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Abstract

A two-dimensional numerical simulation of fuel fragment relocation during a Loss of
Coolant Accident (LOCA) was conducted. The Migflow software is utilized to model
the problem as a granular flow, solved using CFD-DEM, providing a more accurate
representation of the interactions between the fluid and the fragments. An algorithm
is presented to generate an initial configuration of particles that matches experimental
results, and some examples of this algorithm are provided. A new model that includes a
numerical computation of the pressure in the cladding and an estimation of the fluid’s
compressibility is introduced. This model is compared to more traditional models and is
used to demonstrate results based on parameters such as break size and pressure gradient.
These findings suggest that using an accurate model in CFD-DEM simulation enables a
more precise analysis of the relocation problem and opens up possible improvements such
as considering compressibility effects or using a three-dimensional representation.
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Introduction

Nuclear power plays a significant role in generating electricity in Western Europe,
especially in Belgium and France. In 2022, 45% of Belgium’s electricity was generated
from nuclear power plants (FEBEG 2023). Nuclear energy is considered clean, reliable,
and controllable, making it an important component of the future energy mix, which
should be as carbon-free as possible. However, nuclear reactors carry inherent radiological
risks, necessitating a thorough study of their behavior in the event of an accident.

Most nuclear reactors are Pressurized Water Reactor (PWR) (as a fact, all Belgian
nuclear reactors are PWR). The reactor comprises 3 cooling circuits: the primary circuit
contains highly pressurized liquid water (around 150 bar) heated by the fission of fissile
atoms (mainly uranium dioxide). This water exchanges heat with the secondary circuit
water, evaporating it. It drives a turbine and is then cooled by cold water from the tertiary
circuit (El-Sefy et al. 2019).

Figure 1: Schematic of a Pressurized Water Reactor

The nuclear fuel consists of 8 mm diameter and 13 mm height uranium pellets, placed in
a tubular cladding of 9.5 mm outside diameter and 4 m height that confines the radioactive
materials (D’Auria 2017). This is called a rod; the nuclear core generally contains 100
to 200. The pellets are pressurized at about 70 to 80 bar to prevent cladding rupture
due to pressure difference. The irradiation of the rod causes the production of gaseous
fission products, which affect the behavior of the materials. This effect is amplified as the
temperature of the fuel increases, making the assembly more fragile.

A well-known and common accident in PWRs is a Loss Of Coolant Accident (LOCA).
An example of this is the incident at Three Mile Island in 1979 (COLLIER & DAVIES
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Figure 2: Schematic of a single fuel rod (Blair 2008).

1980). This occurs when an external event, such as a pipe rupture or pump failure, causes
the water from the primary circuit to stop circulating in the reactor core. As a result,
there is a drop in pressure outside the fuel rods and a rise in temperature in the cladding,
leading to high thermomechanical stresses (Trégourès 2013).

Recent experiments have shown that there is a risk of local nuclear fuel fragmentation,
where a pellet of uranium can break into very small particles (measuring just a few
micrometers) during a thermal transient situation such as LOCA (Loss of Coolant Accident)
(Capps et al. 2020). Additionally, thermomechanical stresses can cause the cladding to
rupture, resulting in a small breach (on the order of a millimeter). If the cladding
experiences a large enough breach and the fuel is finely fragmented, it could lead to fuel
leakage. This fuel leakage could result in the ejection of radioactive material, posing direct
and indirect safety concerns. Therefore, it is important to study the conditions that lead
to this type of leakage and the subsequent relocation of radioactive particles.

This master’s thesis will focus on the movement of particles after the fuel has been
fragmented and the breach has been formed. There is limited experimental data on the
movement of these particles, so the approach will be mostly phenomenological. The research
will involve developing a simulation of how fuel particles relocate after fragmentation, taking
into account various parameters such as pressure gradient, particle size, and inter-particle
friction, and estimating the impact of these parameters.

The movement of particles in a fluid is referred to as an immersed granular flow. This
thesis is a part of Migflow (Constant et al. 2018), a project aimed at modeling immersed
granular flows. The Migflow project is free and open-source, and it is the result of
collaboration between Université Catholique de Louvain and Université de Montpellier.
Later on, this project and the methods utilized will be presented. The objectives of this
work are to propose a model for the relocation problem and then to utilize this model to
demonstrate the qualitative effects of various parameters such as the break size or the
pressure.

First, a literature review on fuel relocation during LOCA is conducted. This includes
presenting existing models and data for fuel pellet fragmentation and relocation, as well
as the equations and methods for solving immersed granular flows, particularly those used
in Migflow. Finally, the simulation objectives are clearly detailed.

The second section focuses on the new algorithm used to generate the initial particle
deposit. By incorporating a score function and a compactness criterion into existing
algorithms, it becomes possible to create a new algorithm that allows control over the
spatial distribution of particle sizes while maintaining a stable and compact deposit. The
section also presents some results obtained from the algorithm.

2



Thirdly, the physical, geometrical and numerical parameters of the simulation are
presented. The modeling of the problem is discussed, and multiple models are proposed
and compared, each including an approximation of the pressure. The impact of friction on
the flow is studied.

Finally, a study is conducted to show the influence of various parameters such as the
fluid properties or the size of the break. A proposal is made to model the cohesion between
the fragments, and the model is used to increase the interaction between the particles and
with the cladding. This cohesion is the source of new phenomena that are expected in this
situation and can also be used as a way to numerically increase the interaction between
the grains to better represent the flow.

3



Chapter 1

A first glance at the problem

This chapter provides a comprehensive overview of the current knowledge on fuel
fragmentation and relocation during a loss-of-coolant accident. In recent years, there has
been a significant increase in both experimental and simulation studies on this phenomenon,
with tests conducted in specialized facilities and the development of advanced simulation
models for both fragmentation and particle displacement. Following the rupture of the
cladding, the gas pressure difference forcefully drives a flow of gas and particles outside of
the cladding into the cooling circuit. This displacement of particles in a fluid is specifically
termed an immersed granular flow. The methods and models utilized in this work are
meticulously detailed. The chapter concludes by clearly defining the objectives of the
simulation.

1.1 Fuel pellet fragmentation
During a LOCA, the particular conditions in the cladding lead to high thermomechanical

stresses. Despite the neutron reactions being stopped by the deployment of control
rods, there is still residual power. The temperature of the fuel rod consequently rises,
increasing the rod’s internal pressure and reducing the mechanical properties of the cladding.
Combined with the high-pressure differential, this can lead to plastic deformation of the
cladding, known as ballooning. This deformation can rupture and become a breach in the
cladding, leading to depressurization of the rod.

The thermal and mechanical stresses experienced can result in the fragmentation of
nuclear fuel, as documented in (M. Flanagan 2012) and (Capps et al. 2020). These
fragments are typically in the micrometer range, whereas regular pellet fragmentation due
to irradiation occurs in the millimeter range. When the rod depressurizes, these particles
are released into the primary circuit. Although the exact impact of these particles on the
primary circuit’s operation is not yet fully understood, it is evident that the presence of
radioactive particles within it poses a safety concern. Additionally, understanding the
properties of this particle bed, including its coolability (Lindholm 2002), fuel-coolant
interaction (Raynaud 2012), and other factors, is crucial.

As fragmentation not being the phenomenon studied here, only a few details will be
presented. Several experimental tests were carried out, such as the EDGAR tests (Forgeron
et al. 2000), a program at the Halden experimental reactor (Wiesenack et al. 2016), the
SCIP program (Karlsson et al. 2017) and tests at CEA’s facilities (Hanus et al. 2016). The
ballooning and rupture phenomena were observed during these tests, and the parameters
on which fragmentation depends were determined, such as fuel temperature, fuel burn-up,
etc. (Bianco et al. 2015). SCIP program’s results estimate the size of the rupture, ranging
from 1 to 20 mm. The mass distribution of fragments is still unclear, as results seem
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to follow different trends (1.1). It was shown that the fragmentation could be reduced
by imposing hydrostatic pressure (J. A. Turnbull & Walker 2015). A model was built
from these results to estimate the rupture area and dimensions of the cladding(Capps
& Sweet 2023). Finally, Kim et al. (2021) developed a multiphysics fuel analysis and
thermal-hydraulics code to analyze the fuel rod’s anisotropic behavior during LOCA,
predicting the ballooning and strain of the cladding.
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Figure 1.1: Size distribution in different tests.
Blue data comes from (Karlsson et al. 2017) and orange data comes from (Capps et al. 2020). The SCIP
data shows a size distribution quite uniform for the particles smaller than 2mm while the Halden and

Studsvik tests show a more increasing mass distribution with the size of the particles.

1.2 Fuel fragments relocation
Most of the previously cited studies on fuel relocation focus on relocation in the cladding,

i.e. starting with intact pellets and ultimately looking at their position in the balloon.
They, therefore, give a correct definition of the initial situation at the time of cracking, but
practically nothing about what happens afterward. Some works also distinguish between
relocation (within the cladding) and dispersal (outside the cladding).

First, the experimental programs only considered a single rod, neglecting the influence of
neighboring rods. A few parameters have an obvious influence: the dispersal is impossible
if the fissure size is smaller than the smallest fragments, while a fissure larger than all
fragments leads to a full dispersal of them. In some cases, the fuel dispersal could cause a
blockage in the coolant channel (Brankov 2017).

Govers and Verwerft used a discrete element method to study the dispersal of spherical
fragments with constant radii(Govers & Verwerft 2016). This three-dimensional simula-
tion showed the suitability of granular materials simulation for relocation and dispersal
applications. Especially, it presented a compacity of 0.5 to 0.6 in the balloon, similar
to experimental results(NEA 2010). However, the process is highly stochastic due to
the fragmentation of the particles, the shape influencing local pressure losses, and the
shape of the fragments and the break may or may not allow fragments to pass through.
Furthermore, the position of the crack along the height of the rod has a strong influence
as it determines the amount of gas and particles that are close to the crack and their
position. For example, a crack near the bottom may result in slower gas outflow than a
crack near the top(Khvostov et al. 2011).

5



A first estimation for the total mass dispersed was presented in (Raynaud & Porter
2014) using TRACE and FRAPCON, two reactor systems codes used to simulate reactor
thermal-hydraulics behavior. These codes are however not built to simulate the local
effects of the particles as they use a coarse approach. These results were presented as not
generalizable and very approximate. In (Brankov 2017), a model is presented to simulate
the fuel dispersal. The geometry is separated into three regions: the plenum full of gas, the
fuel stack, and the cracked balloon. The fuel stack is composed of movable and immovable
particles, which depend on the size of the particles. The interaction between fluid and gas
is modeled with correlations, and the conservation equations are written for the fuel and
the gas in each of the three volumes. Therefore, it only computes the values in each of
them and does not simulate each particle and the fluid flow separately. This model was
run for the multiple tests done at Halden’s experimental reactor and for the SCIP program:
most results were consistent, while not being able to describe precisely all phenomena. For
example, the pressure in the fuel stack and plenum was shown to follow an exponential
decay (see Figure 1.2) in the simulation, just as in the case of a gas leak from a tank. In
the measurements, the decay was close to exponential but variations were observable, due
to the particle’s interactions with gas around the crack which are not modelized in this
approach (Capps et al. 2021).

Figure 1.2: Gas pressure and mass evolution for a test case in the model of (Brankov 2017)

A final simulation was done to a full-length rod, shown in Figure 1.3. However, this
simulation assumed a constant size of fuel fragment of 1mm.

Figure 1.3: Gas pressure and mass evolution for a full rod (Brankov 2017).
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1.3 Fuel fragments relocation as a granular flow prob-
lem

The conclusion to be drawn from the above developments is that it is necessary to use
models more suited to describing this type of flow, where local interactions between fluid
and solids are important. These flows are known as granular flows. A granular flow is
defined as a collection of solid discrete bodies surrounded by a fluid. The interaction of the
fluid and the grains leads to their movement. Typical granular flows include cement in civil
engineering, avalanches, lava, etc. While current research on this subject is quite extensive
and applies to many fields including pharmaceuticals, geology, and the environment, the
use of these flows in nuclear engineering is relatively new and still developing. Solid
particles are commonly used and simulated in various applications in nuclear engineering,
such as Pebble Bed Reactors (PBRs) (Rycroft et al. 2006), analyzing the burn-up of fuel
pebbles, and studying the formation of debris beds in severe accidents. Recently, numerical
modeling has become an effective tool for investigating these systems.

In nuclear engineering, the flows are generally classified into two categories: the first
corresponds to single-phase granular systems, in which the influence of the fluid on the
particles is negligible, and the particles-particles and particle-wall interactions dominate.
The second type comprises applications where the solid-fluid interactions are not negligible.
Following the description in 1.2, the fuel relocation and dispersal fall in this category
(Rui Li & Sakai 2024).

