand reactor conditions for extended periods of time
is vital for the safety of the reactor. The hydrogen pickup during operation is one of the limiting
factors of the integrity of the cladding. When hydrogen is picked up in the cladding, the hydrogen
diffuses based on temperature and concentration gradients, and if the hydrogen content reaches
the solubility limit the hydrogen precipitates as zirconium hydrides. These brittle hydrides have
been shown to induce a loss of cladding ductility [20]. Understanding and modelling hydrogen
and hydride behavior can help to identify regions of high hydrogen concentrations within the
cladding, which would be likely to fail.
This study is aimed at exploring the anisotropic azimuthal power and temperature
distribution on fuel rods and its impact on hydride distribution. Previous work has been done by
Olivier Courty to create a hydrogen model that accurately predicts hydrogen and hydride
distributions within BISON fuel performance code [21]. BISON fuel performance code was also
coupled to neutronics (DeCART) and thermal-hydraulics codes (CTF) [22]. An investigation of
the axial and radial hydrogen distributions were modeled and reported in Olivier Courty and Ian
Davis’s theses [9, 23].
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The main purpose of this study is to explore various azimuthal configurations using the
previously mentioned coupled codes to produce temperature distributions that can affect
hydrogen and hydride distribution. Three simulations have been chosen for this investigation to
provide a variety of hydrogen distributions. The first case is the spallation of the oxide layer
which may occur at high burnup. When the oxide spall occurs, a portion of the oxide on the fuel
cladding breaks off creating a cooler spot under which a hydrogen blister can form [24]. The
second and third cases involve placing a water and control rod next to the rod of interest
respectively. The water rod provides extra moderation to one side of the fuel rod creating a
temperature gradient along the azimuth. Finally, the control rod provides a heterogeneous power
distribution which in turn creates a heterogeneous azimuthal temperature distribution which also
results in a heterogeneous hydrogen and hydride distribution. The goal of these simulations is to
identify their high risk areas due to the hydrogen redistribution.

1.6

Thesis Outline

This section describes the outline of the thesis. For a detailed list of section titles and
associated page numbers, please refer to the Table of Contents beginning on page V. Chapter 1
explains background information in detail and introduces the topics described in this thesis. The
motivation for this work is also explained with support from literature. Chapter 2 describes the
computer codes used for this project. The chapter begins by explaining some of the functionality
of the thermal-hydraulics code (COBRA-TF) followed by the neutronics code (DeCART) used in
this project. The next section briefly describes the coupling scheme between COBRA-TF,
DeCART and the fuel performance code (BISON) along with subsequent information relayed
between codes. Chapter 2 concludes with an explanation of BISON and how an azimuthal mesh
was created for specific simulations. Chapter 3 describes the results found for multiple
azimuthally heterogeneous simulations. The chapter begins by describing the results found from
simulating a water rod near the rod of interest. Next, the results from a partially inserted control
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rod were reported. Finally, the spallation of zirconium oxide and the effects on hydrogen and
hydride distributions conclude chapter 3. Chapter 4 discusses the conclusions and potential future
work that may come from this study. References and appendices can be found at the end of the
thesis.

12

Chapter 2 Computational Methods
Computer codes are very important in the nuclear industry to assess conditions which
cannot be tested in nuclear reactors but that can limit the reactor’s performance. Obtaining
experimental data from a reactor core can be very expensive both from a cost and time
perspective. Computer codes provide a safer, more efficient way to study and confirm the safety
of a reactor. Many accident scenarios and operating conditions can be simulated in order to
predict the behavior of a reactor under these conditions. Within this study, three computer codes
were used, including COBRA-TF, DeCART, and BISON. In this study these codes are used in a
manner that combines their strengths to more accurately simulate reactor conditions. Section 2.1
briefly discusses the capabilities of COBRA-TF and DeCART as well as their direct coupling.
Section 2.2 discusses the capabilities of BISON and of the hydrogen model used for this study.

2.1

Coupled COBRA-TF and DeCART
2.1.1

COBRA-TF

COBRA-TF (CTF) is a thermal-hydraulics code that utilizes two-fluid, three-field
subchannel analysis. CTF was developed and is maintained at Penn State University [25]. The
strengths of thermal hydraulics codes lie in the heat transfer and fluid mechanics calculations
particularly within the coolant. CTF uses three conservation equations to simulate reactor
thermal-hydraulics: conservation of mass, momentum and energy [25]. A glossary of terms for
these equations can be found at the end of this section. Equation 2-1 is the mass conservation
equation used by CTF.
∂
�⃗k � = Lk + MeT
(α ρ ) + ∇ ∙ �αk ρk V
∂t k k

2-1
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In COBRA-TF, k is a subscript representing the type of phase field.

∂
(αk ρk )
∂t

is the change of

mass with respect to time. ∇ ∙ �αk ρk�V⃗k � is the advection of the field mass into or out of the
�⃗ is the field velocity. Lk represents the mass transfer into or out of phase k; modes of
volume. 𝑉𝑉

inter-phase mass transfer include evaporation/condensation and entrainment/de-entrainment. MTe

is the entrained droplet mass source term due to turbulent mixing. Equation 2-2 is the
conservation of momentum used by CTF.
∂
∂
∂
∂
�⃗k � + �αk ρk vk V
�⃗k � + �αk ρk wk V
�⃗k �
�αk ρk�V⃗k � + �αk ρk uk V
∂t
∂x
∂y
∂z
= αk ρk�g⃗ − αk ∇P + ∇ ∙
∂
�αk ρk �V⃗k �
∂t

ij
�αk �τk

+

ij
Tk �� +

�M
��⃗kL + �M
��⃗kd + �M
��⃗kT

is the change of volume momentum with time.

