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Abstract

This thesis focuses on spent nuclear fuel assemblies in deactivation pools. It studies the
consequences of a loss-of-cooling accident (LOCA) in such pools, i.e. a scenario where the
cold water inlet and hot water outlet stop abruptly, as was the case with the Fukushima
disaster in 2011. The physical phenomena studied in this work are, on the one hand,
the behaviour of the flow induced by the heating of the spent nuclear fuel and, on the
other hand, the evaporation at the free surface of the pool during the early stage of the
accident, when the spent fuel assemblies are still under water and not yet exposed to the
ambient air.

The evaporation at the free surface was modelled on the basis of a non-zero Neumann
boundary condition on the temperature field. This model was developed by William Hay
in his doctoral thesis, Evaporation-driven turbulent convection in water pools heated from
below, in 2021.

In this thesis, the analysis of the convective behaviour of the flow was first performed
using full-scale two-dimensional geometry. Then, a three-dimensional geometry was de-
veloped, but at a reduced scale due to limited computational resources. For each of the
two geometries, four cases were investigated, based on different distributions of thermal
power at the bottom of the pool (i.e. different arrangements of “hot” and “cold” assem-
blies). These assemblies were modelled as a porous medium inside of which head losses
were taken into account.

The simulations were carried out using Code_Saturne, an open source code developed
by EDF. These simulations were performed using the Oberbeck-Boussinesq approxima-
tion, with the exception of an additional simulation, for each geometry and for comparison
purposes, that was carried out using the dilatable flow algorithm of Code_Saturne, which
is akin to the low-Mach number approximation.

It was found that, for the same total thermal power at the bottom of the pool, assem-
blies with lower power should be placed at the centre and surrounded by higher-power
assemblies. This configuration is advantageous compared to the opposite arrangement,
where higher-power assemblies are placed at the centre and lower-power assemblies sur-
round them. The former setup delays the time before assemblies become exposed to
ambient air by 5 to 7% compared to the latter.
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Symbols

Symbol Description Units

β Thermal expansion coefficient K−1

ϵ Turbulent dissipation rate m2 s−3

∂Ω Boundary of Ω -
ζ Bulk viscosity Pa s
η Concentration expansion coefficient m3 kg−1

κ Thermal diffusivity m2 s−1

λ Thermal conductivity W m−1 K−1

µ Dynamic viscosity Pa s
ν Kinematic viscosity m2 s−1

ρ Density kg m−3

τwall Wall shear stress Pa
ϕ Porosity -
ω Specific dissipation rate s−1

Ω Three-dimensional domain -

Bm Mass transfer driving force -
C Concentration kg m−3

cp Specific heat capacity J kg−1 K−1

dS Differential surface element m2

dV Differential volume element m3

D Mass diffusivity kg m−2 s−1

e Internal energy J kg−1

et Total energy J kg−1

fD Darcy friction factor -
h Enthalpy J kg−1

hh Convective heat transfer coefficient W m−2K−1

h∗h Volumetric convective heat transfer coefficient W m−3K−1

hlv Latent heat of evaporation J kg−1

hm Convective mass transfer coefficient m s−1

Ha Height of the assemblies m
Hbulk Height of the bulk region of the pool m
HC Height of the computational domain m
Hgap Height of the gap in the pool m
Hpool Height of the pool m
HS Height of the free-surface m
k Turbulent kinetic energy m2 s−2

Lc Characteristic length of a transfer surface m
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ṁ
′′
evap Evaporative mass flux kg m−2 s−1

nr Number of rods inside an assembly -
p Thermodynamic pressure Pa
Pa Power of an assembly W
q
′′′

f Volumetric heat source for the fluid W m−3

q
′′′
s Volumetric heat source for the solid W m−3

T Temperature K
u+ Normalized velocity -
uτ Friction velocity m s−1

Wa Width of an assembly m
Wgap Width of the gap in the pool m
Wpool Width of the pool m
Wwall Width of a wall between two assemblies m
y Normal distance to the wall m
y+ Dimensionless distance from the wall -
Y Mass fraction -

g Gravity vector m s−2

n̂ Outward unit vector -
q

′′ Heat-flux vector W m−2

u Velocity field m s−1

v Velocity vector m s−1

x Position vector m

I Unit tensor -
K Velocity head loss tensor s−1

R Reynolds stress tensor kg m−1 s−2

S Strain rate tensor s−1

σ Cauchy stress tensor Pa
σv Viscous stress tensor (with bulk viscosity) Pa
τ Viscous stress tensor (without bulk viscosity) Pa

Gr Thermal Grashof number -
Grc Concentration Grashof number -
Le Lewis number -
Nu Nusselt number -
Pr Prandtl number -
Ra Thermal Rayleigh number -
Rac Concentration Rayleigh number -
Re Reynolds number -
Ri Richardson number -
Sc Schmidt number -
Sh Sherwood number -

In this document, we adopt the following notation conventions:

• Scalar quantities are denoted by a lowercase or uppercase letter (e.g. u or U).

• Vector quantities are denoted by a bold lowercase letter (e.g. u).

• Tensor quantities are denoted by a bold uppercase or a bold Greek letter (e.g. σ).
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Regarding the material derivative, the D/Dt notation is used. Moreover, we recall that
the material derivative of a quantity f is given by:

Df

Dt
≡ ∂f

∂t
+ u · ∇f (1)

Moreover, the gravity vector is defined as follows:

g = −gêz (2)

with g = 9.81m/s2.
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Introduction

After a decline in the use of nuclear energy following the Fukushima disaster in 2011,
nuclear programs are now being revived in many countries. In Belgium, on 15 May 2025,
Parliament repealed the law that had planned the phase-out of nuclear power [1]. In 2023,
nuclear energy provided approximately 9% of the world’s electricity, generated by around
440 reactors operating across the globe [2]. In Europe, the country with the largest num-
ber of nuclear power plants is France, with 57 reactors in operation, accounting for about
70% of its energy mix [3]. All of these reactors are Pressurized Water Reactors (PWRs),
with the exception of the power plant at Flamanville.

In the present work, numerous data related to French PWRs, made publicly available
by Électricité de France (EDF) and the Autorité de Sûreté Nucléaire et de Radioprotec-
tion (ASNR), are used as a foundation.

In a PWR, the nuclear fuel used in the reactors mainly comes from enriched natural
uranium. This fuel takes the form of small pellets, stacked one on top of another and
inserted into what is known as a fuel rod. Several of these fuel rods are then grouped
together to form a fuel assembly, which is approximately 4 meters long. Such a fuel
assembly is shown in Figure 1.

Figure 1: Typical fuel assembly. This figure is taken from [4].

These assemblies undergo three cycles of 12 to 18 months each in the reactor. At
the end of each cycle, the reactor is shut down and the oldest one-third of assemblies is
removed and replaced, ensuring that at any given time, the pool contains one-third new
fuel, one-third intermediate, and one-third old fuel. Although fission reactions stop once
the reactor is shut down, fuel assemblies are still highly radioactive due to the presence
of unstable fission products. As a result, they continue to release a considerable amount
of energy in the form of heat. Therefore, these assemblies are typically left in the reactor
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for 3 to 4 days before being taken out of the core and placed in Spent Fuel Pools (SFPs),
located on the power plant site, where they remain for 2 to 3 years [5, 6]. To give order of
magnitudes, a PWR1300, which is a reactor producing 1300MW of electrical power, gen-
erates 3817MW of thermal power1 [7]. Immediately after shutdown, the residual power
is about 7% of the nominal power [5], or approximately 265MW of thermal power. Since
a PWR1300 contains 193 fuel assemblies in the core [7], this corresponds to an average
of about 1.35MW of thermal power per assembly, which is enormous. However, because
some fission products have very short half-lives, this thermal power drops significantly
during the first few days. After the typical time of 3 to 4 days in the reactor following
shutdown, the residual thermal power per assembly drops below 100 kW.

In spent fuel pools, the assemblies are typically gathered in racks. These racks stabilize
the assemblies and facilitate their handling. In addition, they prevent cross-flow between
adjacent assemblies. Figure 2 shows a spent fuel pool, highlighting the arrangement of
the assemblies within different racks.

Figure 2: Spent fuel pool at La Hague facility. This is not a pool on a reactor site, but an
end-of-life treatment centre for spent fuel. However, these pools are fundamentally the same.
This figure is taken from [8].