Discrete Element Method (DEM) has been proposed and validated to simulate the
behavior of the particles. In this method, the particle’s motion is computed based on
Newton’s second law of motion, while the contact forces are computed using a model such
as the Voigt model. Only spherical 2D particles are considered in this work, but DEM is
also applicable to non-spherical or 3D particles (Zhong et al. 2016).

To solve the contacts, Non-Smooth Contact Dynamics (NSCD) is used (Jean 1999).
The grains are considered as non-overlapping solid spheres (or disks in two dimensions),
unable to deform. It is an iterative method: at each time step ∆t, all possible contacts
are detected. A contact between two particles is possible if they are closer than some
alert distance, this distance being the radius of the largest grain. An iterative process is
then used: the contacts are detected and solved and the velocities are updated. Then, the
contacts are detected again and solved, until the velocities have converged. Each contact
is resolved in a local reference frame defined with the normal and tangential vectors noted
n and t. The hypothesis of non-interpenetrating grains is expressed as follows: the gap
between the two particles d is larger than or equal to zero at any time t. The reaction
force between two particles Rn is zero if the two particles are not contacting. This gives
the Signorini condition :

d(t) ≥ 0, Rn(t) ≥ 0, Rn(t)d(t) = 0
If wT =

[
wn wt

]
is the relative velocity vector in the local frame, then it is rewritten as :

d > 0 =⇒ Rn = 0
d = 0 =⇒ wn ≤ 0

wn ≤ 0 =⇒ Rn = 0
These three lines state that if the gap between particles is non-null, the reaction force is
null. If the gap is null, then the relative can’t be larger than zero. If it is equal to zero,
then the contact is persistent, and if it is less than zero, then the contact is vanishing.
Finally, if the contact is vanishing or persistent, then the reaction force is null.
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However, this condition alone only gives the reaction to satisfy the Signorini condition.
An impulse pT =

[
Pn Pt

]
in the local frame has to be calculated, from which the velocity

is deduced using M the sum of grain masses (Moreau 1994) (Radjai & Richefeu 2009) :

Pn = M(wn − d

∆t
)

Physically, this means that the velocity is corrected by an amount such that the grains
do not interpenetrate at the next time-step. However, their relative velocity is still larger
than zero. The contact law is activated again at the next iteration, and the relative
velocity is canceled out. Therefore, it is a perfectly inelastic law, that could be discussed.
In reality, the collisions are partially elastic, and part of the energy is dissipated in heat
and deformations. However, this dissipation is not modeled, and an elastic law of contacts
would lead to indefinitely vibrating particles. The inelastic model then allows for a better
representation of the physics. For the contacts with the wall, similar equations are used
considering a wall that is fixed.

Friction is taken into account when calculating tangential velocity, using Coulomb’s
friction law. Rt being the tangential reaction force, it gives :

wt > 0 =⇒ Rt = −µkRn

wt = 0 =⇒ Rt = µkRn

wt < 0 =⇒ Rt ≤ µsRn

With µs the static friction coefficient and µk the kinetic friction coefficient. However,
in granular flow, the friction coefficient usually used is the dry friction coefficient µf , which
is around 0.3 to 0.6 for most granular media and close to the static friction coefficient.
Works have studied the variation of µf in granular media, showing the effect it has on the
rheology of the flow (Man et al. 2022). The friction is therefore computed as :

Rt = −µfRn

The tangential impulse Pt has to be determined so that the tangential velocity wt is
canceled. However, here, the impulse cannot reach an arbitrarily large value, as it is
limited by the friction coefficient. The maximum tangential impulse is given by the
coefficient of dry friction µf times the normal impulse Pn. If this value is smaller than the
tangential impulse needed to cancel the tangential velocity, then the grains slide on each
other. This is stated as :

0 = wt + Pt

M

Pt ≤ µfPn

As friction law changes the tangential velocity, it will change the linear velocity of the
grains, but also their angular velocities. For the friction with the wall, the same thought
process can be held, considering that the wall does not move.

The values for the friction coefficients have to be fixed. For the friction between
the UO2 particles and the wall made in zirconium alloy, studies show that the static
friction coefficient is dependent on temperature and irradiation, and globally increases
with temperature and time under irradiation, with values going from 0.3 to 1.5 in most
cases, but reaching up to 3 for long irradiation periods (Bozhko et al. 1991) (Shchavelin
et al. 1986). However, these are the static friction coefficients, and they were computed
with highly pressurized particles under long-time contacts, leading to high frictional forces.
The effect of this coefficient will therefore be studied later.
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In the global reference frame, the vector q̇T
i =

[
ui vi ωi

]
describes the velocities of

the grain i. The global frame velocities are then converted to the local frame using the
mapping H. The inverse mapping HT is the mapping that converts the local frame
velocities to the global frame. Using V T =

[
q̇T

i q̇T
j

]
the vector of the velocities in the

global frame of the two grains in contact, the relation is :

w = H · V

w =
[
Nx Ny 0 Nx −Ny 0
Tx Ty ri Ty −Ty rj

]
· V

Where Nx, Ny, Tx and Ty are the x and y components of the normal and tangent
vectors, and ri, rj the radii of the grains. It is illustrated in figure 1.4.

n
t

wi

j
w = H · V

s = C · H · p
ui

uj

Figure 1.4: Local and global frames for the resolution of the contacts in NSCD.

Finally, the impulse in the global frame sT =
[
pT

i pT
j

]
is computed, where pi is the

impulse on the grain i and Ii its inertia:

s = C · H · p

C =



mj

M
mi

M
mi

Ii

−mj

M
mi

M
mi

M
mj

Ij

−mi

M


This gives the new velocity in the global frame, with V + and V − indicating the

velocities before and after the iteration and M the mass matrix of the two grains :

M(V + − V −) = s

The DEM is then coupled to Computational Fluid Dynamics (CFD) for the simulation
of the grain-fluid flow. Here, two methods exist resolved or unresolved methods. In
resolved methods, the solid-fluid interaction is directly modeled from the original governing
equations. The spatial resolution of the CFD must therefore be sufficiently smaller than
the size of the particles. It leads to high accuracy but a high computational cost. In
unresolved methods, the solid-fluid interaction is modeled via theoretical or empirical
correlations. The spatial resolution of the CFD can therefore be lower, leading to less
precise but faster simulations. In Migflow, a semi-resolute approach is currently used. The

9



mesh size is close to the grain size, and the drag force on particles is represented by an
empirical correlation. It has the advantage of keeping a precise enough resolution with a
fast algorithm.

Figure 1.5: Illustration of solved, unsolved and semi-solved methods. The solved methods use a finer
mesh, and the unsolved method uses global correlation to compute the interactions between the grains

and the fluid.

The CFD-DEM is resolved using volume-averaged Navier-Stokes equations corrected
for granular media and incompressible flows. Two new variables are defined: the porosity
which is the ratio between the fluid volume to total volume ϵ = Vf

Vt
, and the compacity

which is the ratio between the particle volume to total volume ϕ = Vp

Vt
as shown in Figure

1.6.

+ =

Particles volume
Vp

Fluid volume
Vf

Total volume
Vt

ϵ = ϕ =

Figure 1.6: Illustration of the porosity and compacity

Using the drag force on the particles fD, the gravity vector g, the fluid velocity u and
the solid velocity us, the equations read :

∇ · (ϕus) + ∇ · (ϵu) = 0

ϵρ
Du

dt
= −ϵ∇p + ∇ · [2ϵµd(u)] + ρϵg + fD

The drag force is characterized by the drag coefficient, computed using the voidage
function associated with the Dallavalle correlation (Qi et al. 2022):

fD = CDπr2
i

ρ

2 ||vi − u||(vi − u)
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CD = g(ϵ)CD,0(ϵRe)

CD,0 =
(

0.63 + 4.8
(ϵRei)0.5

)2

g(ϵ) = ϵ−1.8

with the grain Reynolds number

Rei = 2riρ

µ
||vi − u||

Finally, the particles are tracked using DEM, with the contacts resolved using NSCD
which gives for the grain i :

mi
dvi

dt
= F e + F c

F e = Vi (ρpg − ∇p − fDi)

Compared to the original problem, the simulation built here has multiple shortcomings:
the particles are only spherical, when in fact the fragments have complex shapes. The
simulation is in two dimensions, which prevents three-dimensional effects from being
represented and reduces the cylindrical cladding to a rectangle. Finally, the thermal effects
and compressibility of helium are not represented, while it plays a significant part in the
depressurization of the rod.

1.4 Objectives of the simulation
This thesis has multiple objectives. Firstly, it aims to create a two-dimensional model for
particle relocation that produces results consistent with the limited experimental data
available. This model will introduce new features, such as the spatial distribution of
particle size. It will be used to estimate the impact of various phenomena on the relocation
of fuel particles, using precise criteria such as expelled mass, ejection time, and more.
Finally, this work will also contribute to the research of Adrien Nusslé from CEA IRESNE,
who is studying this relocation phenomenon in detail.
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Chapter 2

Initial fragments generation

This chapter describes the algorithm used to generate the initial deposit of circular
particles. In most simulations in immersed granular flows, constant radii are used for the
particles, or slightly varying radii. This is called polydispersity, and it is defined as the
ratio between the radii of the largest to the smallest particles :

λ = rlargest/rsmallest

Depending on simulations, this value can go from 1 (uniform radii or mono-disperse
particles) to 20 or even more (Polanía et al. 2022). Another parameter that defines
the stack is the packing fraction, the ratio between the particle total surface Ap (for a
two-dimensional problem) to the total surface of the domain At :

ϕ = Ap/At

For the algorithm analysis, the variable ϕreal is defined. It is the packing fraction but only
considering the smallest volume enclosing the grains (further information in section 2.3).
For mono-disperse particles, the reference values are ϕ = 0.55 for random loose packing
and ϕ = 0.64 for random close packing in three dimensions (Scott 1960), even though
denser packing can be generated. An increase in polydispersity leads to an increase in
packing fraction, as the fine particles fill the gaps between the coarse ones.

The particles in this problem are not mono-disperse, as it would be impossible for
the whole fuel pellet to break up into multiple particles of the same size. Furthermore,
the size of the particles depends on their position in the pellet. Conventional deposit
generation algorithms deal with polydispersity but are unable to manage the coupling
between particle position and radius. These algorithms first need the particle’s radius
before determining its position. Therefore some modifications are presented to manage
the spatial distribution of particles.

The generation area is a simple rectangular box, with height equal to href and width
wref. The origin of the reference frame is in the center of the rectangle. To simplify the
equations, the variables are defined using the dimensionless domain centered:

x∗ = 2 x

wref

y∗ = 2 y

href
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wref

x

y

(a) Physical domain

1

1

x∗

y∗

(b) Dimensionless domain

Figure 2.1: Particle generation domain

2.1 An overview of existing algorithms
The generation of such a deposit can be thought of in two ways: one purely relying on

contact dynamics, and the other purely on a geometrical approach. In both cases, it is an
incremental process, where a particle is added to an already-generated deposit. Here is
only considered a deposit in a rectangular box, but both algorithms can be generalized for
any shape.

The generation using contact dynamics is similar to what happens in a real experiment,
where grains would be poured into a box. The grain is generated with a radius r and then
is dropped at some point x along the width of the box. It will touch the first particle below
it, and then roll towards the steepest gradient, reaching a stable point when its center
of mass lies between the supporting contacts. It mimics the movement of a particle that
would be randomly dropped on top of a granular bed. The main drawback of this method
is its high computational cost, as the simulation of the fall of each particle is needed. It is
illustrated in figure 2.2.

A faster way to solve this problem is a geometric approach with an optimization problem,
which is called the potential-based method. If the radius of the i-th particles already
inserted is noted rparti

, then the objective is to minimize the height which is the function
f(y∗) = y∗ of the particle of radius r inserted, such that the gap di between the two grains
is larger or equal to zero (no interpenetration). This is written in Figure 2.3 in the case
where there are n grains already inserted.

A solution to the problem is found efficiently: at first, the minimization of f requires
that the new grain lies on an existing particle, such that di = 0 for at least one already
existing particle. An active front that contains the particles at the top of the granular bed
is therefore constructed. Some grains can be ignored as they are below other ones, and
the new grain to be added can’t touch them without interpenetration. From this active
front of particles, a line Ψ is drawn at a distance r of all particles (and walls of the box).
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Figure 2.2: Illustration of random deposit method.
The particle falls from a random point until it reaches a stable state.