∂
�⃗k �
�αk ρk wk V
∂z
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∂
∂
�αk ρk uk�V⃗k � + ∂y �αk ρk vk �V⃗k � +
∂x

represent the advection of momentum in the Cartesian direction. αk ρk�g⃗
ij

ij

represents the gravitational force, αk ∇P the pressure force, ∇ ∙ �αk �τk + Tk �� the viscous and

��⃗kL is the momentum source/sink due to phase change and entrainment,
turbulent shear stress, �M

�M
��⃗kd is the interfacial drag forces, and �M
��⃗kT is the momentum transfer due to turbulent mixing. The
turbulent shear stress is present in Equation 2-2, but it is not modeled in CTF. The final

conservation equation used in CTF is the conservation of energy.
∂
∂P
�⃗ k + q
�⃗k � = −∇ ∙ �αk �Q
(αk ρk hk ) + ∇ ∙ �αk ρk hk V
�⃗Tk �� + Γk hik + q′′′
wk + αk
∂t
∂t
∂
(αk ρk hk )
∂t
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�⃗k �is the
is the change in phase energy with respect to time, and ∇ ∙ �αk ρk hk V

�⃗ k + q
advection of phase energy into or out of the cell. ∇ ∙ �αk �Q
�⃗Tk �� is the k-phase conduction and

turbulent heat flux, Γk hik is the energy transfer due to phase-change, q′′′
wk is the volumetric wall
∂P

heat transfer, and αk ∂t is the pressure work term. The purpose of using CTF is to obtain an
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accurate cladding temperature distribution (r, θ, z) that will later be inputted into BISON and will
serve as one of the driving forces for hydrogen redistribution. Further explanation of the
capabilities and theory for CTF can be found in the CTF Theory Manual [25].

Term
𝛼𝛼𝑘𝑘
𝜌𝜌𝑘𝑘
𝑉𝑉𝑘𝑘
𝐿𝐿𝑘𝑘
MeT
uk
vk
wk
�g⃗
P
ij
τk
ij

Tk
���⃗kT
M
���⃗kd
M
���⃗kL
M
hk
�⃗ k
Q
�⃗Tk
q
Γk
hik
q′′′
wk

Table 2-1: Glossary of terms used in COBRA-TF [25]
Definition
Average-k phase void fraction
Average k-phase density
Field velocity
Mass transfer into or out of phase k
Entrained droplet mass source term due to turbulent mixing
Average k-phase velocity in the x Cartesian direction
Average k-phase velocity in the y Cartesian direction
Average k-phase velocity in the z Cartesian direction
Acceleration of gravity
Average pressure
Viscous shear stress tensor
Turbulent shear stress tensor
Momentum transfer due to turbulent mixing
Interfacial drag forces
Momentum source/sink due to phase change and entrainment
Average k-phase enthalpy
Average k-phase conduction vector
Average k-phase turbulent heat flux
Average rate of vapor generation per unit volume
Surface average k-phase enthalpy
Interfacial heat transfer in the k-phase

2.1.2

DeCART

The Deterministic Core Analysis based on Ray Tracing code or DeCART was developed
by KAERI as part of a United States – Republic of Korea (US-ROK) collaborative National
Energy Research Institute (I-NERI) project between KAERI, ANL, and Purdue University [26].
DOE, the Electric Power Research Institute (EPRI), and Advanced Fuel Cycle Initiative (AFCI)
have supported its further development in the United States [26]. DeCART is a neutronics code
based on the method of characteristics (MOC) capable of modeling from single-pin models to
full-core calculations of 3D neutron flux.

Neutronics codes rely on accurate cross section
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generation and fission energy deposition calculations to calculate the neutron flux [26]. Input
parameters include geometry, material composition, thermal operating conditions, and program
execution control parameters [26]. DeCART solves the integral transport equation using the
method of characteristics (MOC) approach with discrete ray tracing [26]. Hursin, one of the
authors of the DeCART Theory Manual, notes that the direct application of MOC to fully 3-D
core models is computationally expensive [26]. For the planar directions, the 2-D MOC approach
is applied to the Boltzmann transport equation in steady-state, given in Equation 2-4.
Ω ∙ ∇φ(r, Ω, E) + Σ(r, E)φ(r, Ω, E) = q(r, Ω, E)

2-4

With the assumption of an isotropic fission source, the source term can be written as:
q(r, Ω, E) =

∞

′

1 χ(r, E) ∞ ′
� dE νΣf (r, E ′ )ϕ(r, E ′ )
4π k
0
′

′

′
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′

+ � dE′ � dΩ Σs (r, Ω → Ω, E → E)φ(r, Ω , E )
0

4π

In Equations 2-4 and 2-5, φ(r, Ω, E) represents the angular flux per unit volume, per solid angle,

and per energy. The scalar flux can be found by integrating the angular flux over the solid angle,
shown in Equation 2-6.

ϕ(r, E) = � φ(r, Ω, E)dΩ

2-6

4π

Equation 2-7 shows this expression which will serve as the basic equation for determining
angular flux with MOC.
� (𝐸𝐸)𝑠𝑠
𝛴𝛴

𝜑𝜑�(𝑟𝑟𝑟𝑟 , 𝛺𝛺𝑟𝑟 , 𝐸𝐸) = 𝜑𝜑��𝑟𝑟𝑟𝑟,0 , 𝛺𝛺𝑟𝑟 , 𝐸𝐸� 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 � +

𝑞𝑞�(𝛺𝛺𝑟𝑟 ,𝐸𝐸)
�1 −
𝛴𝛴(𝐸𝐸)

� (𝐸𝐸)𝑠𝑠
𝛴𝛴

𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 ��

2-7

16
The LHS of Equation 2-7 represents the axially integrated angular flux for a
computational plane of arbitrary thickness. To solve for the angular and scalar fluxes, DeCART
divides the problem into N flat source regions. Next the multi-group formulation is used to
separate the energy dependence into g energy groups. Using this discretization, the angular flux is
shown in Equation 2-8.