To remove the heat generated by the spent fuel assemblies, spent fuel pools are
equipped with dedicated cooling systems. This continuous cooling process is essential
to maintain safe water temperatures and to ensure that the fuel assemblies remain fully
submerged, thus providing both effective heat removal and radiation shielding. In this
thesis, we focus on the consequences of a failure of such cooling systems. This situation is
known as a loss-of-cooling accident (LOCA). Particularly, we consider the first phase of
this event, when the spent fuel assemblies are still under water and not yet exposed to the
ambient air. In the absence of a cooling system, a temperature gradient develops between
the bottom of the pool, where the assemblies generate heat, and the upper part of the
pool, i.e. the free surface. This gradient causes instabilities in the fluid, which tends to
set it in motion. Convection cells, similar to Rayleigh-Bénard cells, are therefore observed.

1The thermal efficiency of such reactors is around 34 to 35%.
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Rayleigh-Bénard Convection (RBC) is a type of natural convection and describes the
flow occurring in a closed box that is homogeneously heated from below and cooled from
above. These flows are driven by the density differences between the lighter hot fluid,
which wants to rise, and the heavier cold fluid, which wants to sink. Therefore, gravity
plays a crucial role in such flows. The strength of the thermal driving is characterized
by the Rayleigh number, the formal definition of which will be given later. Under a
certain threshold of the Rayleigh number, heat transfer only occurs through conduction
in the fluid and no fluid motion is observed. Above this threshold, the density gradient
becomes large enough to induce instabilities in the fluid and thus set it in motion. This
motion is characterized by specific structures known as cells that can take various shapes
depending, among others, on the geometry and the aspect ratio, defined as the ratio of
the width of the domain over its height [9]. Figure 3 shows a typical RBC with a sole
convective cell clearly apparent.

Figure 3: Formation of a Rayleigh-Bénard convection cell inside a cylindrical domain heated
from below and cooled from above, with aspect ratio D/L = 1. This figure is taken from [9].

Evaporation at a free surface corresponds to the phase change of the liquid state to
the vapour state. This phenomenon occurs when more molecules leave the interface from
the water side than molecules enter from the gas side. The rate at which molecules es-
cape depends on the kinetic energy of the liquid molecules, which in turn is related to
the water temperature. It is important to note that the evaporation rate depends on
the temperature at the free surface, rather than on the bulk temperature, as was long
assumed [10]. Moreover, evaporation is a mass transfer phenomenon that depends on the
ambient air conditions. In fact, the evaporation rate is governed by gas side transport
processes. Water vapour molecules must first diffuse through a concentration boundary
layer, and are then transported away by convection.

In this thesis, Code_Saturne (v. 8.1.3), an open source software, developed by EDF
will be used to perform the different numerical simulations. Some data and dimensions
regarding the deactivation pools were provided by BelV, a Belgian private foundation af-
filiated with the Agence Fédérale de Contrôle Nucléaire (AFCN). Dr. Anis Bousbiasalah
and Dr. Vincent Deledicque, from BelV, closely followed the developement of the present
work.
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The structure of this work is such that we give an introductory description of the
state of the art. Then, in Chapter 1, the formulation of the governing equations of fluid
mechanics, as implemented in Code_Saturne, will be derived from the conservation laws.
Moreover, the physics of turbulence will be reviewed and a dimensional analysis will be
performed. Chapter 2 establishes the numerical setup. In particular, the evaporation
model, and the modelling of the assemblies are given. The different case studies are also
provided. Lastly, Chapter 3 presents the numerical results and discuss the flow behaviours
as well as the influence of each case study on the evaporation rates.
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State of the art

The study of the consequences of the failure of the cooling systems in spent nuclear fuel
deactivation pools became critical after the Fukushima disaster in 2011. These studies
focus on natural convection and evaporation and are still in progress. They should con-
tribute to the continuous improvement of the safety of spent fuel storage.

Natural convection, on the one hand, and evaporation, on the other hand, have al-
ready been studied and modelled outside the context of deactivation pools. Natural
convection consists of flows induced by density gradients, themselves provoked by tem-
perature gradients for instance. Such flows are present in nature and are key for numerous
problems widely investigated in oceanography, climatology, geophysics, and astrophysics
[9]. They also occur in technological applications such as in boilers and power plants,
where they were studied specifically [11]. These flows present fundamental similarities
with the Rayleigh-Bénard Convection, with specific differences highlighted in each field
of investigation. As regards evaporation, this topic is particularly relevant, as growing
demand of freshwater resources for industrial or agricultural needs make it essential to
accurately predict evaporation rates from inland water bodies such as lakes, reservoirs
and life-stock ponds [12, 13, 14].

After 2011, the study of those two physical phenomena has been extended to the field
of spent fuel-pools.

In the scientific field, a post-Fukushima project, named the DENOPI project, was
launched in 2013 by the ASNR to collect experimental data for the validation of nu-
merical simulation codes. This project is structured along three axes. The first axis is
dedicated to the study of large convective structures within the pool as well as boiling
phenomena on the basis of reduced-scale pool models. This axis studies the early stage of
a loss-of-cooling accident, where the assemblies are still surrounded by a large amount of
water. The second axis studies thermo-hydraulic phenomena on the scale of an assembly
where the latter is partially or totally exposed to air. Finally, the last axis considers the
oxidation of zirconium present in the assemblies [15].

At UCLouvain, William Hay (2021) [10] performed a numerical study of turbulent
thermal convection driven by free-surface evaporation in spent-fuel pools. In his thesis,
geometric simplifications were made. Specifically, only the upper volume of the pool was
modelled, i.e. above the spent-fuel assemblies. Therefore, he considered cuboidal do-
mains, with different aspect ratios, with a homogenously heated wall at the bottom. As
regards the free surface, he developed a model for quantifying free-surface evaporation
rates and heat losses due to this phenomenon. This was achieved by implementing a
non-zero Neumann boundary condition for the temperature.
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Later, in her thesis, Victoria Hamtiaux (2024) [16] studied natural convection within
cuboidal domains where spent fuel assemblies were explicitly considered. The latter were
modelled as porous media with internal volumetric heat generation. However, evapora-
tion at the free surface was not taken into account.

At present, Julien Carlier and Miltiadis Papalexandris are studying turbulent natural
convection in air-water systems with evaporation at the free surface. More specifically,
the dynamics between the liquid and gaseous phases and the free surface are under in-
vestigation [17].

The present Master’s thesis is a continuation of the work of Gauthier Rubbers (2023)
[18] and Michael Magain (2024) [19]. In our work, only the flow in the liquid phase is
solved, the evaporation at the free surface is modelled by a non-zero Neumann boundary
condition, and the assemblies are considered as a porous medium at the bottom of the
pool.
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Chapter 1

Mathematical and physical basis

The aim of this chapter is to develop the various mathematical and physical aspects re-
quired in the present study.

First, the formulation of the governing equations of fluid mechanics implemented in
Code_Saturne will be briefly derived. Then, the equations will be generalized to ac-
count for porosity. These developments closely follow the Theoretical and Practical User’s
guides provided by EDF [20, 21], while some additional physical interpretations are drawn
from [22] and [23]. Following this, the concept of turbulence will be introduced, and the
conservation laws will be extended to this concept. In addition, the Boussinesq approx-
imation, which accounts for density variations only in the buoyancy term, will also be
introduced. Lastly, the governing equations will be provided in dimensionless form and
the analogy between heat and mass transfers will be discussed.

1.1 Key mathematical theorems

Before proceeding with the main developments, two fundamental mathematical theorems
must be introduced.

Firstly, the Reynolds transport theorem describes the material derivative1 of the in-
tegral of a field variable f , which can be tensor-, vector- or scalar-valued, over a domain
Ω that deforms over time. It is stated as follows:

D

Dt

(∫
Ω(t)

f(x, t)dV

)
=

∫
Ω(t)

∂

∂t
f(x, t)dV +

∫
∂Ω(t)

f(x, t)v · n̂dS (1.1)

where x is the position vector, v the velocity of the boundary of Ω, denoted ∂Ω, with
an outward unit vector n̂, and dV and dS represent the differential volume and surface
elements, respectively.

Secondly, the divergence theorem states that the integral of the divergence of a con-
tinuously differentiable vector field f is equal to the flux of the vector field through a
closed surface. It reads: ∫

Ω(t)

∇ · f(x, t)dV =

∫
∂Ω(t)

f(x, t) · n̂dS (1.2)

1Physically, the material derivative expresses the rate of change of a quantity along streamlines.