This line is only the union of every circle of radius r + rparti
around each particle of the

front. It contains all possible points to place the new particle with the condition that gi is
zero for at least one particle. Furthermore, all possible stable points are local minimums,
which are the intersections of two circular arcs with the condition that the slope of the
line is negative on the left and positive on the right, as elsewhere the new particle would
roll (it is not a sufficient condition). The new particle is placed at the lowest point of this
line as it minimizes f , which means that the point found is necessarily a local minimum.

minimize f(x∗, y∗) = y∗

subject to
{
di(x∗, y∗, r) ≥ 0, i = 1, . . . , n

Figure 2.3: Optimization problem to solve with the potential-based algorithm.

The local stability of a particle doesn’t assure the global stability of the deposit, especially
for deposits with high polydispersity. However, making it stable is possible by simulating it
under gravity, particles will rearrange themselves to reach stability. This method generates
deposits that are more compact than with the contact dynamics method, as it places the
particle at the absolutely lowest point, while the random method places it at the locally
lowest point. This generation algorithm was studied further in (Taboada et al. 2005) and
(Voivret et al. 2007), and is illustrated in figure 2.4.

2.2 Suboptimal criterion for polydisperse deposit
In the case of nuclear fuel relocation, the size of the particles depends on their position

(Bonnet 2021). This is because the thermomechanical stresses are concentrated around
the breach, leading to a finer fragmentation in this region. This new algorithm for particle
generation has to be able to take into account the spatial distribution of particles, which
is not possible with the algorithms described above.
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Ψ

r

rparti

Figure 2.4: Illustration of potential-based deposit method.
Red points are all possible points and the blue point is the lowest one.

Blue particles are the active front and white particles are the ignored ones.

The original algorithm used is the potential-based method, as it is faster and the
modifications are easier to implement. For the spatial distribution, it is needed to define
the radius r of the particle as a function of the height, which is unknown as the optimization
problem is still not resolved. An estimation of the height is therefore done: a line Ψ′ is
drawn, similar to the one in the original algorithm, but with a radius r = 0. Then the
lowest point of this line is taken as an estimation y∗

approx of the height where the particle is
inserted (see Figure 2.5).

Ψ′

y∗
approx

Figure 2.5: Height estimation using the lowest point of the Ψ′ line.

From this height, a radius rtheo is computed for the particle. For example, the radius
can increase linearly with the height :

rtheo(y∗
approx) = Ay∗

approx + B [mm]

From this computed radius, the problem is solved with the initial algorithm using the
front and the line Ψ. The optimization problem is rewritten in Figure 2.6.

The parameters A and B can be adjusted to reach the desired distribution. From the
definition of y∗, the value of B is the radius at the center. For this example, it is fixed at
0.25 [mm], so B = 0.25 [mm]. Then, the value of A depends on the radius on top or at
the bottom of the box. Considering that the radius at the bottom rbottom = 0.1 [mm] :

A(−1) + B = rbottom
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minimize f(x∗, y∗) = y∗

subject to


di(x∗, y∗, r) ≥ 0, i = 1, . . . , n

r = rtheo(y∗
approx)

Figure 2.6: Optimization problem with a radius depending on the height of the grain.

A = B − rbottom

This gives A = 0.15 [mm]. A first deposit is generated using this height distribution
of the radii, containing 1333 particles, and shown in Figure 2.7. The generated radii
perfectly fit the function defined. It has a polydispersity of 3.94, close to the theoretical
rtop/rbottom = 4, and a packing fraction of 0.79.
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Figure 2.7: Particle generation with a linear law of radii.
The generated particles perfectly follow the distribution defined.

Next, local polydispersity is added to the particles. A maximum and minimum radius
are defined as functions of rtheo: rmax and rmin. A random radius r is computed from
these two values. There are multiple parameters to choose: the functions for rmax and
rmin, and the probability distribution P(rmin, rmax) that is used to compute r from these
values. Again, the optimization problem is written in Figure 2.8. There are no limitations,
but for the sake of simplicity, mostly basic cases are considered here: well-known random
distributions and simple relationships, such as rmax/rmin = C or rmax − rmin = C, with C
a constant. In this example, a uniform distribution between rmin and rmax is used, and a
constant ratio: rmax/rmin = 4 with rmax = rtheo. The expression is:

r ∼ U(rtheo/4, rtheo)

The generation is shown in Figure 2.9. It contains 3170 particles, the polydispersity is
λ = 14.72. It is quite close to the ratio of the maximum theoretical radius at the top to
the minimum theoretical radius at the bottom :

λtheo = rtheo(1)
rtheo(−1)/4 = 16
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minimize f(x∗, y∗) = y∗

subject to



di(x∗, y∗, r) ≥ 0, i = 1, . . . , n

rmin = rmin(y∗
approx)

rmax = rmax(y∗
approx)

r ∼ P(rmin, rmax)

Figure 2.8: Optimization problem with random polydispersity.

The packing fraction is ϕ = 0.82. Despite the uniform distribution of the radii between
rmin and rmax, the real distribution of radii is not uniform. As rmin and rmax depend on y∗,
the global distribution does not follow the local one, as shown in Figure 2.10.
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Figure 2.9: Particle generation with a linear law of radii and constant local polydispersity.
The radii of particles are uniformly chosen between the maximal and minimal radius.

The last addition needed for the algorithm is to be able to modify the position of the
particle along the x-axis, according to its radius. The function f(y∗) that is minimized is
changed to f(x∗, y∗, r) such that it does not take the lowest possible point but the point
that best fits the distribution. As r varies randomly, f can be defined such that the score
of a big particle r ≈ rmax is lower for x values where the distribution needs big particles,
and inversely it is lower for big particles r ≈ rmin for x values where the distribution asks
for small particles. The minimization problem is written in 2.11.

The solution is still found by using the line Ψ, but now the point chosen is the one
minimizing f . However, it should be noted that this solution only minimizes f with the
condition that di = 0 for at least one grain, which is not necessarily the minimum of f in
the {x∗, y∗} space.
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Figure 2.10: Number of particles of different sizes and the area covered as a fraction of the total area.
The radii and total area covered are not uniform. Most particles are small ones while most of the area is

covered by middle-sized particles.

For example, a distribution with big particles on the left and small particles on the right
can be generated using this score function :

f(x∗, y∗, r) = C(r)x∗ + D(r) + E(r)y∗

The values C, D, and E are set to meet a few properties: the function has to be
increasing for large r so that the large particles are favored on the left, and decreasing for
small r. The score function is set to be equal to 0 at x∗ = 0 for all r so that D(r) = 0.
The function is then set to be equal to 1 at x∗ = 1 for r = rmax and -1 for r = rmin. This
gives, using rmax = 4rmin and setting y∗ = 0 for simplicity:

C(r) =
r − rmax+rmin

2
rmax−rmin

2
=

r − 5
8rmax

3
8rmax

The value of E(r) is then chosen arbitrarily, here E(r) = 25. this choice was made
after testing a few values: values close to 1 lead to deposits where there were close to no
particles in the center (due to the small influence of the y∗ in comparison with the x∗, while
too large values created deposits where the particles did not follow the x-axis distribution
as the impact of the y∗ component was too large. The drawback of this method is that
local polydispersity is needed to generate varying radii along the x-axis.

The final generation is presented in figure 2.12. The 2 bottom graphs show the radius
of particles as a function of x∗ for different heights on the left, and the score function for
different radii at y∗ = 0 on the right. It is made up of 3121 particles, the polydispersity is
λ = 15.19 and the packing fraction is ϕ = 0.79. The polydispersity is almost unchanged
as the maximum and minimum sizes were not changed, the small reduction in packing
fraction is due to the region with a large radius (top left) where large gaps appear between
particles. As expected, the distribution of the size of particles is unchanged with respect
to the distribution without the score function implementation.
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minimize f(x∗, y∗, r)

subject to



di(x∗, y∗, r) ≥ 0, i = 1, . . . , n

rmin = rmin(y∗
approx)

rmax = rmax(y∗
approx)

r ∼ P(rmin, rmax)

Figure 2.11: Optimization problem with x-axis distribution.
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Figure 2.12: Particle generation with a linear distribution across the x-axis.
The score value is increasing for large radii and decreasing for small radii. The distribution seen in the
figure on the left is not perfectly linear due to the effects of randomness and the particles close to the

boundaries.

2.3 Increasing compactness and stability
Compactness of the deposit can be increased by reducing the space between particles,

which is achieved by reducing particle size. However, the original radii distribution has to
be preserved. A rule is defined for the size of the particle: the insertion of the particle of
size r already defined is compared to the insertion of a particle of size 0.9r. If the score
function of this second particle is lower than the first one, then the smaller particle is
inserted. The value of 0.9 is chosen arbitrarily: a lower one reduces the overall size of
particles, deviating from the original distribution, but increases further the compactness,
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and the opposite for a larger one. The optimization problem is written in 2.13. It should
be noted that the values x∗ and y∗ depend on the radius, as the possible points of insertion
are on the line which depends on the radius. This algorithm is illustrated in Figure 2.14.

minimize f(x∗, y∗, r′)

subject to



di(x∗, y∗, r′) =≥ 0, i = 1, . . . , n

rmin = rmin(y∗
approx)

rmax = rmax(y∗
approx)

r ∼ P(rmin, rmax)

r′ =


r if minf(x∗, y∗, r) ≤ minf(x∗, y∗, 0.9r)

0.9r else

Figure 2.13: Optimization problem with the compactness algorithm.

Figure 2.14: Illustration of the algorithm to increase compacity.
The red particle is inserted instead of the blue if its value of f is smaller.

The new generation is shown in Figure 2.15, it contains 3560 particles, with a polydis-
persity λ = 16.52 and a packing fraction ϕ = 0.81. The distribution of particle size across
the height is slightly shifted to the left as particles can be smaller than the theoretical
value, and this leads to a denser generation. The polydispersity is slightly increased as the
smallest radius is smaller while the largest one can stay the same. One could estimate this
value using the value of 0.9r and the polydispersity of the generation without increased
compactness: λ = 16.52 ≈ 15.19/0.9 = 16.88. For the simulations ran here, the number of
particles that were generated smaller than the radius computed at first ranges between
half of the particles to all of them.

Finally, the stability of the deposit is reached using a contact dynamics simulation in
Migflow. A dry simulation (without fluid) is run for a few tenths of a second until the
deposit reaches stability. This leads to an increase in the packing fraction, however, this
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Figure 2.15: Particle generation with the compacity algorithm. The particles are globally smaller as some
of them have a lower radius than from the original algorithm.

increase can’t be observed by using the total area of the rectangle, as the area occupied by
particles is not changed. The packing fraction is changed by the fact that the particles fall,
creating a space on top of the generated deposit. Therefore, the real packing fraction ϕreal
is representative of this change. The results of this simulation are shown in Figure 2.16.
The real packing fraction is ϕreal = 0.82. The particles are slightly moved but the global
distribution is almost unchanged due to the small displacements. No friction is considered
for the stabilization, but introducing it adds new stable arrangements of the grains.

A few possible improvements to the algorithm are presented in the appendix A.
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Figure 2.16: Stabilized deposit.
The particles are lower than in the non-stabilized deposit, reaching a more compact state.
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2.4 Examples of possible particle generations
A few generations are detailed and compared in this section to show that the algorithm

gives good results for multiple distributions. Finally, the generation required for the
problem modeled in this master’s thesis is described. At first, two deposits named 1a
and 1b are generated, with a radius increasing linearly with y∗, without polydispersity
or x-axis distribution. The first does not use the compactness algorithm and the second
does. They are described in Figures 2.17 and 2.18. Then, deposit 2 is generated with a
constant radius across the y-axis but polydispersity across x, it is defined in Figure 2.20.
The third deposit uses a nonsymmetric profile for the radius across the height, and a
constant difference between the maximum and minimum radii (see Figure 2.22). Finally, a
fourth deposit described in Figure 2.24 uses a different probability distribution to change
the area distribution of the particles. All the numerical values are shown in Table 2.1.

Deposit Nparticles rsmallest rlargest λ ϕ ϕreal
1a 3084 0.05mm 0.35mm 6.91 0.81 0.84
1b 3793 0.046mm 0.31mm 6.92 0.82 0.85
2 3181 0.06mm 0.2mm 3.33 0.81 0.84
3 5770 0.04mm 0.29mm 6.95 0.81 0.84
4 4584 0.06mm 0.2mm 3.33 0.81 0.84

Table 2.1: All numerical values for example deposits.

minimize f(x∗, y∗, r) = y∗

subject to


di(x∗, y∗, r) ≥ 0, i = 1, . . . , n

r(y∗
approx) = −0.15y∗

approx + 0.2 [mm]

Figure 2.17: Optimization problem for the first deposit without compactness algorithm.

minimize f(x∗, y∗, r′) = y∗

subject to



di(x∗, y∗, r′) ≥ 0, i = 1, . . . , n

r(y∗
approx) = −0.15y∗

approx + 0.2 [mm]

r′ =


r if minf(x∗, y∗, r) ≤ minf(x∗, y∗, 0.9r)

0.9r if minf(x∗, y∗, 0.9r) < minf(x∗, y∗, r)

Figure 2.18: Optimization problem for the first deposit with compactness algorithm.