g

Eg

φl,m (r) = Δα �

Eg+1

φ
� (r, αl , θm , E)dE

2-8

αl is the azimuthal angle and θm is the polar angle, which together make up the solid angle, Ω(αl,
θm). g represents the energy group, and not shown is the notation, n, which represents the flat
source region. With the average flux distribution, DeCART applies the 1-D multi-group diffusion
equation. Once solved, the solution to the diffusion equation and flux equation are used in the
NEM equation to obtain node averaged fluxes. Finally, the 1-D NEM solution and 2-D MOC
solution are coupled together through transverse leakage terms [26]. This neutronics code solves
for local power distributions which will be utilized by the fuel performance code BISON as a
boundary condition. Further explanation of the capabilities and theory for DeCART can be found
in the DeCART Theory Manual [26].
Table 2-2: Glossary of terms used in DeCART [26]
Term Definition
Solid angle
Ω
Angular flux distribution
φ
Radial direction
r
Energy
E
Macroscopic cross-section
Σ
Fission and scattering source term
q
Probability of a fission being born
χ
Reactivity
k
Neutron speed
ν
Macroscopic fission cross-section
Σf
Scalar flux
ϕ
Macroscopic scattering cross-section
Σs
α, 𝛼𝛼1 Azimuthal angle
Energy in group g
Eg
Polar angle
θm
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2.1.3

Coupling

In order to more accurately simulate a reactor it is best to couple codes together in order
to capture the influence of thermal-hydraulic conditions with neutronics and vice-versa. This was
done within this project as the Master’s thesis for Ian Davis at Penn State University and further
altered by Michael Mankosa and Christopher Dances to allow for azimuthal variation of the
neutron flux and properties [23]. CTF and DeCART were externally coupled together with bidirectional feedback, a more detailed description of procedure used to produce this coupling can
be found in [23]. Once CTF solves for the cladding temperature distribution and DeCART solves
for the power distribution, this information is stored in a CSV file which can then be inputted into
BISON. Figure 2-1 shows the computer code coupling scheme used with input and output
information shown by the arrows.

Figure 2-1: Computer code coupling scheme [23].
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2.2

BISON Fuel Performance Code

In order to predict the hydrogen distribution, a fuel performance code developed by Idaho
National Laboratory called BISON is used [27]. BISON is a finite-element based nuclear fuel
performance code applicable to a variety of materials including light water reactor fuel rods,
TRISO particle fuel, and metallic rod/ plate fuel. BISON is built on a complex mathematics
solver known as MOOSE, Multiphysics Object Oriented Simulation Environment [27].
Regarding specific models in BISON, there are a number of governing equations to define the
conservation of mass, momentum, and energy. First the conservation of energy is given in terms
of heat conduction in Equation 2-9.
ρCp

∂T
+ ∇ ∙ q − Ef Ḟ = 0
∂t

2-9

T is the temperature, ρ is the density, Cp is the specific heat, q is the heat flux, Ef is
the energy released by a single fission event; 𝐹𝐹̇ is the volumetric fission rate. The heat flux due

to thermal conductivity represented by q is shown in Equation 2-10.
q = −k∇T

2-10

Where,
k is the material thermal conductivity. Next, the conservation of mass equation is shown in
Equation 2-11.
∂C
+ ∇ ∙ J + λC − S = 0
∂t

2-11

C is the concentration, J is the mass flux, λ is the radioactive decay constant, and S is the source
rate for a given species.
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Finally, the conservation of momentum is given by Equation 2-12.
∇ ∙ σ + ρf = 0

2-12

σ is the Cauchy stress tensor, ρ is the density, and f represents the body force per unit mass [28].
Using these equations a three-dimensional temperature distribution within a reactor fuel
rod can be calculated. It can be seen from Figure 2-1 that there is no feedback from the BISON
fuel performance code (the coupling is only one way). Once the input files are created and
referenced by BISON, the BISON fuel performance code is run using a hydrogen model with
temperature and hydrogen/hydride distribution calculated as outputs. This will be further explored
in the next section.

2.2.1

The Hydrogen Model in BISON

BISON requires certain boundary conditions from other codes to run a fuel performance
simulation. These boundary conditions come from CTF and DeCART. As mentioned previously,
CTF provides BISON with the outer cladding temperature distribution while DeCART provides a
power distribution in the fuel pellet. Internally, BISON contains the Dittus-Bolter correlation,
which can calculate convective heat transfer coefficient, which yields the outer cladding
temperature. This is important for one of the later simulations that does not receive a cladding
temperature distribution from CTF. CTF contains information about the two-fluid flow and crossflow heat transfer when using the subchannels themohydraulics. Therefore, CTF is used to
generate the outer clad temperature profile for BISON. In addition to the temperature boundary
conditions, BISON requires fission rates in its calculations. One way to provide these fission
rates is by specifying a linear heat rate combined with an axial power shape. Both parameters are
calculated as a function of time, and then converted to a fission rate as a function of space using a
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constant value of energy per fission. As mentioned previously, both sets of boundary conditions
are generated from coupled CTF-DeCART calculations.
From the precipitation, dissolution and diffusion equations described in Chapter 1, the
balance equation for hydrogen in solid solution and hydride concentration can be deduced. The
variation of hydrogen in solid solution per unit time is given by the sum of the net flux, the
hydrogen created by the dissolution of hydride minus the hydrogen transformed into hydrides due
to precipitation.
Four different cases have to be taken into account for the writing of the balance equations
of the hydrogen model as described in [9] and summarized below:
In the first case, the concentration of hydrogen in solid solution is greater than the TSSp.
Then, precipitation occurs according to the laws described above.
•

Precipitation:
𝑑𝑑𝐶𝐶𝑠𝑠𝑠𝑠
= −𝛻𝛻. 𝐽𝐽 − 𝛼𝛼 2 (𝐶𝐶𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖 𝐶𝐶𝑠𝑠𝑠𝑠 > 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, �
�
𝑑𝑑𝐶𝐶𝑝𝑝
2
= 𝛼𝛼 (𝐶𝐶𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝑑𝑑𝑑𝑑
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In the second case, the concentration in solid solution is between the TSSd and the TSSp.
This is the “hysteresis” area, where neither dissolution nor precipitation occurs.
•