7



1.2 Governing equations for laminar flows

1.2.1 Mass equation

Mass conservation states that the mass within a fluid volume2 remains constant, as no
fluid particles can enter or leave this volume. Therefore, one can write:

D

Dt

(∫
Ω(t)

ρdV

)
= 0 (1.3)

By consecutively applying (1.1) and (1.2) to (1.3) and considering the density ρ and
the fluid velocity field u as continuously differentiable functions, we can derive the mass
conservation law in integral form:∫

Ω(t)

(
∂ρ

∂t
+∇ · (ρu)

)
dV = 0 (1.4)

Since this law holds for an arbitrary fluid volume, then the integrand must be zero. This
gives the local form of the mass balance law, also referred as the continuity equation in
the literature:

∂ρ

∂t
+∇ · (ρu) = 0 (1.5)

1.2.2 Momentum equation

According to Newton’s second law, the rate of change of the momentum of a body equals
the sum of the forces acting on it. In general, a distinction is made between the volumetric
forces, which act inside the body, and the surface forces, which act on material surfaces,
either within the body or at its boundary. Volumetric forces are typically due to the
gravity g, while surface forces are expressed in terms of stresses and cast inside the
Cauchy stress tensor σ, so that we have:

D

Dt

(∫
Ω(t)

ρudV

)
=

∫
∂Ω(t)

σ · n̂dS︸ ︷︷ ︸
surface forces

+

∫
Ω(t)

ρgdV︸ ︷︷ ︸
volumetric forces

(1.6)

Applying (1.1) and (1.2) to the left-hand side of (1.6), and (1.2) to the first term of the
right-hand side of (1.6), and noting that this expression holds for any fluid volume, one
can obtain the momentum balance law in local form:

∂ (ρu)

∂t
+∇ · (ρu⊗ u) = ∇ · σ + ρg (1.7)

where ⊗ stands for the dyadic product.

Regarding the stresses, it is important to distinguish the equilibrium stresses and the
dissipative stresses. Equilibrium stresses produce reversible work while dissipative ones
produce irreversible work. The latter are due to friction, and thus to the viscosity of

2A fluid volume, or material volume, consists of a region of space that moves and deforms according
to the motion of the fluid particles.
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the fluid. Moreover, for simple fluids3, the only equilibrium stress is the thermodynamic
pressure p. Therefore, by letting σv designate the viscous stresses, the stress tensor σ
can be decomposed as follows:

σ = −pI+ σv (1.8)

For Newtonian fluids, the viscous stresses are linear with respect to the velocity gradients
and can be written as [22]:

σv = 2µS+

(
ζ − 2

3
µ

)
tr(S)I (1.9)

with µ the dynamic molecular viscosity, ζ the volume or bulk viscosity and S the strain
rate tensor, defined as:

S =
1

2

(
(∇u) + (∇u)T

)
and tr(S) = ∇ · u (1.10)

Finally, one can consider an additional term to take into account head losses so that
(1.7) becomes [20]:

∂ (ρu)

∂t
+∇ · (ρu⊗ u) = −∇p+∇ · σv + ρg − ρKu (1.11)

where K is the velocity head loss tensor, which, by definition, is a symmetric positive
tensor so that its contribution to the kinetic energy balance is negative. Strictly speaking,
(1.11) corresponds to the so-called Navier-Stokes equations.

As a final note, it should be emphasized that, for isotropic materials, such as water, the
principle of conservation of angular momentum implies that the stress tensor is symmetric,
i.e. σ = σT.

1.2.3 Energy equation

The first law of thermodynamics states that the variation of total energy inside a fluid
volume, which is by definition a closed system, is equal to the sum of the work of the
external forces acting on the fluid and the heat that the fluid exchanges with its exterior.
The total energy is simply the sum of the internal energy e and the kinetic energy:

et = e+
1

2
u · u (1.12)

Moreover, we know from classical mechanics that the work performed by a force is given
by the dot product of the force and the displacement vector. Therefore, the infinitesimal
work per unit time is given by the dot product of the force with the velocity field. This
allows us to write the energy conservation principle for a continuous medium:

D

Dt

(∫
Ω(t)

ρetdV

)
=

∫
Ω(t)

ρg · udV +

∫
∂Ω(t)

(σu) · n̂dS +

∫
∂Ω(t)

q
′′ · n̂dS (1.13)

where q
′′ is the heat-flux vector.

3Simple fluids are fluids that do not support shear stresses at equilibrium.
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By introducing the decomposition (1.8) of the stress tensor σ in (1.13), and by adopt-
ing a similar approach to the previous conservation laws, we can apply (1.1) followed by
(1.2) to the left-hand side of (1.13), and then apply (1.2) to the second and last terms on
the right-hand side of (1.13), which allows us to get the energy balance law in local form:

∂ (ρet)

∂t
+∇ · (ρuet) = −∇ · (pu) + ρg · u+∇ · (σvu)−∇ · q′′

(1.14)

The energy balance law can also be written in terms of the internal energy e. By
inserting (1.12) in (1.14) and then taking the dot product of the momentum balance law
in local form (1.7) with the velocity field u, and inserting this result in (1.14), we get:

ρ
De

Dt
= −p∇ · u+ σv : S −∇ · q′′

(1.15)

However, in this study, the focus will be placed on the temperature field. Therefore, one
must further develop (1.17) in order to express it in terms of temperature. First, we will
express the energy equation in terms of enthalpy, defined as:

h ≡ e+
1

ρ
p (1.16)

By applying the material derivative to h, introducing this result into (1.17), and then
recognizing that the continuity equation can be made to appear, we obtain:

ρ
Dh

Dt
=

Dp

Dt
+ σv : S −∇ · q′′

(1.17)

We can now introduce the temperature T by using some thermodynamics relationships.
For a pure substance, Maxwell’s relations give [20]:

dh = cpdT +
1

ρ
(1− βT )dp (1.18)

with cp the specific heat capacity at constant pressure and β the thermal expansion
coefficient. Finally, by inserting (1.18) in (1.17), by using Fourier’s law of heat conduction
to model the heat-flux vector and by introducing a volumetric heat source term for the
fluid q′′′f , the energy conservation law reads:

ρcp
DT

Dt
= βT

Dp

Dt
+ σv : S +∇ · (λ∇T ) + q

′′′

f (1.19)

where λ is the thermal conductivity. The source term q
′′′

f will be modelled later.

1.2.4 Resulting governing equations

So far, we have derived the governing equations for Newtonian fluids in their most general
form. Given that this document focuses on the study of natural convection, it is clear
that the Mach number will remain very low throughout the domain. Consequently, we
can consider the flow as incompressible.

We will now present the system of equations implemented in Code_Saturne, solved
within the framework of the unsteady dilatable flow algorithm. By dilatable flow, we refer
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to a flow in which the fluid density can vary, typically with temperature, while this vari-
ation remains small and is independent of pressure. This algorithm is slightly different
from the Low-Mach algorithm, but we will return to this distinction later [20].

First, for incompressible flows, the bulk viscosity is neglected [20], which simplifies
the expression of the viscous stresses (1.9) as follows:

σv|ζ=0 ≡ τ = 2µS− 2

3
µtr(S)I (1.20)

In this case, one can show that the second term on the right-hand side of (1.19) satisfies
the following equality [24]:

σv|ζ=0 : S ≡ τ : S = 2µSD : SD = µS2 (1.21)

with SD the deviatoric part of the strain rate tensor, defined as follows:

SD = S− 1

3
tr(S)I (1.22)

The term µS2 in (1.21) is sometimes referred to as viscous dissipation heating and de-
scribes the degradation of mechanical energy into thermal energy, which is considered
negligible in free convection flows [24]. This quantity is neglected in Code_Saturne and
will therefore no longer be included in (1.19).

Finally, in the context of the dilatable flow algorithm, the term βT in (1.19) is ne-
glected, which leads to the disappearance of the pressure term in the energy conservation
equation.

Accordingly, the system of equations is given by:

∂ρ

∂t
+∇ · (ρu) = 0 (1.23)

∂ (ρu)

∂t
+∇ · (ρu⊗ u) = −∇p+∇ ·

(
2µS− 2

3
µtr(S)

)
+ ρg − ρKu (1.24)

∂(ρcpT )

∂t
+∇ · (ρcpuT ) = ∇ · (λ∇T ) + q

′′′

f (1.25)

Note that (1.25) is obtained from (1.19) by making the continuity equation appear, al-
lowing some terms to be eliminated, thereby obtaining a conservative form.