The first deposit uses a linear distribution of radii across the y-axis, with a locally
mono-disperse law. The distribution across the x-axis is constant, as the maximum and
minimum radii are equal. The radius at the bottom is fixed as rbottom = 0.35 [mm] and the
radius on the top as rtop = 0.05 [mm]. This deposit is generated in 2 ways: one without
the compactness algorithm (1a) and one with (1b).
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(a) Without compactness algorithm, the left
figure is before stabilization.

(b) With the compactness algorithm, the right
figure is before stabilization.
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(c) Comparison between the 2 deposits.
On the left, the blue dots are for the compact algorithm, and the green

ones are for the non-compact algorithm. The shift of the green dots at the
top is due to the stabilization of the deposit, while the shift of the blue

dots at the bottom is due to the compactness algorithm that reduces the
radii in some cases. On the right, the dashed lines are for the non-compact

algorithm.

Figure 2.19: Deposit 1 with and without compactness algorithm.

The generation with the compactness algorithm reaches a slightly higher packing fraction,
but the values are close. However, the gains in packing fraction are not linear: increasing
the packing fraction from 0.81 to 0.82 is much more difficult than increasing it from 0.5
to 0.51 for example. The influence of the increased compactness is visible on the graph
of the radii as a function of the height: the blue dots are shifted to the left as the radii
can be smaller. In this case, the radii are nearly always chosen smaller. For the deposit
without compactness algorithm, a slight shift to the left appears at the top, due to the
stabilization of the deposit: particles fall and the radii are smaller than they should be at
this height. From here, all generations are run with the compactness algorithm.

A constant distribution of radii across the y-axis is used for the second deposit, with a
radius of 0.2mm and a locally constant polydispersity. A parabolic distribution across the
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x-axis is used, with the small particles in the center and the larger ones on the sides.

minimize f(x∗, y∗, r′) = y∗

subject to



di(x∗, y∗, r′) ≥ 0, i = 1, . . . , n

rmax = 0.2 [mm]

rmin = rmax
3 [mm]

r ∼ U(rmin, rmax)

r′ =


r if minf(x∗, y∗, r) ≤ minf(x∗, y∗, 0.9r)

0.9r if minf(x∗, y∗, 0.9r) < minf(x∗, y∗, r)

Figure 2.20: Optimization problem for the second deposit with constant radius across the height.
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Figure 2.21: Deposit 2.
The parabolic distribution across the x-axis is clear, while the distribution across the y-axis is constant,

the curves on the bottom left illustration are identical.

The deposit is shown in Figure 2.21. It shows a similar packing fraction as deposit 1a,
even though the polydispersity is halved. This proves that choosing the right distribution
and parameters allows for high compacity without increasing the polydispersity.

25



For the third deposit, a parabolic distribution of radii across the y-axis is used with big
particles on the sides and a slight shift, so that the radii at the top, bottom, and center
are rtop = 0.3 [mm], rbottom = 0.2 [mm] and rcenter = 0.1 [mm]. The difference between
maximum and minimum radius is locally constant and big particles are placed on the right.
The deposit is shown in Figure 2.23. There are more particles than the first deposits,
but the packing fraction is the same. The radii are not symmetric along the y-axis, as
expected.

minimize f(x∗, y∗, r′) = − (r−(rmax+rmin)/2)
(rmax−rmin)/2 x∗ + 25y∗

subject to



di(x∗, y∗, r′) ≥ 0, i = 1, . . . , n

rmax(y∗
approx) = 0.15(y∗

approx)2 + 0.05y∗
approx + 0.1 [mm]

rmin = rmax − 0.05 [mm]

r ∼ U(rmin, rmax)

r′ =


r if minf(x∗, y∗, r) ≤ minf(x∗, y∗, 0.95r)

0.95r if minf(x∗, y∗, 0.95r) < minf(x∗, y∗, r)

Figure 2.22: Optimization problem for the third deposit with constant radius across the height.

A fourth deposit is generated using the same parameters as deposit 2 but with a different
distribution law: a variable u is defined between 0 and 1 using a uniform distribution.
Then, the radius is computed as :

r = rmaxrmin

rmax + u(rmin − rmax)

Physically, this distribution leads to a uniform distribution of the areas, so there are more
small particles and fewer larger ones. The slightly decreasing radii distribution on the left
is due to the compactness algorithm. The results are shown in Figure 2.25.

Despite an increase in the number of particles, the packing fraction stays close to the
packing fraction of deposit 2. The interpretation of this result is that the larger particles
of deposit 2 are replaced with multiple smallest particles in deposit 4, but the total area is
the same. Therefore, more particles cover the same area, without changing the packing
fraction.

26



0.05 0.15 0.25 0.35
Radius [mm]

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

y*
 [-

]

Generated particles
Theoretical maximal radius
Theoretical minimal radius

1.0 0.5 0.0 0.5 1.0
x* [-]

0.050

0.075

0.100

0.125

0.150

0.175

0.200

0.225

Av
er

ag
e 

ra
di

us
 [m

m
]

y* = -0.833
y* = -0.5
y* = -0.167

y* = 0.167
y* = 0.5
y* = 0.833

1.0 0.5 0.0 0.5 1.0
x* [-]

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00
Sc

or
e 

va
lu

e

r = 0.05 mm
r = 0.08 mm
r = 0.11 mm

r = 0.14 mm
r = 0.17 mm
r = 0.2 mm

Figure 2.23: Deposit 3.
The size along the y-axis is not symmetric, as the smallest particles are slightly below the center.

minimize f(x∗, y∗, r′) = y∗

subject to



di(x∗, y∗, r′) ≥ 0, i = 1, . . . , n

rmax = 0.2 [mm]

rmin = rmax
3 [mm]

u ∼ U(0, 1)

r = rmaxrmin
rmax+u(rmin−rmax)

r′ =


r if minf(x∗, y∗, r) ≤ minf(x∗, y∗, 0.95r)

0.95r if minf(x∗, y∗, 0.95r) < minf(x∗, y∗, r)

Figure 2.24: Optimization problem for the fourth deposit with a different probability distribution.
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(a) Deposit 2. (b) Deposit 4.
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(c) In deposit 2, the number of
particles for each size is quite

uniform due to the distribution law
chosen. The small decrease is due to

the compactness algorithm that
tends to reduce the size of the

particles.
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(d) In deposit 4, the total area
covered for each size is uniform and
the number of particles for each size

is decreasing.

Figure 2.25: Comparison of deposits 2 and 4. The deposit 4 on the right contains more small particles.
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2.5 Generation of 6 pellets for the simulations
The deposit generated for the simulations is based on the studies on fuel fragmentation.

In (Karlsson et al. 2017) and (Capps et al. 2020), the fragment size reaches the diameter of
the cladding around three pellets away from the crack, so six pellets will be generated here
with a crack localized in the center (href = 78 [mm], wref = 8 [mm]). No clear description
or image of the fragmentation is given, but the data can be matched so that the deposit
used is close to reality. The criteria used are the following: the mass distribution has to be
close to the distributions shown in 1.1 (here, the size of particles is defined based on their
radii, as the real particles are polyhedron), and the size of the particles is defined at some
points of the column. These points are: the radius of particles on the top and bottom of
the column is 1.5 mm with a small local polydispersity (low fragmentation), the radius of
particles in the center of the column is 0.2 mm, and the particles close to the crack (on the
left and right of the center of the column) have a radius of 0.05 mm (M. Flanagan 2012).

From these criteria, the equations can be determined and are found in 2.26. First, the
y-axis equation is parabolic and gives a theoretical radius of 0.2 mm at y∗ = 0 and 1.5 mm
at y∗ = ±1. Then, the distribution law used is the same as for the fourth deposit as it
allows for a better distribution of the number of particles. The relationship between rtheo,
rmax and rmin is more complex: the polydispersity is close to 1 at the top and bottom of
the column due to low fragmentation while the polydispersity is close to 4 at the center.
The score function is also parabolic as the fragmentation is considered to be axisymmetric.
The particles are small on the sides and large on the center.

minimize f(x∗, y∗, r′) = (r′−(rmax+rmin)/2)
(rmax−rmin)/2 x∗ + 25y∗

subject to



di(x∗, y∗, r′) ≥ 0, i = 1, . . . , n

rmax(y∗
approx) = 0.2(y∗

approx)2 + 1.3 [mm]

rmin(y∗
approx) = rmax(y∗

approx)
4−3|y∗

approx| [mm]

u ∼ U(0, 1)

r = rmaxrmin
rmax+u(rmin−rmax)

r′ =


r if minf(x∗, y∗, r) ≤ minf(x∗, y∗, 0.9r)

0.9r if minf(x∗, y∗, 0.9r) < minf(x∗, y∗, r)

Figure 2.26: Optimization problem for the 6 pellets.

The size distribution (shown in Figure 2.27) is slightly different because of the low
number of big particles (most of them are above or below the 6 generated pellets) and
the most tiny particles not being generated due to their low impact on the flow and high
computational cost. It consists of 4972 particles with rlargest = 1.35[mm],rsmallest = 0.05
[mm], λ = 29.8, ϕ = 0.78, ϕreal = 0.81. The column is not filled at the top as the radius
would be too large, but this is not a problem as the large particles are not the main interest
here.

29



(a) Illustration of the generation.
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(c) The area distribution is close to
the one in Figure 1.1.
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Figure 2.27: Particle generation used for the simulations.
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Chapter 3

Physical and numerical modeling of
the relocation problem

This chapter presents the resolution of the CFD-DEM problem. The physical, numerical,
and geometrical parameters are first described, with the mesh used for the simulation.
Then, the modeling of the problem is discussed: ... The model is based on the literature
review, and the various options to model and estimate the physical phenomenon are
compared. The results here are not quantitative: as will be seen, the models approximate
the flow (especially, the fact that only six pellets instead of the whole column greatly
reduces the accuracy of the results obtained), ignoring some important characteristics. The
objective is therefore to show tendencies in a qualitative and phenomenological approach
instead of giving exact quantitative results. Furthermore, the lack of experimental data
would anyway not allow to confirm or invalidate the results.

3.1 Description of the simulation
The geometry is based on particle generation. It consists of six pellets of 13 mm in height

and 8 mm in diameter in two dimensions. The crack is in the center, on the right. The
length of the crack h is a physical parameter that will be studied further and is at first set
to h = 5 [mm], and the cladding thickness e = 0.75 [mm] (D’Auria 2017). The ballooning
effect is ignored, as the particle distribution already takes part of the phenomenon into
account. A large area is simulated on the right of the crack to allow the particles to flow
freely. The fluid outside of the cladding is the fluid of the primary cooling circuit, which is
liquid water or water vapor in the case of a LOCA, but it is not modeled as it requires a
two-phase simulation.

The simulated fluid is helium at 80 bar and 1200 °C (the influence of fission gases such as
xenon is neglected) and particles are made of uranium dioxide. All the physical properties
are listed in Figure 3.1. It should be noted that the properties of helium vary with the
pressure and temperature, something that is not modeled here as the state considered is
the initial state (Carbajo 2001) (Arp & Mccarty 1989).

The mesh is generated using GMSH and is shown in Figure 3.1. The characteristic
length of the triangular elements is lc = 0.5 [mm] in the cladding, which is about the size
of the smallest particles. As the focus of the work is on the cladding and the crack, the
large area on the right is simulated using a coarse mesh with a characteristic length 20
times larger, and the particles are deleted from the simulation once they reach a numerical
limit on the right. The mesh near the crack is refined up to a size of lc/5 = 0.1 [mm].
The boundary conditions are separated into multiple parts: on the left and right of the
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H h

e

2LL

Geometry Mesh

Geometrical parameters Physical parameters Numerical parameters
H = 7.800 10−2 [m] g = 9.810 [m s−2] ∆tfluid = 1.000 10−6 [s]
h = 5.000 10−3 [m] ρ = 2.602 [kg m−3] ∆tparticles = 2.000 10−7 [s]
L = 8.000 10−3 [m] µ = 6.081 10−5 [kg m−1 s−1] tend = 2.500 10−2 [s]
e = 0.750 10−3 [m] ρp = 1.056 105 [kg m−3] Nnodes = 5737

Nelements = 11473

Figure 3.1: Geometry, mesh, and data used for the simulation.

cladding is a wall (black in the figure). On the top and bottom, the boundary conditions
represent the column of pellets that are above and below the 6 simulated pellets (red).
Finally, the condition on the far right (around the coarse area, blue) represents the primary
coolant flow that is lost during the LOCA. The time step size and total simulated time are
variable and will be detailed in each subsection, due to the high differences in velocities of
the fluid and particles depending on the boundary conditions and phenomenon. At first,
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the total time is tend = 2.500 10−2 [s] and the time step for the fluid is ∆tfluid = 1.000 10−6

[s]. For the particles, a smaller time step is used, here ∆tparticles = ∆tfluid/5 = 2.000 10−7

[s]. For each iteration of the fluid problem, 5 iterations of the particle movement are done,
which leads to good accuracy while keeping a low numerical cost.