Hysteresis:
𝑑𝑑𝐶𝐶𝑠𝑠𝑠𝑠
= −𝛻𝛻 ⋅ 𝐽𝐽
𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ≥ 𝐶𝐶𝑠𝑠𝑠𝑠 > 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, � 𝑑𝑑𝑑𝑑
�
𝑑𝑑𝐶𝐶𝑝𝑝
=0
𝑑𝑑𝑑𝑑

2-14

In the third case, the concentration in solid solution is below the TSSd. The hydrogen in the
precipitated hydrides (Cp) is dissolving so that the Css matches the TSSd value. This is possible
only if there are hydrides (Cp > 0).
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•

Dissolution:
𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ≥ 𝐶𝐶𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝑝𝑝 > 0 𝑎𝑎𝑎𝑎𝑎𝑎 𝛻𝛻𝛻𝛻 > 0

𝑑𝑑𝐶𝐶𝑠𝑠𝑠𝑠
= −𝛻𝛻 ⋅ 𝐽𝐽 + 𝛽𝛽 2 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑠𝑠𝑠𝑠 )
𝑑𝑑𝑑𝑑
𝑡𝑡ℎ𝑒𝑒𝑒𝑒 �
�
𝑑𝑑𝐶𝐶𝑝𝑝
2
= −𝛽𝛽 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑠𝑠𝑠𝑠 )
𝑑𝑑𝑑𝑑
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In the fourth and last case, the concentration in solid solution is below the TSSd but there
are no more hydrides to dissolve. In that case, the only change to hydrogen concentration comes
from net diffusion flux.
•

Diffusion only:
𝑑𝑑𝐶𝐶𝑠𝑠𝑠𝑠
= −𝛻𝛻. 𝐽𝐽
𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ≥ 𝐶𝐶𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝑝𝑝 = 0, � 𝑑𝑑𝑑𝑑
�
𝑑𝑑𝐶𝐶𝑝𝑝
=0
𝑑𝑑𝑑𝑑
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The initial concentrations of the hydrogen in solid solution and hydrogen as hydrides are
given as an input parameter into BISON. Using the outer cladding temperature distribution and
the fission rates found by inputting the power distribution, BISON is able to predict the hydrogen
distribution and subsequently the hydride distribution at all timesteps. This model was used in
order to predict the axial and radial temperature and hydrogen/ hydride distributions [9, 23]. The
purpose of this study is to further simulate azimuthal sections of a fuel rod and obtain the
temperature, hydrogen and hydride distributions in conditions where large variations in azimuthal
hydrogen distribution should be expected.

2.2.2

Azimuthal Mesh in BISON

Previously, this project was able to use a meshing script available on the BISON server.
This script created a mesh in the radial and axial directions and associated boundaries. This
meshing script was not capable of producing an azimuthal mesh for the purpose of heterogeneous
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reactor conditions. For this reason, a new mesh and associated boundaries was created using
CUBIT/Trellis software. Figure 2-2 shows the mesh used in BISON for azimuthal dependence.

Figure 2-2: Azimuthal mesh used for BISON simulations.

The main feature of this mesh is the ability to split up each region into multiple sections.
For this project the fuel rod and cladding was split up into 4 regions each allowing for azimuthal
boundary and initially conditions to be specified separately for each region. This separation can
be seen in Figure 2-3. Other variations to the boundaries and sections were made for each
simulation. These changes will be highlighted in Chapter 3.
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Fuel Region 1

Fuel Region 2

Fuel Region 3 Fuel Region 4

Figure 2-3: Azimuthal separation of the fuel rod and cladding.
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Chapter 3 Simulation Results
This chapter shows the results of simulations of hydrogen heterogeneity in the azimuthal
direction to ensure proper analysis of the hydrogen model. Reactor operating conditions are
azimuthally heterogeneous. Therefore it is important to simulate these heterogeneous conditions
to investigate the largest changes in hydrogen and hydride distributions.
As described in Chapter 1, hydrogen redistribution can be affected by various factors, the
challenge of this work was to find the simulations that would cause the hydrogen within the
cladding to redistribute under the most extreme situations. Only normal operating conditions have
been considered in this study. With this in mind, three simulations were created to demonstrate
extreme hydrogen redistribution: the introduction of a water rod near the fuel rod of interest, the
introduction of a control rod near the fuel rod of interest, and the spallation of a portion of the
oxide layer from the surface of the fuel cladding.

3.1

Water Rod located near the rod of interest

One possible effect of being near a water rod within the array is the production of an
azimuthal temperature gradient, which may be significant depending on the nature of the fuel
rods nearby. Hydrogen transport is related directly to temperature gradients as described in
Chapter 1. By placing higher enriched fuel rods on the opposite region of a water rod, a large
temperature gradient can be produced allowing for hydrogen transport due to the Soret Effect and
Fick’s law. To simulate this arrangement a 4x4 pin assembly, similar to that described in Chapter
2, is used with a water rod in location 6 and higher enriched fuel around the outer edge. This
assembly geometry, with associated enrichments, is shown in Figure 3-1. The fuel rod of interest
is depicted in Figure 3-1 with two *s. Figure 3-2 describes the initial temperature distributions for
the four azimuthal sections produced by CTF. The parameters input for the CTF-DeCART model
are found in Table 3-1.
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Figure 3-1: 4x4 pin water rod simulation schematic with associated enrichments.