We can now state that the difference between the dilatable flow algorithm and the
Low-Mach number algorithm is the absence of a pressure term in equation (1.25) [25].
Moreover, in the Low-Mach number algorithm, the bulk viscosity is not necessarily ne-
glected, and the resulting viscous pressure is incorporated into the pressure term in equa-
tion (1.24). These two algorithms are thus analogous. In what follows, we will refer
to system (1.23)–(1.25) as the dilatable flow model, or simply dilatable flow, to remain
consistent with the code documentation. Regarding the Low-Mach number algorithm,
the reader is referred to the literature for its specific features.

To conclude the derivation of the governing equations, we point out that an equation
of state for the density is required in order to close the system of equations (1.23)-(1.25).
The latter will be introduced in Section 2.4.1.
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1.3 Governing equations in porous media

As mentioned in the state of the art, the assemblies of spent nuclear fuel rods are modelled
as porous media. Therefore, the governing equations (1.23)-(1.25) have to be adapted to
account for porosity. Introducing the porosity ϕ, defined as the ratio of the volume of
water to the volume of the porous medium, the system of equations becomes:

∂(ϕρ)

∂t
+∇ · (ϕρu) = 0 (1.26)

∂ (ϕρu)

∂t
+∇ · (ϕρu⊗ u) = −ϕ∇p+∇ ·

(
2ϕµS− 2

3
ϕµtr(S)

)
+ ϕρg − ϕρKu (1.27)

∂(ϕρcpT )

∂t
+∇ · (ϕρcpuT ) = ∇ · (ϕλ∇T ) + q

′′′

f (1.28)

Equations (1.26)–(1.28) can therefore be regarded as the governing equations for the en-
tire domain. Indeed, by considering ϕ = ϕ(x), with x being the position vector, we have
ϕ = 1 in the pure fluid region, allowing us to recover equations (1.23)–(1.25), while in
the porous medium, ϕ < 1, leading to the use of the aforementioned system.

Note that to avoid overloading the equations, the porosity term ϕ will no longer be
explicitly mentioned in the remainder of this chapter. However, all the principles that
will be developed can be generalized to include porosity.

1.4 Turbulence

1.4.1 General concepts

Turbulence is the phenomenon of rapid, unsteady and random variations of the flow quan-
tities. This contrasts with laminar flow, where the fluid moves in smooth, orderly layers,
with well-defined and predictable trajectories. Turbulence arises when flow instabilities
become strong enough to overcome viscous damping. Typically, the onset of turbulence is
defined using the dimensionless Reynolds number. A sufficiently high Reynolds number
indicates the presence of turbulence. However, for natural convection flows, the Reynolds
number is not suitable. Instead, the Grashof number determines the flow regime [26, 27].
We will return to this in Section 1.6.

Turbulent flow is characterized by the presence of a multitude of vortical structures
of different length scales. These vortical structures are called eddies. Every turbulent
flow undergoes a cascade process, involving a transfer of turbulent kinetic energy, k, from
larger eddies to smaller eddies. Dissipation of kinetic energy to heat through the action
of molecular viscosity occurs at the scale of the smallest eddies [28]. The latter is known
as the Kolmogorov’s scale. The distribution of turbulent kinetic energy across different
length scales is quantified using the energy spectrum function E(κ), where κ is the eddy
wave number, which is inversely proportional to the length scale le of the eddy: le = 2π/κ.
Therefore, the turbulent kinetic energy, which is the kinetic energy per unit mass of the
fluctuating turbulent velocity, is given by:

k =

∫ ∞

0

E(κ)dκ (1.29)
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The energy spectrum E(κ) can be derived using dimensional analysis, leading to results
that are consistent with measurements. This spectrum is illustrated in Figure 1.1.

Figure 1.1: Turbulent energy spectrum. This figure is taken from [29].

Following the presentation of the physical aspects of turbulence, we can now focus on
the numerical aspect of this phenomenon and discuss its resolution and modelisation.

There are three main approaches for turbulence resolution: Direct Numerical Simulation
(DNS), Large Eddy Simulation (LES), and Reynolds-Averaged Navier-Stokes (RANS). In
DNS, all turbulence scales are directly resolved, thereby capturing the full range of flow
fluctuations. LES resolves only the large-scale aspects of turbulence, while the smaller-
scale aspects are modelled. Finally, RANS does not resolve any of the turbulence scales.
Instead, it relies entirely on models to account for their effects. These approaches are
illustrated in Figure 1.2.

Échelles résolues
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Coût paroi ≃ DNS

Dispo. : 2045 si lois de
parois

Variable selon la région

Hybride Dispo. : 2000
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Figure 1.2: Resolved turbulence length scales for DNS, LES and RANS (from left to right).
Resolved scales are shown in gray, while modeled scales are in white. This figure is adapted from
[30].

As we will see later, the geometry considered in this study is of significant dimensions.
Therefore, to maintain computational complexity at an accessible level4, the RANS ap-
proach was selected and hence will be the only one described in the following sections.

4Performing a DNS or LES simulation requires a significantly more refined mesh than RANS to
capture the smallest turbulence scales, which substantially increases the computational complexity.
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1.4.2 RANS approach

Statistical turbulence modelling, or RANS modelling, treats turbulence as a determin-
istic chaotic phenomenon5. Since the variables are considered random, this approach is
designed to produce numerical solutions for the mean fluid motion, based on an ensemble
average [31].

Each flow variable f (such as velocity, pressure, temperature, etc.) is decomposed into a
sum of a mean part f̄ and a fluctuating part f ′ :

f = f̄ + f
′

(1.30)

As mentioned above, the Reynolds average is defined as the ensemble average:

f̄(x, t) = lim
T→∞

1

T

N∑
n=1

fn(x, t) (1.31)

By invoking the ergodicity hypothesis, ensemble averaging is equal to time averaging, so
that, for statistically stationary flows, the Reynolds average becomes:

f̄(x) = lim
T→∞

1

T

∫ t+T

t

f(x, t)dt (1.32)

However, (1.32) requires defining an infinite period T , which is not feasible for any flow
in practice. Therefore, to form the time average f̄ of a quantity, a time T that is very
long compared to the maximum period T1 of the fluctuations f ′ is selected. This causes
no issues in practice [28].

Nonetheless, as we will see later, our study considers statistically non-stationary quanti-
ties, implying that f̄ = f̄(x, t). In this situation, the Reynolds average can be defined in
a similar way as in the case of statistically stationary flows:

f̄(x, t) =
1

T

∫ t+T

t

f(x, t)dt (1.33)

where one must select T so that T1 ≪ T ≪ T2, with T2 the characteristic time scale
of the slow variations in the flow that we do not wish to regard as belonging to the
turbulence. This methodology forms the basis of URANS (Unsteady Reynolds-Averaged
Navier-Stokes), which is the default RANS method implemented in Code_Saturne6.

Applying the Reynolds average operator on the Navier-Stokes equations (1.23) and
(1.24) yields:

∂ρ

∂t
+∇ · (ρū) = 0 (1.34)

∂ (ρū)

∂t
+∇ · (ρū⊗ ū) = −∇p̄+∇ ·

(
2µS̄− 2

3
µtr(S̄)

)
+ ρg − ρKū−∇ · (ρR) (1.35)

5A deterministic phenomenon evolves according to known physical laws and is not random. In our
case, these laws are the Navier-Stokes equations. However, due to their highly non-linear nature, they
exhibit chaotic behaviour, meaning they are highly sensitive to initial conditions.

6This information is not directly available in the official Code_Saturne documentation. However, it
has been confirmed by a developer on the user forum [32].
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In (1.35), there is an additional term, in which R appears. R is the Reynolds stress
tensor, which is by definition the covariance tensor of the fluctuating velocity field:

R ≡ u′ ⊗ u′ (1.36)

Because of R, the system of equations described in (1.34)-(1.35) is not closed anymore.
Therefore, one has to model the Reynolds stress tensor.

In the present study, we will adopt the Boussinesq hypothesis on turbulence [30].
This hypothesis assumes that the effective viscosity of the fluid is simply the sum of the
molecular viscosity µ and a turbulent viscosity µt. Under this assumption, the Reynolds
stress tensor R is aligned with the strain rate tensor of the mean flow S̄ and reads:

ρR =
2

3
ρk̄I− 2µtS̄

D (1.37)

where µt needs to be modelled while k̄ is the turbulent kinetic energy, which was intro-
duced in (1.29) and is now defined by:

k̄ =
1

2
tr(R) (1.38)

These types of models are known in the literature as Eddy Viscosity Models (EVM).