Only two simple boundary conditions will be used. The outside boundary is considered
to be representative of the primary circuit. Depending on the exact failure and time of
cladding rupture, this pressure varies from 1 to 10 bar. For now, a value of 1 bar is used
with an open boundary. Physically, it means that the flow at points of this boundary has
imposed pressure. The wall of the cladding is a wall boundary condition, which means
that the flow can’t go through the boundary, the normal velocity is zero. The definitions
of the boundary conditions are found in Appendix B.

The flow simulated contains intrinsic high-frequency temporal and spatial disturbances
because of the fluid-grains interactions. Therefore, the quantities such as the velocity
magnitude, pressure, etc. will be averaged over time and space. A quantity q(x, t) can be
averaged over a surface S:

q(x, t) =
∫

S q(x, t)dS∫
S dS

Similarly, the quantity q(x, t) can be averaged over a time ∆t, which is the moving average
around t :

⟨q(x, t)⟩ =
∫ t+∆t/2

t−∆t/2 q(x, t′)dt′

∆t

Using these quantities for the graphs instead of q(x, t) smooth out part of the disturbances.
The choice of S and ∆t is arbitrary: for S, the surface chosen is physically representative
of a region. Here, the regions chosen are for example: the inner surface of the cladding,
each geometrical pellet, or the region of the break. For ∆t, the value is chosen to smooth
the temporal variations so that the graphs are easier to read, however, the variations
should still appear as they are part of the flow. Here, a value of ∆t = 1 [ms] will be used.

3.2 Pressure difference modeling
The main driver of the flow is the pressure gradient. At the time of the rupture, the

pressure inside the cladding is the containment pressure, which is from 25 to 80 bar
depending on the type of rod (Brankov 2017) (Montgomery & Bevard 2020). The outside
pressure is the pressure of the primary cooling circuit after the accident, which reaches
a value below 10 bar before the rupture (Hussain & Nawaz 2016). This gradient drives
the flow outside of the cladding, and the particles with it. Here, only the values of 80 bar
inside and 1 bar outside are used, but the impact of this gradient will be studied later.
Multiple models are here proposed and compared.

In the fluid solver, it is only possible to define the pressure at the boundaries. Therefore,
the pressure has to be defined on the upper and lower boundaries of the cladding. This
pressure should represent the pressure of the upper and lower parts of the cladding that
are not modeled. An open boundary condition is needed because physically the fluid
comes from the top and bottom of the cladding and a model for the pressure imposed is
now necessary.
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Constant pressure
The first way to model the pressure is to consider that the whole cladding is an infinite
reservoir for the time of the ejection of the particles of the six pellets, leading to a constant
pressure at these boundaries. This simple model allows for a first understanding of the
characteristics of the flow.

p(t) = p0 = 80 [bar]

Figure 3.2: Boundary pressure definition for the constant pressure model.

Decreasing pressure
A second model is based on the estimation of the evolution of the pressure at these points.
Indeed, the fluid outflow decreases the pressure in the cladding. This flow is driven by the
pressure difference between the inside and outside of the cladding. Therefore, the pressure
should follow a profile close to a decreasing exponential. The constants are determined
by imposing two conditions: the initial pressure at the boundary inside the cladding and
the asymptotic pressure. To find the time constant τ , a third condition is imposed: at
t = 0.025 [s], the pressure has a value such that 99% of the pressure change has been
reached. The time of ejection of all particles is slightly less than 25 ms, this value is so
that the pressure is close to the outside pressure when most particles are outside, and the
pressure gradient is sufficient over time to drive most of the particles outside. However,
this time scale should be larger if the whole cladding was simulated.

p(t) = Ae− t
τ + B [bar]

B = p1 = 1 [bar]

A = p0 − p1 = 79 [bar]

τ = 0.025
ln(100) = 5.43 [ms]

Figure 3.3: Boundary pressure definition for the decreasing pressure model.

Source term
The models presented before don’t represent the compressibility of the fluid. In Migflow,
the simulation of compressible granular media is not possible at the moment. However, a
simple source term can be added to the Navier-Stokes incompressible equations right-hand
side of the continuity equation. Only considering the fluid phase, it reads :

∇ · u = s(t, x)
∂u

∂t
+ (u · ∇)u = −1

ρ
∇p + ν∇2u + f

The continuity equation imposes the values of u at each time step. Therefore, imposing
a source term s(t, x) imposes the spatial profile of u through its divergence. A positive
divergence physically means that more flow enters the volume around x than flow leaves it.
The velocity going out of the volume is larger than the velocity going in. As the density is
constant, this can be thought of as an addition of fluid: in a small volume, an outgoing net
flux is due to a source of fluid in the volume. The term s is a source if s > 0, and a sink if
s < 0. While it is not physical compressibility, it is a good numerical approximation.
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The function s(t, x) has to be determined. Multiple possibilities exist here: for example,
the source term can be linked to the density by using the compressible Navier Stokes
equations and isolating ∇ · u :

s(t, x) = −u · ∇ρ − ∂ρ

∂t

However, this needs a relationship for ρ and the value of u at each step. It would lead to
a complex model with a high numerical cost. They still can be estimated: the term u will
converge to zero at equilibrium. The density can be linked to the pressure by the ideal gas
law :

pV = mR∗T

p = ρR∗T

As the pressure also converges to a uniform value, ∇ρ and ∂ρ
∂t

tends to zero at equilibrium.
The same thinking as with the decreasing boundary pressure gives that s(t, x) should follow
a profile close to the pressure profile, a decreasing exponential. The time constant τ is the
same as for the boundary pressure. The multiplying constant is arbitrary: here a value of
1000 is chosen. This value is found by using dimensional analysis: the characteristic length
is H/2 = 39 [mm], the characteristic time is ∆t = 0.025 [s], and the density changes from
2.9 to 0.1 kg/m3 during the depressurization, so ∆ρ = 2.8 [kg/m3]. Then,

s(t, x) = −u · ∇ρ − ∂ρ

∂t
=⇒ ⟨s(t, x)⟩ ≈ −u

∆ρ

H/2︸ ︷︷ ︸
≈70

− ∆ρ

∆t︸︷︷︸
≈100

The velocity u is unknown. Fixing it as u ≈ 1 m/s gives ⟨s(t, x)⟩ ≈ 200, which will be
the value used here. The multiplying constant A is therefore chosen so that the average of
s(t, x) between t = 0 [s] and t = 0.025 [s] is 200, which gives A = 1000. It could be noted
that the value of u is larger in the results, which means the compressibility effects are
larger than estimated. However, in the real case, the depressurization is much slower due
to the stronger interactions between the polyhedral grains. For example, in (Bonnet 2021),
the velocity of the fluid is around a few meters per second, even though the model is more
approximate but takes partially into account the non-spherical grains. The source term is
only non-zero inside the cladding, as the outside pressure is assumed to be constant.

The boundary pressure imposed is the decreasing pressure over time, but it could be
argued that if the source term is taken, the boundary condition should be a wall condition.
These 2 possibilities are arbitrarily chosen: the wall condition corresponds to the simulation
of only the 6 pellets, while the open boundary corresponds to a simulation where the rest
of the cladding is approximated. In this case, the open boundary is used because the wall
condition would lead to a depressurization considering only the fluid inside the 6 pellets,
which is a small volume and would not be able to expel a significant part of the particles.

p(t) = 79e− t
5.43 10−3 + 1 [bar]

∇ · u = s(t, x) = 1000e− t
5.43 10−3 [s−1]

Figure 3.4: Boundary pressure and source term for the source term model.
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Pressure estimation from fluid flow
This model tries to estimate the pressure at the boundaries from the flow in the crack. To
do so, the fluid pressure is expressed using the ideal gas law :

pV = mR∗T

dp = R∗T

V
dm

The fluid mass flow dm can be derived from the average velocity in the break in the x
direction ux, where the average porosity in the break ϕ is used because only the fluid flow
is considered here :

dm = −ρuxAϕ

With A the area of the crack. In two dimensions, the volume is the area in the cladding
and the area of the break is its height :

dp = −R∗T

HL
ρuxhϕ

This can be integrated numerically at each time step to give the boundary pressure :

p(0) = 80 [bar]

p(t + ∆t) = p(t) − R∗T
HL

ρux(t)hϕ∆t

∇ · u = s(t, x) = 1000e− t
5.43 10−3 [s−1]

Figure 3.5: Boundary pressure and source term for the model with numerical estimation of the pressure.

The source term s(t, x) could also be expressed as a function of p similarly than for the
third model, however, it would lead to a larger complexity and won’t be done here. The
value of H should be the height of the cladding as the depressurization is in the whole
cladding, and the simulation of the whole column would have a larger time scale. However,
for the ejection of the six pellets simulated, using H = 3.7 [m] gives a nearly constant
pressure profile, which does not show the impact of this pressure model. Therefore, the
height of the six pellets is used and the time scale is similar to 0.025 s. While this model
is a more physical estimation, it still does not represent truly the compressibility of the
fluid, the estimation of the pressure does not take into account the particle flow, and the
area of the cladding was numerically reduced to see the effects of the model.

Models comparison
At first, some characteristics of the flow are common for all models. In Figure 3.6, the
particles are shown at different time steps for the model with a constant boundary pressure.
The particles are colored so that the flow is easier to see. A shear movement of particles to
the right appears, and the outgoing particles come from the top and the bottom equally.
A region on the left appears where the particles are trapped and don’t move, it is visible
after 2.5 ms and 5 ms. This is due to the fluid moving to the right, and therefore this
region on the center-left has a low velocity. This is less visible with the source term, as
the velocity of the fluid also increases in this region because of the non-zero divergence.
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t =  0.0ms
t =  0.0ms

t =  2.5ms

t =  5.0ms

t =  7.5ms

Figure 3.6: Snapshots of the middle part of the simulation with a constant boundary pressure of 80 bar.
A shear movement of particles to the right is visible at 2.5 ms, and the small particles trapped on the left

are still in the column after 5 ms.
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The fluid flow is also comparable in some points for all models. Figure 3.7 shows
snapshots of the fluid flow at different times with a constant boundary pressure, but the
observations are common for all models. The fluid velocity contains high-frequency spatial
variations due to the particles. As the fluid flows between the particles, it shows areas with
large velocity (yellow) while other areas have a small (nearly zero) velocity because the
fluid flows between the particles. The presence of particles around it can modify the flow
through the crack. For example, at 7 and 10.5 ms, the flow is highly disrupted because
of particles near or inside the break. Finally, a steady state is reached for the simulation
with constant pressure.
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Figure 3.7: Snapshots of the fluid pressure (left) and velocity (right) fields with a constant boundary
pressure. The velocity scale is variable to improve readability. The interactions between the fluid and the
grains generate local variations of the fluid velocity, and a large pressure drop at early times when the

column of particles is the denser.

The particle flow is illustrated in Figure 3.8, the mass flow is expressed in kg/(m s)
because the problem is two-dimensional. Some differences can be observed. First, the
mass flow for a constant pressure is larger but then drops as the ejection time is smaller.
The two models with an imposed decreasing pressure are close, but the one with the
source term has an initial flow that is larger with an earlier drop, which is due to the fluid
velocity increase linked to the source term (this will be studied further in Figure 3.12).
The model with a pressure estimation depending on the fluid flow has an initial mass flow
similar to the others, but it is globally much lower as the pressure drops more rapidly (see
Figure 3.11). The large source term leads to a separation of the particles due to the fluid
expansion (see Figure 3.9) and some particles stay in the cladding, which is also visible
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in the mass flow figure: low-frequency rebounds are observable in the curves because the
mass flow is low when a separation between particles groups goes through the crack. It
should also be noted that part of the particles are not ejected with the three models using
a decreasing pressure. These particles would however be expelled if a whole column was
simulated. In a case where the entire column was simulated, part of the mass and particle
flow decrease would not appear, as it is partly due to the lack of particles to eject.
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Figure 3.8: Average particle flow for the different pressure models. The mass flow is larger for the
constant pressure with a smaller ejection time, and the two models with a decreasing exponential pressure
are similar. The model with the numerical pressure estimation reaches a lower mass flow. The models

with a source term have rebounds and low-frequency time variations of the flow.

t =  2.0ms

Figure 3.9: Particles separating in packs with empty regions between because of the fluid expansion.