Figure 3-2: 4x4 pin water rod simulation schematic with beginning of cycle outer
cladding temperatures at 0 burnup (°C).
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Table 3-1: Parameters used in CTF and DeCART in the 4x4 water rod near the rod of interest
simulation
Parameter
Value
Units
Reactor
PWR
Layout
4x4
Fuel
UO2
High Enrichment
4.95
Low Enrichment
1.00
Fuel Density
10.4
g/cm3
Percent Theoretical Density
0.95
Burnable Poison
None
Cladding
Zircaloy-4
Cladding Density
6.55
g/cm3
Coolant
H2O
Fill Gas
Helium
Fill Gas Density
0.0002
g/cm3
Fuel Pellet radius
4.095E-3
m
Cladding Inner Radius
4.18E-3
m
Cladding Outer Radius
4.75E-3
m
Cladding Thickness
5.70E-4
m
Pin Pitch
1.26E-2
m
Active Fuel Height
3.6576
m
Top Reflector Height
0.35512
m
Bottom Reflector Height
0.35512
m
Array Power
1.00
MW
Average Linear Heat Rate
18.5
kW/m
Core Pressure
15.5
MPa
Mass Flow Rate
4.86
Kg/s
Beginning of Cycle boron loading
1700
Ppm
Inlet Temperature
287
°C
A three-dimensional simulation was conducted in the CTF-DeCART coupling and a
single slice of the fuel rod was used to generate the input files used within BISON as described in
Section 2.1.3. In order to create a smooth and continuous cladding temperature, a parsed function
was used that describes the cladding temperature as a function of time and space. The power
history of the CTF-DeCART coupled simulation is shown in Figure 3-3. The power shown is the
total linear heat rate in kW/m for all four fuel sections combined. Utilizing a total linear heat rate
instead of four individual powers allows for a more simplified simulation.
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Figure 3-3: Total linear heat rate for the rod of interest.
Once this information is inputted, the simulation is run in BISON without any regards for
the initial concentration of hydrogen to obtain the temperature distribution. Due to the interest in
hydride formation around the rim, a scenario where precipitation occurs readily was created. First
the outer cladding temperature on the hot side of the rod of interest is found using the previously
mentioned method. Recalling the precipitation criterion found in Section 2.2.1, precipitation
occurs when the concentration of hydrogen in solid solution is above the Terminal Solid
Solubility limit (TSSp):
𝑑𝑑𝐶𝐶𝑠𝑠𝑠𝑠
= −𝛻𝛻. 𝐽𝐽 − 𝛼𝛼 2 (𝐶𝐶𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝑑𝑑𝑑𝑑
𝑖𝑖𝑖𝑖 𝐶𝐶𝑠𝑠𝑠𝑠 > 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, �
�
𝑑𝑑𝐶𝐶𝑝𝑝
2
= 𝛼𝛼 (𝐶𝐶𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤_𝑟𝑟𝑟𝑟𝑟𝑟 = 138745.0 exp �−

4145.72
� = 151 𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝
608 𝐾𝐾
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Using this criterion, the initial hydrogen in solid solution concentration must exceed 151
wt. ppm to have precipitation in all azimuthal locations. Accordingly, for the purpose of this
simulation, an initial homogeneous hydrogen in solid solution concentration of 200 wt. ppm was
used for the cladding. The hydride concentration used was 0 wt. ppm everywhere.
Figure 3-4 through Figure 3-6 depict the cladding temperature distribution, hydrogen in
solid solution distribution and hydrogen as hydrides distributions after 1 hour respectively. The
first thing to note is the temperature gradient between the hot and cold sides of the cladding
(bottom right and top left). The radial temperature gradient is approximately 15K, which agrees
with analytical estimates. The azimuthal temperature gradient was approximately 10K. Note that
in all of the following figures of temperature and hydrogen distributions, the numbers shown in
the outside of the circle in approximately the 10 o’clock and 4 o’clock indicate the temperature
(K) and hydrogen concentration (wt.ppm) for these locations. The hydrogen in solid solution
concentration decreases from a homogeneous concentration of 200 wt. ppm to below 126 wt.
ppm. This decrease in hydrogen in solid solution is expected because the hydrogen diffuses
towards the outer rim where it precipitates as hydrides, see Figure 3-6. The concentration of
hydrogen in hydrides increased from 0 wt.ppm to above 160 wt.ppm in the colder outer rim. The
hydride concentration is also slightly higher on the cold side of the cladding. This is to be
expected because the hydrogen in solid solution first diffuses to the colder region and the overall
temperature gradient points towards the top left. It should be noted that the concentration of
hydrogen in solid solution is lower in the colder region compared to the hot region. This is to be
expected because the hydrogen did not have enough time to fully diffuse from the hot region and
reach equilibrium. Had equilibrium been reached, the hydrogen in solid solution concentration
should higher in the cold region compared to the hot region.
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577

587

Figure 3-4: Azimuthal cladding temperature distribution (in degrees K) after 1 hour.

113

126

Figure 3-5: Azimuthal distribution of hydrogen in solid solution (wt.ppm) in the cladding
after 1 hour.
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160

Figure 3-6: Azimuthal hydride distribution (wt.ppm) in the cladding after 1 hour.

Examining the evolution of the cladding temperature distributions after 1 week in the
simulation in Figure 3-7 through Figure 3-9, it can be seen that the temperature gradient between
the hot and cold regions is almost always roughly 10°C with only small changes to the outer
cladding temperatures. This means that hydrogen in solid solution and the hydrides
concentrations are exposed to a nearly constant temperature gradient. This allows for hydrogen in
solid solution to diffuse towards an equilibrium state, while hydrogen precipitates as hydrides
until it reaches a predetermined cap of 1000 wt.ppm as described in [21].
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Figure 3-7: Azimuthal cladding temperature distribution (in degrees K) after 1 day
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Figure 3-8: Azimuthal cladding temperature distribution (in degrees K) after 7 days.
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Figure 3-9: Azimuthal cladding temperature distribution (in degrees K) after 1 year.