To conclude this section on the Reynolds averaging of the governing equations, the
temperature equation must also be considered. Similarly to the turbulent viscosity µt, a
turbulent thermal conductivity λt is defined and added to the molecular thermal conduc-
tivity λ. Consequently, the system of equations (1.23)-(1.24) becomes [20, 33]:

∂ρ

∂t
+∇ · (ρū) = 0 (1.39)

∂ (ρū)

∂t
+∇ · (ρū⊗ ū) = −∇p̄dyn +∇ ·

(
2(µ+ µt)S̄

D
)
+ (ρ− ρ0)g − ρKū (1.40)

∂(ρcpT̄ )

∂t
+∇ · (ρcpūT̄ ) = ∇ · ((λ+ λt)∇T̄ ) + q̄

′′′

f (1.41)

where the turbulent thermal conductivity is derived from the turbulent viscosity as fol-
lows:

λt =
µtcp
Prt

(1.42)

with Prt the turbulent Prandtl number, which is assumed constant. Moreover, one can
see that the thermodynamic pressure p̄ in (1.40) was replaced by the dynamic pressure
pdyn. This manipulation is performed to account for the hydrostatic pressure, thereby
introducing a factor (ρ − ρ0) in front of g, with ρ0 being the reference density. The
dynamic pressure is defined as follows:

p̄dyn = p̄eff − ρ0g · x = p̄+
2

3
ρk̄ − ρ0g · x (1.43)

The effective pressure is a quantity with the dimensions of pressure, defined by incorpo-
rating the turbulent kinetic energy within the pressure gradient. This form is presented
here because p̄eff sometimes appears in the literature.
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1.4.3 Turbulence models

As we have just seen, modelling turbulence using Boussinesq’s hypothesis introduces a
turbulent dynamic viscosity that is added to the molecular dynamic viscosity. The goal
now is to model this turbulent dynamic viscosity. To achieve this, various models can
be found in the literature. These models consist of systems of transport equations for
different quantities related to turbulence, such as turbulent kinetic energy, turbulent
dissipation rate, or the specific dissipation rate. These transport equations must then
be solved in addition to the governing equations in order to determine the turbulent
viscosity [31]. Five of these turbulence models are available in Code_Saturne, namely,
the k − ϵ, k − ϵ with linear production, k − ω SST, Spalart Allmaras and the elliptic
blending Bl− v2− k model [20]. For the sake of brevity, only two turbulence models will
be presented below, namely, the k − ϵ model and the k − ω SST model.

k − ϵ model

Initially proposed by Launder and Spalding [34], this model involves the turbulent kinetic
energy k and the turbulent dissipation rate ϵ. It is a two-equation model with one
transport equation for k and another for ϵ. Since the exact equations relating k and ϵ
involve numerous unknown or unmeasurable quantities, certain coefficients are introduced
and must be calibrated. In this model, the turbulent dynamic viscosity is given by:

µt = Cµ
k̄2

ϵ̄
(1.44)

The transport equation for k reads:

ρ
∂k̄

∂t
+∇k̄ · (ρū)−∇ ·

((
µ+

µt

σk

)
∇k̄
)

= P + G − ρϵ̄ (1.45)

and the transport equation for ϵ is given by:

ρ
∂ϵ̄

∂t
+∇ϵ̄ · (ρū)−∇ ·

((
µ+

µt

σϵ

)
∇ϵ̄
)

= Cϵ1

ϵ̄

k̄
(P + (1− Cϵ3)G)− ρCϵ2

ϵ̄2

k̄
(1.46)

where P and G stand for the production term created by mean shear and the production
term created by gravity effects, respectively. They are given by:

P = 2µtS̄
D
: S̄

D − 2

3
ρk̄tr(S̄) (1.47)

G =
1

ρ

µt

Prt
∇ρ · g (1.48)

The value of the constant coefficients implemented in Code_Saturne are given in Table
1.1 [20].

Cµ Cϵ1 Cϵ2 σk σϵ

0.09 1.44 1.92 1 1.3

Table 1.1: Coefficients of the k − ϵ model.

Note that Cϵ3 = 0 if G ⩾ 0 and Cϵ3 = 1 if G ⩽ 0.
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k − ω SST model

The k − ω model is a two-equation turbulence model, with one transport equation for
the turbulent kinetic energy k and another one for the specific dissipation rate ω. This
model was initially proposed by Wilcox [35]. However, we will focus here on the k − ω
Shear Stress Transport (SST) model proposed by Menter, which is the one implemented
in Code_Saturne [36, 37]. This model enables a transition from a k−ω formulation near
the walls to a k−ϵ formulation in the fully turbulent regions. This model therefore avoids
the problems associated with the k − ϵ formulation, which is known to not perform well
in the very near-wall zone, by using the k − ω formulation, which offers good resolution
of turbulent boundary layers [31]. In this approach, the turbulent dynamic viscosity is
defined as:

µt =
a1ρk̄

max(a1ω,
√
2S̄ : S̄F2)

(1.49)

where the function F2 is given by:

F2 = tanh (Φ2
2) with Φ2 = max

(
2
√
k̄

β∗ω̄y
,
500µ

ρω̄y2

)
(1.50)

with y the normal distance to the wall. The transport equation for k reads:

ρ
∂k̄

∂t
+∇k̄ · (ρū)−∇ ·

(
(µ+ σkµt)∇k̄

)
= P − β∗ρk̄ω̄ (1.51)

where P is defined in (1.47) and the transport equation for ω is given by:

ρ
∂ω̄

∂t
+∇ω̄ · (ρū)−∇ · ((µ+ σωµt)∇ω̄) = αP − βρω̄2 + 2(1− F1)

σω2ρ

ω̄
(∇k̄) · (∇ω̄)

(1.52)

The constant coefficients implemented in Code_Saturne are given in Table 1.27.

a1 β∗ α1 α2 β1 β2 σk1 σk2 σω1 σω2

0.31 0.09 5/9 0.44 3/40 0.0828 0.85 1 0.5 0.856

Table 1.2: Coefficients of the k − ω SST model.

Finally, if we denote by ψ the constant coefficients α, β, σk and σω, their values can be
computed as follows:

ψ = F1ψ1 + (1− F1)ψ2 (1.53)

where the function F1 if defined by:

F1 = tanh (Φ4
1) with Φ1 = min

[
max

( √
k̄

β∗ω̄y
,
500µ

ρω̄y2

)
,
4σω2 k̄

CDkωy2

]
(1.54)

with CDkω the positive portion of the cross-diffusion term of (1.52) and it reads:

CDkω = max
(
2
σω2ρ

ω̄
(∇k̄) · (∇ω̄), 10−20

)
(1.55)

7These coefficients are not directly provided in the documentation but can be found in the source
code.
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1.4.4 Law of the wall

As mentioned earlier, there is a wide variety of turbulence models. Some of these models
are inherently unable to capture near-wall phenomena effects, such as the k − ϵ model,
while others apply natural boundary conditions8 at the walls for each quantity, such as
the k − ω model.

Turbulence models can be divided into two main categories. The first category, known
as the high-Reynolds models, requires a mesh size near the walls large enough for the first
computational points to be placed in a fully turbulent zone, thus removing the influence
of the wall, as in the case of the k−ϵ model. The second category, known as low-Reynolds
models, requires a very fine mesh near the walls in order to capture all phenomena related
to the wall, as for the k − ω model [31].

However, in practice, it is not always feasible to use a sufficiently refined mesh near the
wall. Therefore, one may wonder whether it is possible to adapt turbulence models in
order to avoid the need for consequent near-wall resolution.

To illustrate the situation, let us consider the velocity field. If the mesh is sufficiently
refined and the first computational point is close enough to the wall, then a linear eval-
uation at this point of the velocity gradient poses no problem. In this case, a turbulence
model applying natural boundary conditions would be capable of capturing all phenom-
ena related to the near-wall region. On the other hand, if the first computational point
is too far from the wall, the error introduced by a linear evaluation of the gradient be-
comes significant9. In this case, accurately estimating wall friction is essential to correct
the linearly constructed gradient. This is achieved using wall functions. Hence, a high-
Reynolds model, such as the k − ϵ model, inherently requires a near-wall law, whereas a
low-Reynolds model, like the k−ω model, will only require a near-wall law if the mesh is
not sufficiently refined. Recall that the k − ω SST model allows a transition from k − ω
near the wall to k − ϵ in the fully turbulent zone. Therefore, this model will also require
a near-wall law if the mesh is not refined enough.