The velocity of the particles can’t be easily put into a graph, as it varies over time
and space and is discontinuous, but snapshots can be shown to illustrate it. In Figure
3.10, the particles are drawn with a color gradient, from blue for the slow one to red for
the fastest. The four models are compared after 0.5 ms when the particles reach their
maximum velocity. This velocity is of the order of a few dozen meters per second around
the breach, which is larger than in (Bonnet 2021) where a value around 1 m/s was found.
The velocity in the cladding is however closer to this value. These differences are again
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explained by the lower interactions between grains due to their spherical shape. The only
strong difference between the models is due to the source term in the last two that largely
increases the velocity after the break and pushes the grains forward.
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Figure 3.10: Particle velocity for the four models at t = 0.5 [ms]. The results are similar, but the source
term in the last 2 models increases the particle velocity after the break because the fluid velocity is larger.
This also leads to particles in the cladding having a lower velocity because the source term maintains

them. The low-velocity region on the left is seen with a deeper blue. The particle velocity is the largest at
this time and decreases after.

While the main focus here is the particle flow, the fluid flow is still important as it
drives the grains outside. The average pressure in the cladding is drawn on the left of
Figure 3.11. On the right is the average pressure in the break. The pressure only increases
for the constant pressure model, as part of the pressure loss is due to the particles that go
out of the cladding. For the decreasing model and the source term, the pressure follows a
similar curve as the boundary pressure mainly defines it. The source term model, however,
begins with a larger pressure due to the positive divergence of u, and also the fact that
the value shown is the moving average and therefore consider the flow not only at t = 0
[ms]. In the two last models, the source term generates a high-pressure region at early
times in the cladding, larger than 80 bar. While this is not physical, it is the numerical
representation of the force applied by the fluid expansion on the grains.

The fluid velocity is highly dependent on the model. The pressure gradient drives this
velocity, the models with a smaller gradient have a lower velocity. In Figure 3.12, the
velocity through the break reaches a steady state with a constant boundary pressure of
about 1200 m/s. This is a value way too large to have any physical meaning. For example,
for a choked compressible flow which is the fastest velocity for a compressible flow, the
maximum velocity of the fluid is u∗ =

√
γR∗T ≈ 720 [m/s] in these conditions. Again,

the models with and without source terms are similar with velocities that are still large.
The pressure estimation model, finally, reaches lower fluid velocity (around 40 m/s during
most of the relocation). Its profile is still decreasing until it reaches the steady state with
a boundary pressure equal to the outside pressure.

The first model clearly shows results that are not interesting for this work: while the
whole cladding simulation would lead to a larger time of relocation and a slower decrease
of the pressure, the three last models are better in this case to show the characteristics
of the flow. The two models with the imposed decreasing pressure show similar results
and profiles that are close to the ones shown in Figure 1.2. The last model with the
estimation of the pressure based on the flow through the break shows a pressure decreasing
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Figure 3.11: Average pressure in the cladding (left) and the break (right) for the different models. The
constant pressure model reaches a steady state at the end, while the other models converge to 1 bar. The

pressure estimation model drops significantly faster.
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Figure 3.12: Average velocity in the break for the different models with a zoom on the pressure estimation
model. The velocity profile for the model with pressure estimation is much lower because the spatial

pressure drop is much lower.

faster and a much slower flow. This model however still does not perfectly represent the
compressibility of the flow, and the pressure loss is only approximated. A table containing
multiple criteria to compare the models is given in Table 3.1.

In summary, while some models provide interesting approximations and results, the
last two models seem to capture the physics of the relocation quite well in a qualitative
manner. However, they require a more detailed parametrization for both the source term
and the computation of pressure evolution. None of these models accurately represent the
effects of fluid compressibility, which is a significant factor in this flow. Ideally, a solver
incorporating compressible granular flow would be suitable, but currently, there is none
available with a DEM-CFD semi-resolved method. For the upcoming analysis, the primary
model used will be the last one, with a numerical estimation of the pressure. However,
some results related to other models will also be outlined.
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Model Pressure profile Compressibility Depressurization rate Complexity
Constant pressure ✗ ✗ ✗ Low

Decreasing pressure ✓ ✗ ✗ Low
Source term ✓ ∼ ✗ Medium

Pressure estimation ✓ ∼ ∼ High

Table 3.1: Comparative table using criteria based on the physical phenomena included in the model and
their complexity. The last model is more detailed but still approximate and more complex.

3.3 Friction between particles and with cladding
For now, friction was not considered in the simulations. Intuitively, it slows the grains

because they interact together and with the wall. It should therefore lead to a decrease in
the particle mass flow and an increase in the time of ejection. It was seen in Section 1.3
that the value of the friction coefficient was not determined clearly but should be at least
around 0.3. Three values are therefore compared here : µf = 0, µf = 0.3 and µf = 0.5.

The reduced mass flow due to friction is illustrated in Figure 3.13, where the flow is
globally slower for larger friction coefficients. It can be seen that the rebound phenomenon
in the particle flow observed before is amplified by the friction coefficient: it is much more
visible for the curves with µf = 0.3 and µf = 0.5. The reason for this is that the friction
leads to grains staying compact together, which means that the packs observed in Figure
3.9 are larger with large friction coefficients. The slowdown of the particle flow is much
more visible without the source term because the source term separates the grains, leading
to a lower friction influence.
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Figure 3.13: Particle and mass flow for various friction coefficients. A larger friction coefficient leads to a
slower emptying. The rebounds already observed without friction are still visible.

With the models without source term, an interesting phenomenon appears, illustrated
in Figure 3.14: for the coefficient µf = 0.5, the upper part of the flow is favored: the
particles in the lower part of the cladding don’t move. This is due to the combination
of gravity, friction, and weight of the upper part of the column, which together mitigate
the effects of the pressure gradient. Therefore, the lower part stops moving for a while.
Once most of the upper part has flown through the break, the lower part is free to move
again. With a large coefficient such as µf = 0.5, the time at which the upper part left
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t =  7.0ms

(a) Particles after 7 ms for µf = 0. The
remaining particles come from the upper

and lower parts.

t =  7.0ms

(b) Particles after 7 ms for µf = 0.5. The
lower part is almost unchanged from

t = 0 [ms].

Figure 3.14: Illustration of the favored particles flow from the upper parts with the decreasing pressure
model without source term. In the simulation with µf = 0.5, the flow going out of the rod comes only

from the upper part at first, the lower part being blocked by the effects of gravity and friction.

the cladding is large, and the pressure is therefore already low. The lower part then stays
partially inside the cladding.

The fluid pressure barely changes with the friction coefficient (because the pressure
gradient is imposed), and the fluid velocity is slightly lower because the drag force between
particles and fluid depends on the particle velocity, and the drag slows the fluid. Here,
the drag on the particles pushes them outwards, as the particle’s velocity is in the same
direction as the fluid velocity but with a smaller magnitude (drag accelerates the particles
and slows the fluid). Therefore, a lower particle velocity induces a larger drag, reducing
fluid velocity even further. This is illustrated in Figure 3.15, which shows the fluid velocity
in the crack.

The friction plays an important role in the flow. It slows down both the fluid and the
particles, but effects also appear locally. With some models, the flow from the upper part
of the column is favored, as the combined effects of gravity, friction, and the weight and
velocity of the upper particles stop the particle’s flow from the lower part. For the next
simulations, a value of µf = 0.3 is used. This value is close to the lower bound found for
the static friction coefficient of UO2 pellets with the zircalloy of the cladding. However,
due to the high influence of the coefficient in the results, better experimental data for the
estimation of this coefficient would be useful to validate the model.
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Figure 3.15: Average fluid velocity in the break for various friction coefficients. The velocity is slightly
smaller for larger friction coefficients, but the effect is not impactful.
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Chapter 4

Study on the impact of various
parameters

In this section, the objective is to study quantitatively the impact on the particle flow
of various parameters linked to depressurization, such as the pressure gradient, size of the
break, properties of the fluid, etc. These parameters are studied in the possible range for
the application. Finally, an exploratory work on the possibility of implementing cohesion
between particles is presented.

4.1 Initial pressure gradient influence
As seen before, the pressure gradient drives the particles outward, and the initial

pressures can vary from 30 to 80 bar inside the cladding and from 1 to 10 bar outside.
As the gradient is the factor influencing, only the initial value inside the cladding will be
modified here with values of 40, 60, and 80 bars. As the initial pressure value changes,
the source term should also decrease because the density and pressure are related (see the
model description). The multiplying coefficient is therefore 500 and 750.
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Figure 4.1: Particle and mass flow for varying initial boundary pressure. The flow is slower with a smaller
pressure, and the rebounds are of less importance because the source term is also reduced.

The particle and mass flow are plotted in Figure 4.1. The effect of the pressure reduction
is seen in 2 ways: first, the flow is slower because the particles are driven by the pressure
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gradient. This effect is not linear: the difference between the 80 and 60 bar curves is
smaller than between the 60 and 40 bar curves. The other observable difference lies in the
global profile of the curves: for lower pressure, the rebounds observed before are smaller
(nearly invisible for 40 bar) because the source term is much lower. The ejection time is
similar for all cases.
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Figure 4.2: Average pressure inside the cladding (left) and inside the break (right) for the different initial
pressures imposed. The pressure is lower for a lower initial value but the timescale is similar. The

pressure drop between the upper and lower boundaries and the break is larger for larger initial pressure.

The pressure is shown in Figure 4.2. The profiles follow the same tendencies, with
higher global pressure for higher initial boundary pressure. The pressure gradient is mainly
in the column at the beginning of the three cases, indicating that the particle column
generates most of the pressure loss. The fluid velocity is not shown here as it follows the
same tendencies as the fluid pressure.
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(b) p0 = 60 [bar]
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(c) p0 = 40 [bar]
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Figure 4.3: Particle velocity after 0.5 ms with the different initial pressure. The particles are faster for a
larger pressure, but this effect is not very visible. The trail formed after the break is smaller for lower

pressure because the source term and therefore the fluid velocity are smaller. Inside the cladding, this is
shown as the fluid expansion is less visible.
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As the mass flow is proportional to the pressure gradient, the particle velocity should
be changed accordingly. This is illustrated in Figure 4.3, where the particles have a higher
velocity for a larger initial boundary pressure. This change is however nearly invisible
between the 40 and 60 bar simulations. Also, the trail outside of the break is smaller (in
the 40 bar simulation, the particles on the right are more packed together). As this trail
was formed with the introduction of the source term in the models, this size reduction is
probably due to the lower source term.

The pressure gradient is shown to be one of the main components in the particle flow
magnitude. The particle flow is nearly halved for an initial pressure of 40 bar. The effects
of the source term are less visible and almost negligible for the low-pressure gradient. For
the particular case of the fuel relocation, this means that lowering the cladding pressure
in case of LOCA leading to a break would decrease the amount of radioactive particles
emitted in the primary cooling circuit. As this pressurization is done using a spring, the
possibility of a system decreasing the imposed pressure when the accident happens could
be studied.

4.2 Fluid properties variations: are they significant ?
In the simulations presented before, the fluid properties are taken as constant and set

to the initial state: 80 bar and 1200 °C. However, the pressure and temperature of the
helium vary, and with that, its properties. The ideal model should include compressible
flows, but there is currently no numerical model of compressible granular flow using
coupled DEM-CFD. In this part, the influence of the variations will be estimated using
multiple simulations taken at different values of pressure and temperature in the range of
the physical problem. The maximal temperature is 1200 °C, the temperature inside the
cladding, and the minimal temperature is the temperature of the primary cooling circuit,
which is around 300 °C. Similarly, the maximal pressure is 80 bar inside the cladding and
1 bar outside.