Figure 3-10 and Figure 3-11 shows the hydrogen in solid solution and hydrogen as hydrides
distributions after 1 day. The hydrogen in solid solution concentration continues to decrease and
still has not reached equilibrium. The hydrogen continues to precipitate into hydrides to form a
hydride rim with the more favorable location for precipitation being in the colder region. The
concentration of hydrogen in hydrides will not decrease unless the dissolution criterion is met,
shown again below.
𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ≥ 𝐶𝐶𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝑝𝑝 > 0 𝑎𝑎𝑎𝑎𝑎𝑎 𝛻𝛻𝛻𝛻 > 0

𝑑𝑑𝐶𝐶𝑠𝑠𝑠𝑠
= −𝛻𝛻 ⋅ 𝐽𝐽 + 𝛽𝛽 2 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑠𝑠𝑠𝑠 )
𝑑𝑑𝑑𝑑
𝑡𝑡ℎ𝑒𝑒𝑒𝑒 �
�
𝑑𝑑𝐶𝐶𝑝𝑝
2
= −𝛽𝛽 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑠𝑠𝑠𝑠 )
𝑑𝑑𝑑𝑑

This would mean that dissolution would occur when the hydrogen in solid solution falls
below the TSSd which occurs at roughly 86 wt.ppm as shown in the calculation below.
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𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤_𝑟𝑟𝑟𝑟𝑟𝑟 = 106446.7 exp �−

4328.67
�
608 𝐾𝐾

= 86 𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝

104

114

Figure 3-10: Azimuthal distribution of hydrogen in solid solution (wt.ppm) in the cladding after 1
day.

242

190
Figure 3-11: Azimuthal hydride distribution (wt.ppm) in the cladding after 1 day.
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Figure 3-12 shows the hydrogen in solid solution distribution after about 7 days. The hydrogen
has already had enough time to diffuse to colder regions as shown by the higher concentration
compared to the hot region. Figure 3-14 is the hydrogen in solid solution distribution after about 1
year. When compared to Figure 3-12 it becomes clear that the hydrogen in solid solution has
nearly reached an equilibrium concentration in the two extremes. Some small amount of diffusion
continues as the remaining hydrogen in solid solution continues to diffuse from one extreme to
the other. This can be seen by the change in minimum concentration from around 87 wt.ppm to
about 85 wt.ppm which is only a slight change. Figure 3-13 is the hydrogen in hydrides
distribution after about 7 days. The cold region contains more than double the concentration of
the hot region indicating the process of forming the hydride rim. The large step between the outer
node and the next to last node is primarily numerical. The simulation contains a single point that
the hydrides would most favorably precipitate. Realistically a smoother hydride rim would be
observed. Figure 3-15 shows the hydrogen as hydrides distribution after 1 year. When compared
to hydride distribution in Figure 3-13, the hot region reached an equilibrium concentration of 190
wt.ppm. This is likely because all of the hydrogen in solid solution available for precipitating has
already diffused to a different region. The hydride concentration in the cold region has reached
the concentration cap of 1000 wt.ppm. This acts as a locked mesh cell making the two mesh cells
surrounding it the next favorable precipitation locations. This is the reason for the hydrogen as
hydride precipitating in specific locations rather than as a smoother hydride rim. Figure 3-13 and
Figure 3-15 show an increasing amount of hydrogen concentration in the colder region of the rod.
After 1 year, Figure 3-15, the total amount has reached the limit of 1000 wt.ppm and can be
considered as the best simulation we now have of a hydride rim. Note that the hydrogen
distributions shown are at temperature. As the rod cools, before examination at room temperature
the hydrogen in solid solution precipitates creating additional hydrides.
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99

Figure 3-12: Azimuthal distribution of hydrogen in solid solution (wt.ppm) in the cladding after 7
days.
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Figure 3-13: Azimuthal hydride distribution (wt.ppm) in the cladding after 7 days.
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Figure 3-14: Azimuthal distribution of hydrogen in solid solution (wt.ppm) in the cladding after 1
year.

1000

190

Figure 3-15: Azimuthal hydride distribution (wt.ppm) in the cladding after 1 year.
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3.2

Control Rod located near the rod of interest

The next simulation conducted in this project is the partial insertion of a control rod near
the rod of interest. When a control rod is inserted into a reactor the power near that location
decreases proportional to the amount inserted. This simulation was conducted to observe the
effects of an azimuthal power gradient on hydrogen and hydride distributions. A 4x4 pin
assembly, similar to that of the previous simulation in Section 3.1, was used with a control rod
located in location 6 instead of a water rod. The assembly geometry can be seen in Figure 3-16
along with the associated enrichments of each pin and in Figure 3-17 with the associated
azimuthal temperatures at the beginning of cycle. The parameters input for the CTF-DeCART
model are the same as those found in the previous simulation and found in Table 3-1. Note that
the rod of interest is surrounded by fresh rods on one side while having a control rod on the other,
which should cause a high azimuthal temperature gradient.

Figure 3-16: 4x4 pin assembly with control rod schematic with associated enrichments.
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Figure 3-17: 4x4 pin water rod simulation schematic with beginning of cycle outer cladding
temperatures at 0 burnup (°C).
A three-dimensional simulation was conducted in the CTF-DeCART coupling and a
single slice of the fuel rod was used to generate the input files used within BISON, as described
in Section 2.1.3. In order to create a smooth and continuous cladding temperature, a parsed
function was used that describes the cladding temperature as a function of time and space in the
same manner as the previous simulation. The simulation was run for one burnup step,
approximately 66 days, using the power history seen in Figure 3-18.
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Figure 3-18: Total linear heat rate for the rod of interest.

Similar to the previous simulation, the simulation first run without regard for the initial
hydrogen in solid solution and hydrogen as hydrides concentrations. The outer cladding
temperature in the hot region is then used to calculate the initial hydrogen in solid solution by
ensuring the is remains above the TSSp. This forces hydrides to form everywhere on the outer
cladding surface. To have hydride precipitation the concentration needed to exceed 155 wt.ppm
as shown below.
𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑟𝑟𝑟𝑟𝑟𝑟 = 138745.0 exp �−

4145.72
610 𝐾𝐾

� = 155 𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝

An initial hydrogen in solid solution concentration of 200 wt.ppm and initial hydrogen as
hydrides concentration of 0 wt.ppm were chosen. Figure 3-19 through Figure 3-21 depict the
cladding temperature distribution, hydrogen in solid solution distribution and hydrogen as
hydrides distributions after 1 day, respectively. The cold region is located in the top left and the
hot region is the bottom right, similar to that of the water rod simulation. The hydrogen in solid
solution concentration decreases from a homogeneous concentration of 200 wt. ppm to below 123

40
wt. ppm on the outer cladding surface. This decrease in hydrogen in solid solution is expected
because the hydrogen diffuses towards the outer rim where it precipitates as hydrides due to the
high hydrogen in solid solution concentration.