We will now present such a wall function. To do so, let us first consider the simplified
momentum balance in the first boundary cell [20]:

(µ+ µt)
∂ū

∂y
= τwall (1.56)

where y is the normal distance to the wall, ū the velocity projected parallel to the wall and
τwall the wall shear stress. Let us now introduce the friction velocity ūτ , the normalized
velocity ū+ and the dimensionless distance from the wall y+, defined by:

ūτ =

√
τwall

ρ
; ū+ =

ū

ūτ
; y+ =

yūτ
ν

(1.57)

with ν the kinematic viscosity. Using (1.57), (1.56) can be written as:(
1 +

µt

µ

)
∂ū+

∂y+
= 1 (1.58)

8By "natural boundary conditions", we refer to the actual boundary conditions (zero velocity if the
wall is stationary, zero turbulent kinetic energy, etc.).

9The velocity gradient at the wall is far from being linear.
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In the previous section, we introduced two-equation EVMs. However, Prandtl orig-
inally proposed an algebraic model with zero transport equations, based on a mixing
length lm [38]. According to this model, the turbulent viscosity is expressed as:

νt = l2m

∣∣∣∣∂ū∂y
∣∣∣∣ (1.59)

where the mixing length read lm = κy with κ being the Von Kármán constant, set to 0.42
in Code_Saturne [20]. Based on this model, one can solve (1.58) in the very near-wall
region dominated by laminar effects (i.e., ν ≫ νt), as well as in the near-wall region
dominated by turbulence (i.e., ν ≪ νt), leading to:

ū+ =

{
y+ if ν ≫ νt
1
κ
ln (y+) + C if ν ≪ νt

(1.60)

with C a constant, set to 5.2 in Code_Saturne [20]. However, a clear delimitation of the
laminar and turbulent dominance zones should be expressed in terms of y+. Prandtl and
Kármán observed that for flow between two plates, these limits were well defined [39].
This led to what is now known as the universal law of the wall which, in practice, is used
for all types of geometries. These limits read:

ν ≫ νt if y+ < 5 (1.61)
ν ≪ νt if y+ > 30 (1.62)

Hence, we can observe the existence of a buffer zone, located for y+ values between 5 and
30, where the dimensionless velocity profile ū+ is neither linear nor logarithmic. However,
having a region where ū+ is not clearly defined is unacceptable. The first method used
in Code_Saturne to address this issue is to apply the linear profile if ū+ < 1/κ and the
logarithmic profile otherwise but this approach is fundamentally coarse in the buffer zone.
Subsequently, a second option is to implement a function that is valid for any y+. Such
a function is depicted in Figure 1.3.
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Figure 1.3: Universal wall law. Linear, logarithmic, and all-y+ relations for ū+. The added
points are DNS results and can be found at [40].
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In Code_Saturne, the mathematical formulation of this function is given by:

u+(y+) = fblend(y
+) · y+ +

(
1

κ
ln (y+) + C

)
·
(
1− exp

(
−
(
y+

y0

)n))
· (1− fblend(y

+))

(1.63)

with n = 2.25, y0 = 14.5 and fblend a blending function given by:

fblend(y
+) = exp

(
−1

4
χ(y+)3

)
(1.64)

where χ is a constant set to 1.0674×10−3. Note that in Figure 1.3, Reτ is a local Reynolds
number defined in the very near-wall region, given by [30]:

Reτ =
δuτ
ν

(1.65)

with δ the thickness of the turbulent boundary layer. Note that from a dimensional anal-
ysis, one can show that this Reynolds number scales with the ratio of νt and ν. This is
precisely the origin of the terms high-Reynolds and low-Reynolds used to describe turbu-
lence models and the near-wall mesh refinement, as discussed earlier.

To conclude this section, we want to point out that in (1.57), the velocity ū is made
dimensionless solely by the wall shear stress τwall. This approach is known in the literature
as the one-scale friction velocity wall function. However, as in many numerical solvers,
Code_Saturne makes the velocity ū dimensionless using both the wall shear stress τwall

and the turbulent kinetic energy k̄. This method is referred to as the two-scale friction
velocity wall function. Consequently, the friction velocity is given by:

ūτ =
τwall

ρuk
(1.66)

with uk the friction velocity based on the turbulent kinetic energy in the first cell, defined
as:

uk =

√
g
νū

y
+ (1− g)

√
Cµk̄ (1.67)

where the value of Cµ depends on the selected turbulence model and g is a blending factor
defined by:

g = exp

(
−
√
k̄y

11ν

)
(1.68)

In the above, we only developed wall laws for the velocity field. However, wall laws
are also used for the temperature field. These will not be developed in this report in
order not to overload it. The interested reader is invited to read [41].
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1.5 The Oberbeck-Boussinesq approximation

The Oberbeck-Boussinesq approximation is a frequently used simplification of the Navier-
Stokes equations when considering buoyancy-driven flows. This approximation assumes
that density variations are negligible except when they appear in the buoyancy term
(i.e. the term multiplied by gravity g). The key aspect of the Oberbeck-Boussinesq
approximation is that gravity is strong enough to set the fluid in motion due to density
differences. These density differences are assumed to be proportional to temperature
variations. This approach significantly reduces the complexity of the governing equations,
making it particularly useful for modelling natural convection flows, which are the focus of
this study. Mathematically, each occurrence of the density ρ is replaced by the reference
density ρ0 except in the gravity term where it is expressed as:

ρ(T ) = ρ0 − ρ0β(T − T0) (1.69)

where T0 is the reference temperature and β is the thermal expansion coefficient, defined
by:

β = −1

ρ

(
∂ρ

∂T

)
p

(1.70)

Expression (1.69) is obtained by writing the Taylor series for ρ as a function of T , con-
sidering the pressure p to be constant, and keeping only the first two terms of the series.
Since ρ is kept constant except in the gravity term, it is clear that the continuity equation
(1.23) implies that the velocity field is divergence-free:

∇ · u = 0 (1.71)

For the momentum equation, it is useful to perform a manipulation with the pressure
gradient to simplify the expression. Consequently, a new pressure P is defined as follows:

P =
p− ρ0g · x

ρ0
(1.72)

so that (1.24) becomes:

∂u

∂t
+ u · ∇u = −∇P + ν∇2u− β(T − T0)g −Ku (1.73)

Note that the energy equation (1.25) does not simplify further, except that the density ρ
is replaced by the reference density ρ0.

It is important to emphasize that the Oberbeck-Boussinesq approximation is not ap-
plicable in all situations. First, this assumption is only meaningful when the flow dynam-
ics are primarily governed by buoyancy forces, which corresponds to a high Richardson
number [24, 27]. The definition of this dimensionless number will be given in Section 1.6.
Secondly, this approximation is only valid when the density variation is small. Mathe-
matically, this condition reads:

∆ρ

ρ0
≪ 1 (1.74)

The validity of this condition for our application will be detailed in Section 2.4.1.
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1.6 Dimensionless analysis

1.6.1 Dimensionless governing equations

We will now perform a dimensional analysis of the governing equations. For simplicity, we
will consider the system of equations under the Oberbeck-Boussinesq approximation, with
no pressure losses nor volumetric heat source. This methodology might seem counter-
intuitive, but since we are conducting a dimensional study, it will allow us to highlight the
most important conclusions. All geometric quantities are made dimensionless using the
characteristic length l0, velocities are made dimensionless using the reference velocity u0,
and time is made dimensionless using both l0 and u0. The pressure P and the temperature
T , are made dimensionless as follows:

P̂ =
P − P0

ρ0u20
and T̂ =

T − T0
T1 − T0

(1.75)

where we used the hat symbol " ˆ " to denote dimensionless quantities, the subscript
"0" to denote reference quantities and where T1 can be taken as the temperature at the
bottom of the domain, for instance where the assemblies are located, so that T1 − T0
denotes the temperature difference across the water column. Therefore, equations (1.70),
(1.73) and (1.25) become [24]:

∇̂ · û = 0 (1.76)
Dû

Dt̂
= −∇̂P̂ +

1

Re
∇̂2û− Gr

Re2

(
g

g

)
T̂ (1.77)

DT̂

Dt̂
=

1

RePr
∇̂2T̂ (1.78)

Note that we chose to write the left-hand side of (1.76)-(1.78) in terms of total derivatives
for clarity. Moreover, Re denotes the Reynolds number, Pr the Prandtl number and Gr
the Grashof number. Their definitions are the following:

Re =
l0u0
ν

; Pr =
cp0µ

λ
=
ν

κ
; Gr =

gβ(T1 − T0)l
3
0

ν2
(1.79)

with κ the thermal diffusivity. However, in this study, the focus is on natural convection.
Thus, one may wonder how to define the reference velocity u0. Indeed, this velocity does
not appear to be explicitly defined at first. It is therefore practical to consider it as [27]:

u0N =
√
gβ(T1 − T0)l0 (1.80)

where the subscript "N" indicates a quantity related to natural convection. Hence, we
can express the Reynolds number in terms of this reference velocity, which yields:

ReN =
√
Gr (1.81)

Consequently, (1.77) and (1.78) become:

Dû

Dt̂
= −∇̂P̂ +

1√
Gr

∇̂2û−
(
g

g

)
T̂ (1.82)

DT̂

Dt̂
=

1√
GrPr

∇̂2T̂ (1.83)
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Equations (1.82) and (1.83) allow for an interpretation of the Grashof number. Indeed,
in view of (1.79), this number is defined as the ratio between buoyancy forces and vis-
cous forces. Consequently, if the Grashof number is low, the buoyancy forces will not be
sufficient to set the fluid in motion so that there is no fluid motion. On the other hand,
as mentioned in Section 1.4.1, turbulence arises when flow instabilities become strong
enough to overcome viscous damping. Therefore, when the Grashof number is high, the
magnitude of viscous forces becomes negligible compared to the magnitude of buoyancy
forces, leading to the development of a turbulent flow. This transition typically occurs
around a Grashof number of 109 [27].

In Section 1.5, we discussed the Richardson number. Its definition is the following:

Ri =
Gr

Re2
=
gβ(T1 − T0)l0

u20
(1.84)

In view of (1.77) and (1.84), the meaning of this number is straightforward. A low value
indicates that the flow is primarily driven by forced convection while a high value indicates
that the flow is driven by natural convection. Indeed, if Ri ≪ 1, the buoyancy term in
(1.77) is negligible. On the other hand, if Ri≫ 1, the buoyancy term cannot be neglected.

To conclude this section, we introduce the Rayleigh number Ra. In practice, the
Grashof number is not directly used to quantify buoyancy-driven flows. Instead, it is
used through the Rayleigh number:

Ra = GrPr =
gβ(T1 − T0)l

3
0

νκ
(1.85)

This number is extremely useful as it allows to reduce the number of dimensionless groups
in (1.82) and (1.83). For conventional fluids such as air and water, the Prandtl number
typically ranges between 0.7 and 7. Therefore, the Rayleigh number marking the on-
set of turbulent flow is expected to differ by at most one order of magnitude from the
Grashof number that characterizes this transition, given the aforementioned relatively
narrow range of Prandtl numbers. This is the reasoning adopted by Incropera et al., who
estimate the onset of turbulence around Ra ≈ 109 [26].

However, in practice, this transition is far less abrupt and depends on multiple factors,
such as the Prandtl number and the aspect ratio of the domain. In recent decades, the
Rayleigh number range has been divided into sub-regimes to better describe the flow
characteristics [42, 9]:

• Around Ra ≈ 2 × 105, the flow becomes turbulent. This regime, sometimes called
the soft turbulence regime, is characterized by coherent convective structures and
laminar boundary layers.

• Around Ra ≈ 4× 107, the flow enters the hard turbulence regime, where turbulence
in the bulk intensifies, while boundary layers remain laminar.

• Finally, around Ra ≈ 1014, the ultimate regime is reached, marked by intense
turbulence in the bulk and by turbulent boundary layers.
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1.6.2 Heat and mass transfer analogy

As mentioned in the state of the art, a major aspect of this study is the evaporation
of water at the free surface. This process involves not only heat transfer but also mass
transfer. As will be detailed in Section 2.3, evaporation will be modelled by considering
a thin layer, referred to as a film, composed of a binary mixture of air and water vapour.
Therefore, some mathematical models have to be developed accordingly.

In the case of a mixture of miscible fluid species, one can write the mass equation for
each species. In absence of chemical reactions and using Fick’s law to model the diffusion
flux, the mass balance of species i reads [24]:

∂(ρYi)

∂t
+∇ · (ρYiu) = −∇ · (ρDi∇Yi) (1.86)

with Yi and Di the mass fraction and the mass diffusivity of species i, respectively, and
ρ the density of the mixture. However, density does not only vary with temperature.
Indeed, the concentration of the different species can also lead to density variations. Con-
sequently, the momentum equation has to be modified in order to take into account the
variations of the species concentration. One can use an approach similar to the Oberbeck-
Boussinesq approximation for the temperature variations, so that the expression of the
density in the gravity term becomes [24, 43]:

ρ(T,Ci) = ρ0 − ρ0β(T − T0)− ρ0η(Ci − Ci0) (1.87)

where Ci is the concentration of species i, defined by ρYi; Ci0 the reference concentration
of species i and η the concentration expansion coefficient. The latter is defined in an
analogous manner as the thermal expansion coefficient β:

η = −1

ρ

(
∂ρ

∂Ci

)
p

(1.88)

Expression (1.87) is obtained by writing a double Taylor series expansion of ρ as a function
of T and Ci. Using (1.87), (1.73) becomes [24]:

∂u

∂t
+ u · ∇u = −∇P + ν∇2u− β(T − T0)g − η(Ci − Ci0)g (1.89)

To obtain the dimensionless system of equations, we introduce the following quantities:

Ŷi =
Yi − Yi0
Yi1 − Yi0

and Ĉi =
Ci − Ci0

Ci1 − Ci0

(1.90)

where Yi1 and Ci1 can for instance be taken as the mass fraction and concentration of
species i at the top of the film, respectively. The dimensionless system of equations for
combined heat and mass transfer, by writing the left-hand side of (1.86) in terms of
material derivatives, is then given by [24]:

∇̂ · û = 0 (1.91)
Dû

Dt̂
= −∇̂P̂ +

1

Re
∇̂2û− Gr

Re2

(
g

g

)
T̂ − Grc

Re2

(
g

g

)
Ĉi (1.92)

DŶi

Dt̂
=

1

ReSc
∇̂2Ŷi (1.93)

DT̂

Dt̂
=

1

RePr
∇̂2T̂ (1.94)
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In (1.93), Sc denotes the Schmidt number while in (1.92), Grc denotes the concentration
Grashof number. They are defined as follows:

Sc =
µ

ρD
=
ν

D
and Grc =

gη(Ci1 − Ci0)l
3
0

ν2
(1.95)

Similarly to the thermal Rayleigh number Ra, a concentration Rayleigh number Rac can
be defined as [43]:

Rac = GrcSc =
gη(Ci1 − Ci0)l

3
0

νD
(1.96)

However, in practice, (1.96) is rarely used. Instead, a definition of the concentration
Rayleigh number based on the density difference of the whole mixture across the domain
of interest is directly employed [26]:

Rac =
g(ρ1 − ρ0)l

3
0

µD
(1.97)

As we can see from system (1.91)-(1.94), the equations describing heat and mass transfer
exhibit strong similarities. This similarity is widely used in practice. Indeed, conducting
measurements related to heat transfer presents numerous challenges. Consequently, a
more straightforward approach is to consider an analogous mass transfer process, which
is easier to measure. This allows the development of correlations between the differ-
ent dimensionless numbers related to mass transfer, which can then be converted into
correlations for the dimensionless numbers associated with heat transfer [44]. Table 1.3
highlights these various analogies. Note that we also added the Nusselt number Nu and
the Sherwood number Sh for completeness. They are used to characterize a heat and
mass transfer between a fluid and an interface, respectively. The symbols hh and hm de-
note the convective heat transfer coefficient and the convective mass transfer coefficient,
respectively.

Heat transfer system Mass transfer system

Prandtl number Pr = ν
κ

Schmidt number Sc = ν
D

Grashof number Gr = gβ∆TL3

ν2
Grashof number Grc =

gL3

ν2
∆ρ
ρ

Rayleigh number Ra = gβ∆TL3

νκ
Rayleigh number Rac =

gL3

νD
∆ρ
ρ

Nusselt number Nu = hhL
λ

Sherwood number Sh = hmL
D

Table 1.3: Dimensionless groups for analogy systems.