For the UO2 particles, the density does not vary with pressure, and slightly changes
with temperature (from 1089 kg/m3 for a temperature of 200 °C to 1055 kg/m3 for a
temperature of 1200 °C, which is a change of about 3%), it will be considered constant
at 10980 kg/m3. For the helium, the density and viscosity vary a lot with pressure and
temperature. For example, at atmospheric pressure, the density varies between 0.1625
kg/m3 at 25 °C and 0.03252 kg/m3 at 1220 °C, while the viscosity takes values from
19.93 10−6 Pa.s to 61.55 10−6 Pa.s, a large difference. Similarly, at 1200 °C and 80 bar,
the density and viscosity are 2.602 kg/m3 and 6.081 10−5 kg m−1 s−1. It can be noted
that the viscosity only depends on temperature, so comparing two pressures at the same
temperature is the same as comparing two densities at the same viscosity. The values
that are used here are defined in table 4.1 (Arp & Mccarty 1989). The kinematic viscosity
ν = µ

ρ
is used as the representative number. The source term is modified to take into

account the change in density difference between the initial and final state, but in practice,
it does not change the graphs.

The particle and mass flow are shown in Figure 4.4. It shows that the simulations using
a kinematic viscosity on the order of 10−5 have similar results, indicating that the effect of
this viscosity is limited when varying little. However, the simulation with a viscosity that
is about ten times larger leads to different results: the profile of the mass and particle
flow are completely changed, with an initial value nearly halved. The mass flow profile
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Pressure Temperature Density Viscosity Kinematic viscosity
1 [bar] 200 [°C] 0.098 [kg/m3] 2.836 10−5 [kg m−1s−1] 2.908 10−4 [m2s−1]
80 [bar] 700 [°C] 3.816 [kg/m3] 4.624 10−5 [kg m−1s−1] 1.212 10−5 [m2s−1]
80 [bar] 1200 [°C] 2.602 [kg/m3] 6.081 10−5 [kg m−1s−1] 2.337 10−5 [m2s−1]
40 [bar] 1200 [°C] 1.280 [kg/m3] 6.157 10−5 [kg m−1s−1] 4.810 10−5 [m2s−1]

Table 4.1: Different sets of properties used for comparison. The representative number is the kinematic
viscosity ν = µ

ρ . The maximal ratio between the kinematic viscosities is about 25. It can be noted that
the viscosity only depends on temperature, as seen in the two last lines.

is initially increasing for a few milliseconds and then reduces. However, the total mass
expelled remains similar, as the mass flow decreases more gradually.
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Figure 4.4: Particle and mass flow for multiple kinematic viscosities corresponding to various pressure
and temperature doublets. The three values of the order of 10−5 are broadly similar, indicating a low

influence of the properties change for these values. However, a value that is one order larger leads to very
different results, with a smaller mass flow at the beginning but larger after a few milliseconds.

The pressure profile of the fluid follows the same characteristics as the mass flow, as
shown in Figure 4.5. The only variation is seen with a larger kinematic viscosity, where
the pressure decreases gradually. This is explained by a much lower fluid density. It also
explains the particle flow profile: the pressure is larger after a few milliseconds when
larger particles go through the break. This means that the heavier particles are expelled
faster, leading to a high mass flow. This mass flow then decreases as the pressure drops.
The simulation using the largest ν shows the limit of the model: the properties used
at 1 bar and 200 °C are not representative in the early stages of the simulation, and it
leads to results that are far different from the cases with fluid properties at pressure and
temperature closer to the initial problem.

To conclude, this section shows that the properties of the fluid have little impact on the
flow as long as the kinematic viscosity is in the same order, about 10−5, which is true in
most of the conditions representative of the relocation problem: pressure from 10 to 80 bar
and temperature from 500 to 1200 °C. The kinematic viscosity increases with much lower
pressure and temperature, leading to a different flow profile. These conditions only appear
at the end of the depressurization, when the flow is much slower with a lower pressure
gradient, and are therefore less meaningful.
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Figure 4.5: Average pressure in the cladding (left) and the break (right) for the different kinematic
viscosities. Again, the simulations with a viscosity of the order of 10−5 are close together but the larger

viscosity in blue is much more different. The pressure is initially lower but drops more slowly.

4.3 How does the break size influence the flow ?
As seen in section 1.1, the size of the break h can vary from 1 to 20 mm, while a value

of 5 mm was used until now. Multiple break lengths are now compared: 1, 2.5, 5, and 10
mm. Larger lengths were not considered here, as the interaction between the particles
(clogging,...) becomes negligible at these lengths, the only effect of it being a larger mass
flow due to the larger length.

One of the first consequences of a smaller breach is the possible clogging of the flow.
This clogging appears in three possible cases in the simulations. The first possibility,
which is the simplest, is the presence of a grain larger than the breach, blocking it. This
blockage is stable, as no pressure difference can unclog it. It is observed for example in the
simulation with the decreasing pressure model without friction with a breach size of 1mm,
as illustrated in Figure 4.6a. The other possibility of clogging is the formation of a stable
arch of particles. This stability is conditional on sufficient friction. This is illustrated in
figure 4.6b, with the same simulation as before but with a friction coefficient µf = 0.3.
This geometry is well-known in granular flows. For example, it appears when emptying
silos and is called doing. Finally, the last possibility for the clogging is the same as before,
but in this case, the particles inside the cladding are still moving when the blockage
appears (because of the source term for example). This movement will destabilize the
grains at the blockage and break it. This is illustrated in Figure 4.6c with the simulation
using the pressure estimation and a friction coefficient µf = 0.3.

In the real case with polyhedral instead of spherical grains, the three blockages are
possible. The first with a grain larger than the break would depend on the shape of the
grains and the break, and the way the grain moves: for example, a long grain could easily
block a large break if the grain crosses perpendicularly. The polyhedral grains could also
form arrangements similar to the arch of particles but with more complex shapes and
therefore better stability. However, the need to have particles large enough proportionally
to the break is always necessary.
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t = 19.5ms

(a) A single grain blocks the flow.

t =  4.5ms

(b) An arch of particles is formed
which is stable provided that the
friction between the particles is

sufficient and that the grains around
are not moving.

t =  6.1ms

(c) An arch of particles is formed but
is unstable because the particles

around are still moving.

Figure 4.6: Comparison of the three possible cloggings.

In terms of particle flow, the size of the breach is one of the main governing parameters.
As seen in Figure 4.7, the size will define the characteristics of the flow: the time of ejection,
the mass flow, etc. For a size of 1 mm, the particle flow is the smallest, and it clogs at
some points. This is not visible in the graph because the blockages are unstable, lasting
less than a millisecond, and therefore only slightly visible with the average used (here,
the value of the particle flow is smaller around 14 ms). The mass flow at the beginning
increases linearly with the size of the breach, but it drops earlier. A lower mass flow is
closer to a steady flow, as the emptying takes more time. For rupture larger than a few
times the size of the particles, such as h = 10 [mm], the interactions of the particles are
less visible and the column is less impacting, as the flow of small particles through the
large break is closer to a free flow.
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Figure 4.7: Particle and mass flow for different breach sizes. The mass flow is larger for a larger breach.
For the breach with a length of 1 mm, the flow is stopped at some times due to unstable arches forming,

but it is not seen here as the flow is averaged over time.

The fluid flow is also largely impacted by the size of the breach. In Figure 4.8, the
pressure in the cladding and the velocity in the crack are shown. First, the pressure drop
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is slower for a smaller break size, which is linked to the pressure estimation model and
demonstrates its correctness from a phenomenological point of view (the other models
don’t consider the break size as the time constant is fixed). A large pressure is observed
with the break sizes of 2.5 and 1 mm at the beginning. This is due to the fixed source
term. The smaller break does not allow for a sufficient fluid flow and the pressure increases
largely inside the cladding (this was already observed when comparing the models, but is
exacerbated here). This is not physical but a numerical consequence of the model used for
the source term and compressibility representation.

The velocity also decreases but more slowly, because the source term was not modeled
through a numerical estimation but with a time constant imposed. The velocity should
therefore be lower after 10 ms. It can also be noted that the fluid velocity is non-zero
even when the flow is choked. In two dimensions, this is not possible and is linked to the
continuous representation of the fluid in CFD-DEM, but it is true in three dimensions: a
packing of spheres lets the flow go through it.
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(a) Average pressure inside the cladding.
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(b) Average velocity through the break.

Figure 4.8: Fluid characteristics in the crack for different breach sizes. The pressure is much larger for
small breaches, which is the numerical effect of the source term and is not physical. The fluid is globally
slower for a larger breach size. The variation appearing around 8ms with the 1mm breach is linked to a
short-time blockage of the flow. The velocity is non-null even in the case of blockage, which is purely

numerical.

The size of the breach has a large impact on both the grains and fluid flows and it is
one of the main parameters. A break larger than a few times the size of the grains will
lead to a flow where the grain’s interactions are less impactful, while the smaller breaks
lead to a slower flow, with the interactions between particles having a strong influence
with possibilities of stable or unstable blockages.
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4.4 Exploratory work: cohesion between particles and
cladding

The cohesion force between 2 particles or between the wall and a particle is a normal
force that attracts them when they are in contact, opposite to the reaction force of the
contact. Cohesion forces between particles or with the cladding play an important role in
the relocation of the fuel fragments. It can be understood easily: the particles initially
formed a compact block before the fragmentation, and the fragments are still cohesive at
the beginning. Furthermore, the complex shape of the fragments in the problem allows
for cohesion between them. The cohesion of particles with the wall should lead to the
apparition of aggregates around the break, and their size should depend on the cohesion
force.

The cohesion force is modeled with 3 parameters: a coefficient α, a time after which the
contact becomes cohesive tc and a maximal tangential velocity that breaks the cohesion
wc. Two different sets of parameters can be used for the cohesion between particles and
the cohesion between particles and walls. This gives a cohesion force Rc in [N/m] because
the problem is two-dimensional :

Rc =
α [N/m] if contact time > tc and wt < wc

0 [N/m] else

From this force, the cohesive impulse pci on the grain i is computed and then inserted in
the contacts solver. A new impulse p∗

i is computed :

p∗
i = pi + pci

Then, the contacts are solved using p∗
i instead of pci

. Therefore, the cohesive force appears
once the contact is detected (see Section 1.3), which means that this cohesion can be
non-zero even if the particles don’t touch each other. This behavior is not physical but
allows for a simple cohesion model while not interfering much with the results. The
parameters are not experimentally determined, which is why this is an exploratory work:
the objective is only to show the possible impact of the cohesion in a qualitative way.

At first, the contact duration needed is fixed as tc = 0 [ms] because the grains should
be cohesive at the beginning of the simulation. The tangential velocity is at first set to
wt = 1000 [m/s], a value much larger than the velocity of the grains such that the cohesion
won’t break because of this condition. For the coefficient α, the value is harder to choose.
Here, the objective is to show the effect of the cohesion and the value should then be large
enough. To do so, the coefficient will be expressed from the weight of the largest grain :

α = Aρpπr2
largestg = 0.593A [N/m]

With rlargest the radius of the largest particle and g the gravity acceleration. From this,
multiple values of A are expressed. To see the effects of cohesion, the condition A > 1 has
to be respected because the fluid force on the grains is much larger than their weight.

The first simulations shown here used multiple values of A (see Table 4.2). Large values
are used to show the impact of the coefficient clearly. The cohesion is only activated
with the wall, there is no cohesion between the grains. The objective here is to show the
formation of aggregates around the breach and in the cladding, as shown in Figures 4.9
and 4.10. The time at which they form and their size depend on the cohesion coefficient:
small values such as A = 1 and A = 5 lead to smaller deposits that form later when the
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pressure gradient is lower. For large values of A, the size of the deposits is constant as the
cohesion force is much larger than the forces of the fluid on the grains. Therefore, a grain
is stopped by the cohesion force as soon as it detects a contact with the wall. The size of
the aggregate is defined by the contact detection distance for these large values which is
purely numerical.

A α
1 0.593 [N/m]
5 2.965 [N/m]
10 5.93 [N/m]
25 14.825 [N/m]
50 29.65 [N/m]

Table 4.2: Corresponding values of A and α for the simulation with cohesion with the wall.

These aggregates correspond to the physics: in the cladding, some polyhedral grains
are bonded to the cladding surface and don’t move, like a dust deposit or the sediments
deposited at the bottom of a river. A phenomenon of crackling appears at early times
with large coefficients. This is a sign that the model is interesting and can be used for
better approximation of the flow: in the actual dispersal, the polyhedral fragments should
break apart similarly to this. This also leads to a different fragment flow: the fragments
separate inside the cladding, while they are coming out in a single continuous stream
without cohesion. This is also closer to the physical model of polyhedral fragments.

t =  1.0ms

(a) A = 1

t =  1.0ms

(b) A = 10

t =  1.0ms

(c) A = 50

Figure 4.9: Comparison of the aggregate sizes around the break and on the surface of the cladding after 1
ms. With A = 1, the effects are almost unnoticeable, but the cases with A = 10 and 50 show a crackling
of the assembly, which is closer to the behavior of polyhedral cohesive fragments. The fragments bonded
to the inside wall of the cladding are visible in both, but the deposit formation around the breach only

begins in the case with A = 50.