The concentration of hydrogen as hydrides

increased from 0 wt.ppm to above 169 wt.ppm with the more favorable location for precipitation
being at the cold region again. The hydrogen in solid solution concentration is lower in the cold
region compared to the hot region. This means that equilibrium has not been reached and during
the initial part of the simulation hydrogen will diffuse to the cold region.

583

592

Figure 3-19: Azimuthal cladding temperature distribution (in degrees K) after 1 day.
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Figure 3-20: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 1
day.

226

169

Figure 3-21: Azimuthal hydride distribution (wt.ppm) in the cladding after 1 day.
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When comparing the cladding temperature distributions for the remainder of the
simulation (Figure 3-22 through Figure 3-24), there is a slight increase in outer cladding
temperature. The temperature gradient between the hot region and the cold region is nearly
constant with the average temperature difference being about 9 degrees. Given enough time, the
hydrogen in solid solution should reach equilibrium at the hot and cold regions while
precipitating in the favored locations until the concentration at these locations reaches the cap of
1000 wt.ppm.
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Figure 3-22: Azimuthal cladding temperature distribution (in degrees K) after 1 week.
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Figure 3-23: Azimuthal cladding temperature distribution (in degrees K) after 33 days.
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Figure 3-24: Azimuthal cladding temperature distribution (in degrees K) after 66 days.
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Figure 3-25 and Figure 3-26 show the distribution of hydrogen in solid solution and
hydrides distributions after 7 days. The hydrogen in solid solution concentration diffused to the
colder region and continued to drop to below 115 wt.ppm as precipitation occurred. Precipitation
continues in to form a hydride rim in Figure 3-26. The high concentration in the cold region
compared to the hot region is similar to the water rod simulation. In order for the hydride
concentration to dissolve, the hydrogen in solid solution would need to fall below the TSSd which
occurs at roughly 88 wt.ppm as shown in the calculation below. This does not occur at any point
in this simulation.
𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐_𝑟𝑟𝑟𝑟𝑟𝑟 = 106446.7 exp �−

4328.67
� = 88 𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝
610 𝐾𝐾
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Figure 3-25: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 7
days.
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Figure 3-26: Azimuthal hydride distribution (wt.ppm) in the cladding after 7 days.

Figure 3-27 shows the hydrogen in solid solution distribution after the simulation was run
for 33 days. Compared to the hydrogen in solution distribution after 66 days in Figure 3-29, there
is a small amount of hydrogen diffusion from the hot region to the cold region. This is to be
expected, because there is only a small increase in the outer cladding temperature between 33 and
66 days. Figure 3-28 shows the hydride distribution after 33 days. The hydride concentration
nearly doubles from 1 day to 33 days after as seen in Figure 3-30. The high concentration of
hydrides can be seen here as well. The highest value of the hydrogen concentration in the rim is
artificially set at 1000 wt.ppm and reaches that value quickly. The higher concentration of
hydrogen in solid solution serving as a source for that precipitation.
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Figure 3-27: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 33
days.
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Figure 3-28: Azimuthal hydride distribution (wt.ppm) in the cladding after 33 days.
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Figure 3-29: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 66
days.
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Figure 3-30: Azimuthal hydride distribution (wt.ppm) in the cladding after 66 days.
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The results of this simulation again indicate a strong tendency of the hydrogen to concentrate on
one azimuthal location of the cladding.

3.3

Spallation of Zirconium Oxide

As the oxide layer thickness increases above 60-80 microns, there is a chance that a
portion this layer may break off or spall. When this happens, the new surface is directly exposed
to the water coolant creating a local temperature gradient. Often a hydride blister is observed cab
be created at that location because the hydrogen in solid solution first diffuses towards this region
and precipitates there. A simulation was created to mimic this phenomenon. CTF and DeCART
are not able to easily simulate the spallation of zirconium oxide. For this reason the entire
simulation was performed using BISON.
A few changes to the mesh boundaries and input deck were made in order to create this
distribution. Firstly, one of the four cladding regions needed to be treated as an individual area
with separate boundary conditions. To model the missing oxide, a thermal resistance calculation
was performed to calculate the equivalent thermal conductivity needed. Figure 3-31 shows the
schematic of the thermal resistance.

Figure 3-31: Schematic of thermal resistance calculation
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Where,
r1 is the inner cladding radius, r2 is the oxide-cladding interface radius, r3 is the outer cladding
radius, k1 is the thermal conductivity of zirconium 16 W/mK, k2 is the thermal conductivity of the
oxide 1.6 W/mK and kequi is the equivalent thermal conductivity of cladding with oxide layer,
given by:

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑟𝑟
ln �𝑟𝑟3 �

3-2

1

𝑟𝑟
𝑟𝑟
ln � 2 � ln � 3 �
𝑟𝑟1
𝑟𝑟2
+
𝑘𝑘1
𝑘𝑘2

The inner cladding radius is 4.16 mm, the outer cladding radius is 4.76 mm and assuming
an oxide thickness of 100 𝜇𝜇m, the following equivalent thermal conductivity is calculated.
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

4.77
ln �
�
𝑊𝑊
4.16
=
= 14.0
4.76
4.77
𝑚𝑚𝑚𝑚
ln �4.16� ln �4.76�
+
16
1.6

3-3

The BISON input deck was updated to include this thermal conductivity for the 3 regions
while the spalled region used a thermal conductivity of 16 W/mK (same as Zr). Rather than using
a parsed function formulated using information from CTF, BISON internally calculated the outer
cladding temperature distribution. A uniform power history of 25 kW/m was used for this
simulation. Similar to the previous simulations, the initial hydrogen in solid solution
concentration was determined by first running the simulation then making sure the initial
concentration was above the TSSp to meet the precipitation criterion.
𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 138745.0 exp �−