53



t = 10.0ms

(a) A = 1

t = 10.0ms

(b) A = 10

t = 10.0ms

(c) A = 50

Figure 4.10: Comparison of the aggregate sizes around the break and on the surface of the cladding after
10 ms. The deposits on the inner surface of the cladding and around the breach are formed and stabilized.

The deposit is much larger and denser for larger coefficients.

In terms of particle and mass flow, the effect of the cohesion with the wall is clear: it
slows the flow because, like friction, it binds the particles together. This effect is clear
between the simulations with A = 0 and A = 1, however it reduces after. The difference
between A = 5 and A = 25 is smaller. The case with A = 50 is more extreme: the cohesion
force is so large that the particles nearly can’t escape the cladding. This results in a much
slower flow with most of the particles staying inside the cladding after the 25 ms. The
profile is closer to a linear profile, because the main driver of the flow, pressure, is less
important than the cohesion force. The fluid flow is not illustrated as it is not modified so
much by cohesion, and it is of less interest in the context of this exploratory work.
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Figure 4.11: Particle and mass flow for different values of A. The flow is much slower for a non-zero
cohesion coefficient, but the effect for very large values of A becomes less visible. The case with A = 50
shows a nearly linear profile because the pressure gradient pushing the particles is proportionally reduced.
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The particle velocity is not changed much: in Figure 4.12, the grains are drawn according
to their velocity after 0.5 ms which is the time at which they are the fastest. Between
A = 1 and A = 50, the difference is significant, and the velocity is lower than for the case
without cohesion (see Figure 4.3). The difference in mass flow is explained by the lower
frequency at which the grains detach from the main mass.
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(b) A = 50
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Figure 4.12: Particle velocity comparison different cohesion coefficients with the wall. The velocity is
smaller with a large cohesion coefficient, and the stream of grains in the break is tighter. The

combination of these two things explains the reduced mass flow.

Next, cohesion is only used between the particles and not with the cladding. In this case,
the coefficient A has to be much smaller: as the particles have a lot of possible contacts
together, the sum of these cohesive contacts is much larger. Here, the values chosen for
A are ten times smaller than for the cohesion with the wall (see Table 4.3). The effect
on the particle and mass flow is illustrated in Figure 4.13. A non-zero coefficient reduces
greatly the mass flow. While the initial mass flow does not change much between A = 0.1
and A = 2.5, the difference is that the flow is stopped with larger A at some point while it
keeps going with the value A = 0.1. It can be seen that a value ten times smaller for the
coefficient leads to a similar effect on the initial mass flow than with the wall cohesion.

A α
0.1 0.0593 [N/m]
0.5 0.2965 [N/m]
1 0.593 [N/m]

2.5 1.4825 [N/m]
5 2.965 [N/m]

Table 4.3: Corresponding values of A and α for the simulation with cohesion between the particles.
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Figure 4.13: Particle and mass flow for different values of A. The flow is much slower for non-zero
cohesion coefficients. The cases with A ≥ 0.5 even lead to the flow stopping, and this flow stops earlier for

a larger coefficient.

In Figure 4.14, the various behaviors of the grains are illustrated after 12 ms. With
small values of A, the flow is less disturbed, and the particles on the left are attracted to
the right because of their bonding with the particles flowing in the cladding and the break.
For A = 1, the grains are flowing but their interactions disturb the relocation around the
rupture, leading to a lower mass flow. The large values lead to a flow that stops after a
few milliseconds because of the strong interactions between the particles. In terms of grain
velocity, the cohesion reduces a bit the velocity in the rupture but not much because the
cohesion with the main grain mass in the cladding is deactivated. The change in mass
flow comes from the fact that as the grains are more cohesive, they detach less often from
the main mass.

t = 12.0ms

(a) A = 0.1

t = 12.0ms

(b) A = 1

t = 12.0ms

(c) A = 5

Figure 4.14: Comparison of the particle cohesion after 12 ms with multiple cohesion coefficients. With
A = 0.1, the flow is slowed and the particles on the left are attracted to the right due to their bonding.

With A = 1, the grains are bonded together in the break, which does not stop the flow but slows it down
considerably. Finally, with A = 5, the flow is completely stopped as the grains are stable.
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In these last three simulations, the cohesion is activated for both the particles and the
wall. Three sets of cohesion forces are chosen and detailed in Table 4.4. The values are
small such that the flow is not blocked but only slowed.

Simulation ID Cohesion force with particles Cohesion force with walls
0 0 [N/m] 0 [N/m]
1 0.0593 [N/m] 1.186 [N/m]
2 0.02965 [N/m] 2.965 [N/m]
3 0.014825 [N/m] 0.2965 [N/m]

Table 4.4: Cohesion forces used in the simulations with cohesion between particles and with the walls.

t = 10.0ms

(a) ID = 1

t = 10.0ms

(b) ID = 2

t = 10.0ms

(c) ID = 3

Figure 4.15: Comparison of the particles inside the cladding after 10 ms for the three different cohesion
parametrizations.

For all three simulations, the agglomerates around the breach and the deposits on the
inner surface of the cladding appear. Their sizes and shapes are slightly different (see
Figure 4.15) but globally the same. In the last simulation, the particles are closer and the
flow is more continuous because the cohesion coefficients are smaller. The deposits on the
inner surface of the cladding and around the breach are larger for simulations 1 and 2.
The displacement of the particles is the same for the three models, as seen by the colors of
the particles.

The mass flow is close for the three models as shown in Figure 4.16, the last one having
a slightly larger mass flow because of the lower coefficients. It shows that the exact values
of the cohesion with walls and with particles are not needed for a good modeling of the
relocation, only orders of magnitude are already a good approximation. The velocity of
the magnitude is the same for all three models at about 20 m/s.
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Figure 4.16: Comparison of the mass flows with the three models including cohesion with particles and
walls. They are closely the same for the three models with cohesion. The last model has a slightly larger

mass flow because of the lower cohesion forces.

In summary, the cohesion between the particles and the cladding significantly affects the
flow through the rupture. The numerical values used here are not based on experimental
or analytical data, as such data were not available. Nevertheless, the phenomenological
effects are visible such as the gathering of particles around the breach and on the cladding
surface. The cohesion between particles also allows for the slowing of the flow, more
resembling the flow of polyhedral grains. The model could be further improved by using a
more complex cohesion law, for instance, one with a spatial and time dependency of the
coefficient to represent the cohesion and with a numerical model that only considers the
grains actually touching each other.
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Conclusion

In this work, the problem of fuel relocation and dispersal during the depressurization
of a nuclear fuel rod is addressed. The goal is to develop the needed models for the
basic quantitative and qualitative study of this dispersal. In the first chapter, a review of
existing knowledge of this problem, in terms of pellet fragmentation and experimental and
numerical modelling is conducted. Then, the treatment of this relocation as a granular
flow problem is explained, and the software used for the simulations, Migflow, is presented
with the numerical methods used such as DEM, Non-Smooth Contact Dynamics, and
semi-resolved methods for CFD. Finally, the objectives of this work are defined.

In the second chapter, an algorithm for generating 2D particles is presented. This
algorithm builds upon existing methods for creating particle deposits but introduces new
features for controlling the spatial distribution of grains based on their size. It also includes
a model for enhancing the compactness of the generated deposit and then stabilizing
it. The text then provides several examples of potential generations to demonstrate its
functionality. Finally, the algorithm is employed to produce a column of particles that
align with the experimental data obtained from the literature review.

In the third part of this master’s thesis, the simulation of relocation is developed. The
numerical, physical, and geometrical parameters are presented, followed by the modeling
of various physical phenomena such as pressure gradient and friction, along with their
impact on the flow. Different methods for estimating the pressure gradient are discussed,
each with its own physical significance. However, none were completely convincing, partly
due to the approximate modeling of gas compressibility in the cladding and the lack
of experimental data. The friction coefficient was also observed to affect particle and
fluid flow significantly, slowing it down and causing local effects such as a preferred flow
direction from the upper part of the cladding, leading to a rebound phenomenon in fluid
and particle velocities and mass flows. Given the considerable impact of friction, a better
experimental model for the friction coefficient would be beneficial for quantitative studies.

The fourth chapter presents a study on the factors affecting flow using previously
proposed models. It was found that the initial pressure inside the cladding is a key factor
in determining grain flow through the breach. The study also examined how variations
in fluid properties due to changes in pressure and temperature impact the flow. It was
observed that these variations have limited effects within most pressure and temperature
ranges for this case. Additionally, different breach sizes were compared, and it was noted
that clogging occurs when the breach length is close to the diameter of the particles. The
study also introduced an exploratory model for the cohesion of particles with each other
and with the cladding. Although this model was not based on experimental or numerical
data, it showed promise in representing interactions during depressurization. The cohesion
with the wall led to the formation of small particle agglomerates, particularly around
the fracture zone, which is expected during rod depressurization. The cohesion between
the grains also provides a better representation of the physics of the fragments. The
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approximation of the polyhedron using 2D spheres reduces the interaction forces between
the grains, and a well-fitted cohesion model can balance this effect.

Finally, the results presented here must be put into perspective. It shows the physics of
the depressurization of the rod in a new way, including a better model for the particle
flows, and effects that were not taken into account before or detailed as much (friction,
fluid properties, etc.). It also proves the efficiency and accuracy of the coupled CFD-DEM
method to study the fuel dispersal problem. Especially, the distribution of particle size in
the column is now controllable and much closer to the experimental results. However, little
experimental data exists to confirm or deny the results shown here on the particle’s mass
flow, pressure evolution, etc. The data from simulations presented in the second chapter,
while showing a similar trend, are not sufficient to validate the model, and indicate a
longer time scale which is due to the small part of the rod that is simulated, the low
interaction forces between the spherical grains, etc.

This work suggests possible improvements for the depressurization model. The main
directions identified are explained below. First, some parameters could be easily enhanced,
but the simulations would be more computationally expensive. Adapting the model to
three dimensions would improve the accuracy of the results. This is because dense packing
in two and three dimensions, the shape of the hole, and the overall characteristics of
granular flows are different. Generalizing the particle-generating algorithm to work in
three dimensions is necessary, as it currently only functions in two dimensions. A more
complex shape of the grains is needed for a precise model to represent the interactions
between the fluid, grains, and cladding. However, Migflow does not implement the models
required for these complex shapes, and there is no experimental data to estimate the
shapes of the grains. Following these more complex shapes, the entire cladding can be
simulated with greater precision.

There are potential improvements associated with experimental data and better modeling.
Firstly, the cohesion between the grains and the cladding should be investigated to obtain
numerical or experimental data. Another potential improvement is the use of a granular
flow model that incorporates the compressibility of the fluid, although there are currently
no numerical models for this, and the behavior of these flows is more complex. This also
involves managing the temperature of the particles and flows. A two-phase model could
be beneficial for distinguishing the helium inside the column from the water or steam
outside.
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Appendices

A Possible improvements to the particle generation
algorithm

The compactness of the generated deposit could be increased further. To do so, the
objective is to add particles between the existing particles. From an already generated
deposit, one can find the largest circle possible without overlapping with existing circles.
From this, a particle located at this circle center and with the circle’s radius can be inserted.
This is done recursively until the inserted particle is smaller than a defined radius rmin.
The algorithm is illustrated in Figure 17. This is a geometry problem with no simple
solution. The algorithm was thus not implemented, as it had major issues: high complexity
and computational cost, bad adaptation to the control of particle spatial distribution, and
it was not useful for the desired physical application.

Figure 17: Illustration of the insertion of smaller particles in existing deposit.
Red particle is inserted as long as r > rmin.

The algorithm can be generalized in 3D. The most difficult part is the original potential-
based algorithm, as the computation of the front of particles and possible points of
insertion is more complex. However, the adaptation proposed after that is usable in 3D:
the estimation of the height to generate theoretical radii and the local polydispersity.
Then, the score function only needs to take into account the 3 dimensions instead of 2,
meaning that it is possible to choose the spatial distribution across the width and the
length of the box.
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B Definition of the boundary conditions
With an open boundary condition, the fluid pressure is imposed as p∗. The gradient of

this pressure is perpendicular to the boundary. Furthermore, the gradient of fluid velocity
in the normal direction is zero. This is written as:‘

p = p∗ ∇p · n = 0
∇nu = 0 ∇un = 0

A wall boundary condition means that the flow can’t go through the boundary. The
other conditions are the same as for open boundaries, but there is no imposed pressure :

u · n = 0 ∇p · n = 0
∇nu = 0 ∇un = 0
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