4145.72
� = 215 𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝
641 𝐾𝐾

This means that the initial hydrogen in solid solution concentration should be above 215 wt.ppm
so that an initial homogeneous concentration of 300 wt.ppm was assumed. The initial hydrogen as
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hydrides was 0 wt. ppm. In order for dissolution of hydrides to occur, the hydrogen as hydrides
concentration needs to fall below 124 wt.ppm as shown in the calculation below.
𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = 106446.7 exp �−

4328.67
� = 124 𝑤𝑤𝑤𝑤. 𝑝𝑝𝑝𝑝𝑝𝑝
641 𝐾𝐾

Figure 3-32 though Figure 3-34 depict the cladding temperature distribution, hydrogen in
solid solution distribution and hydrogen as hydrides distribution after 1 day. Because the cold
region is simulated using an equivalent thermal conductivity, the temperature gradient between
the hot region is not as apparent. There is a larger gradient at the boundary between regions which
will play an important role later in the simulation.

604

605

Figure 3-32: Azimuthal cladding temperature distribution after 1 day in Kelvin

The hydrogen in solid solution concentrations shown in Figure 3-33 are expected, given
the previous argument about using an equivalent thermal conductivity. There is a higher
concentration of hydrogen in solid solution in the colder region compared to the hot region. Note
that after 1 day the hydrogen concentration in solid solution dropped to nearly half of the initial
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300 wt.ppm concentration. The hydride distribution in Figure 3-34 differs from previous
simulations. The hydrides begin forming at the interface between the spalled region and nonspalled region. The entire spalled region should have developed a more significant increase in
hydride concentration. Instead the temperature gradient at the interfaces acts almost like the entire
spalled region. This is because the hydrogen in solid solution that diffuses into the colder region
immediately precipitates at the interface rather than potentially diffusing further into the spalled
region. The hydride concentration then continues to increase until the concentration cap is reaches
and a new favorable precipitation region is made.

147

142

Figure 3-33: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 1
day.
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Figure 3-34: Azimuthal hydride distribution (wt.ppm) in the cladding after 1 day.
The cladding temperature distribution found in Figure 3-32 is constant throughout the
simulation as seen in Figure 3-36 after 1 year.
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Figure 3-35: Azimuthal cladding temperature distribution (in degrees K) after 1 year.
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Figure 3-36 shows the hydrogen in solid solution distribution after 30 days which has not
changed likely due to the constant temperature distribution and reaching equilibrium state i.e any
diffused hydrogen in solid solution precipitates at one of the favored locations instead of
remaining in solid solution. Figure 3-37 shows the hydrogen as hydrides distribution after 30
days. The favored precipitation locations nearly reached the concentration limit and will then
create more favored locations. Most of the hydrides that would precipitate in the spalled region all
diffuses to the boundary and precipitates there. Figure 3-38 shows the hydrogen in solid solution
distribution after 1 year which has not changed significantly. Figure 3-39 is the hydrogen as
hydrides distribution after 1 year. The hydride concentration has already reached the cap in a few
cells and cannot diffuse through filled locations. This means that the hydrogen in solid solution
would need to go around the capped cell which can be seen by the concentration being higher in
the spalled region compared to the hotter region.
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142

Figure 3-36: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 30
days.
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Figure 3-37: Azimuthal hydride distribution (wt.ppm) in the cladding after 30 days.
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Figure 3-38: Azimuthal hydrogen in solid solution distribution (wt.ppm) in the cladding after 1
year.
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Figure 3-39: Azimuthal hydrogen as hydrides distribution (wt.ppm) in the cladding after 1 year.
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Chapter 4 Conclusions and Future Work
The azimuthal dependence of hydrogen and hydride distributions was modeled using
BISON fuel performance code coupled indirectly with the Penn State maintained thermalhydraulics code, COBRA-TF, and the neutronics code, DeCART. Three simulations were
conducted to obtain the temperature, hydrogen and hydride distributions under conditions where
large variations in azimuthal hydrogen distribution should be expected.
One of the simulations included a water rod near the rod of interest. In this simulation,
the water rod created an azimuthal temperature gradient for hydrogen transport and precipitation
to occur. The hydrogen in solid solution diffused to the colder region, as expected, and
precipitated as hydrides on the outer rim of the cladding. We believe this hydride rim mimics real
cases. After 1 year, hydride concentration reached an artificial concentration limit of about 1000
wt.ppm.
The next simulation was a control rod located near the rod of interest. By placing a
control rod on one side and high enriched fuel on the other side, an azimuthal temperature
gradient was created for hydrogen transport and precipitation to occur. The simulation was run
for one burnup step (66 days). Within this burnup step, the hydrogen in solid solution diffused to
the outer rim and precipitated as hydrides very quickly. The hydride rim did not contain as many
hydrides as the water rod near the rod of interest simulation, but the concentration was still a
significant amount.
Finally, the last simulation included a portion of the cladding breaking off from the
cladding. This simulation did not produce realistic results, but pointed the way to performing a
correct simulation by providing a smoother transition in temperature profiles between interfaces.
A common tendency for all of the above simulations was that hydrogen diffused to the
cold region and precipitated as hydrides there, as expected. The coupled codes can be used now
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more extensively to investigate the range of hydrogen concentrations expected in nuclear fuel
cladding.
In the future, the hydrogen model can be improved by studying and including the effects
of stresses on hydrogen transport and precipitation mechanisms. Currently, work is being done on
directly coupling BISON to the thermal-hydraulics code (CTF) and the neutronics code
(MPACT). With this coupling, results should improve and more flexibility will be possible
regarding simulations. Although computationally expensive, a fully 3D simulation would be
useful for providing hydrogen information in the radial, axial, and azimuthal directions
simultaneously.
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