Finally, the Lewis number is defined as the ratio of thermal diffusivity to mass diffu-
sivity:

Le =
Sc

Pr
=
κ

D
(1.98)

This dimensionless number is used when heat and mass transfer occur simultaneously. It
relates the thickness of the thermal boundary layer to that of the concentration boundary
layer.
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Chapter 2

Numerical setup

This chapter provides the models for evaporation, head loss in the assemblies, and heat
dissipation from the assemblies. We then provide the dimensions of the computational
domain and present the mesh generation process. Next, we describe how the solver
handles the Navier-Stokes equations, followed by a discussion of the turbulence model
selection. Finally, a brief description of the implemented user subroutines is given.

2.1 Computational domain

Figure 2.1 illustrates the geometry of the problem. The computational domain consists
of a parallelepiped representing the pool, with a rack of spent fuel assemblies located at
the bottom. In this study, we will consider a single rack composed of 8x8 assemblies. The
fluid region above the assemblies will be referred to as the bulk, while the space between
the rack and the pool walls is termed the gap. The letter H denotes a height, while W
denotes a width. Finally, the subscript "a" refers to an assembly. Since two distinct
geometries will be considered, the specific dimensions will be provided later.

Hpool

Wpool
Wpool

y

x

z

Ha

Hbulk

Hgap

Wgap

Wa

x

z

Figure 2.1: Computational domain. On the left, a 3D view of the geometry; on the right, a
cross-section in the x-z plane. The figure is not to scale. Attention is drawn to the coordinate
system used, where the z-coordinate increases from the bottom to the top of the domain.
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2.2 Initial and boundary conditions

In normal operating conditions, the water temperature cannot exceed 45°C, while the
ambient air temperature cannot exceed 26°C [45]. In this study, the initial water temper-
ature is set to 30°C, corresponding to the normal operating conditions of the La Hague
pools [46]. For the air, the temperature is set to 25°C. Additionally, the water is consid-
ered initially quiescent (i.e. motionless everywhere).

Regarding the boundary conditions, the four lateral walls and the bottom of the
pool are considered adiabatic (i.e. no heat flux). The upper boundary, representing the
free surface of the water, is modelled as a shear-free surface with a non-zero Neumann
boundary condition to account for evaporation. Therefore, the free surface is the only
boundary of the domain allowing heat exchange with the surroundings.

2.3 Modelling the evaporation

For specified thermal conditions at the free surface and for given ambient conditions, the
evaporation rate is determined by the gas-side transport phenomena, as the flow of air
above the pool dictates the convective behaviour of heat and mass transfer at the inter-
face. However, this study focuses on the thermal mixing on the water side, specifically
the mixing of water driven by natural convection induced by the heat generated by the
fuel rods at the bottom of the pool. As a result, only the water flow within the pool is
simulated, and the air above is not explicitly considered. Consequently, the evaporation
at the free surface needs to be modelled.

In this study, we will use the mathematical model developed by Hay [10] to quantify
the evaporation rate at the free surface. As previously mentioned, this model treats the
free surface as a shear-free surface, where a non-zero Neumann boundary condition is
applied to account for the heat flux across the interface. It is important to stress that
this model assumes a quiescent air side environment, which is physically reasonable in
the context of deactivation pools.

By performing an energy balance, it is evident that the heat added to the interface
from the water side, q̇′′added, is equal to the heat lost to the ambient gas side environment,
q̇
′′

lost. Since, according to the model assumptions, there is no fluid motion at the free
surface, heat transfer from the water side (q̇′′added) occurs solely by conduction [26]. On
the other hand, heat losses to the gas side can occur through convection (q̇′′conv) and latent
heat losses due to evaporation (q̇′′evap). Consequently, the energy balance is written as:

−λw,int
∂T

∂z

∣∣∣∣
w,int

= q̇
′′

conv + q̇
′′

evap (2.1)

with λw,int the thermal conductivity of water at the mean interface temperature Tint.
Note that in this section, the terms interface and free surface will refer to the same con-
cept and will be used interchangeably. Moreover, the thermal conductivity λw,int will be
retained on the left-hand side of (2.1) to remain consistent with the implementation in
Code_Saturne, but we will elaborate on this later.
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As mentioned in Section 1.6.2, the evaporation model developed by Hay [10] assumes
that, on the gas side, the transition from the interface conditions to those far from the
surface occurs within a finite thickness layer, referred to here as a film. This film consists
of a binary mixture of water vapour and air. It is now appropriate to introduce some
notations. The subscripts "w", "v", and "a" refer to physical properties related to water,
water vapour, and air, respectively. The subscripts "int", "f", and "∞" denote proper-
ties at the interface, within the film, and in the air far from the interface, respectively.

We will now develop the expressions for the two terms on the right-hand side of 2.1.
Note that thermophysical properties such as density, heat capacity, dynamic viscosity, and
thermal conductivity of water, water vapour, and air, in the film or far from the interface,
will be provided in Section 2.4 to avoid overloading the current developments. The
kinematic viscosity ν and thermal diffusivity κ can be computed from these properties.

2.3.1 Latent heat losses

By expanding the term q̇
′′
evap, we get:

q̇
′′

evap = ṁ
′′

evaphlv (2.2)

with ṁ′′
evap the evaporative mass flux and hlv interface-temperature-dependent latent heat

of evaporation. The latter can be calculated using Watson’s relation [47]:

hlv = href

(
Tc − Tint
Tc − Tref

)0.38

(2.3)

where Tc is the critical temperature and the subscript "ref" denotes properties at the
normal boiling point. For water, we have Tc = 647.096K [48], Tref = 373.15K and
href = 2257 kJ/kg [26]. The evaporative mass flux, on the other hand, is given by [10]:

ṁ
′′

evap = Sh
ρfDf

Lc

log(1 +Bm) (2.4)

In this expression, Lc denotes the characteristic length of the transfer surface, defined as
the ratio of the transfer surface area to the transfer surface perimeter1 [49], Bm the mass
transfer driving force and Df the film mass diffusivity for the binary mixture of air and
vapour. The latter is given by [50]:

Df = 1.87× 10−10
T 2.072
f

p0
(2.5)

with p0 the pressure far from the interface, in units of atmospheres. The film temperature
Tf is taken as the average of the temperatures at the interface and far from the interface
(Tf ≈ (Tint + T∞)/2). On the other hand, the mass transfer driving force reads [51]:

Bm =
Yv,∞ − Yv,int
Yv,int − 1

(2.6)

with Yv the mass fraction of water vapour.

1In our case, the characteristic length is given by Lc = Wpool/4 (see Figure 2.1).
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The mass fraction of water vapour can be determined from the water vapour pressure
as follows:

Yv,⋆ =
pv,⋆Mw

pv,⋆Mw + (p0 − pv,⋆)Ma

(2.7)

where the subscript "⋆" may refer to the interface ("int"), the film ("f"), or the gas side
far from the interface ("∞") and Mw and Ma are respectively the molar masses of water
and air. Furthermore, we emphasize that in (2.7), p0 is expressed in Pascals. To evaluate
the water vapour pressure, one can use the following expression [48]:

pv = pc exp

(
Tc
T

(
a1τ + a2τ

1.5 + a3τ
3 + a4τ

3.5 + a5τ
4 + a6τ

7.5
))

(2.8)

with pc = 22.064MPa, the critical pressure of water and τ = 1 − T/Tc. The value of the
different coefficients is given in Table 2.1.

a1 a2 a3 a4 a5 a6

-7.85951783 1.84408259 -11.7866497 22.6807411 -15.9618719 1.80122502

Table 2.1: Coefficients in (2.8).

Finally, the Sherwood number can be computed using the following correlation [52]:

Sh = 0.23Sc0.33Rac
0.321 (2.9)

where the Schmidt number and concentration Rayleigh number are given by:

Sc =
µf

ρfDf

and Rac =
g(ρ∞ − ρint)L

3
c

µfDf

(2.10)

The density ρint in (2.10) denotes the density of the binary mixture of water vapour and
air at the interface and is given by:

ρint =
pv,intMw

RTint
+

(p0 − pv,int)Mw

RTint
(2.11)

As a final remark, it was assumed that Le = 1, indicating that the thicknesses of the
concentration and thermal boundary layers above the interface are equal. Therefore, one
can use a gas-side concentration Rayleigh number defined using properties based on the
local water vapour mass fraction and temperature [10].

2.3.2 Convective heat losses

The convective heat flux can be expressed as follows:

q̇
′′

conv = hh(Tint − T∞) (2.12)

where hh is the heat transfer coefficient. The latter can be estimated from the following
correlation for a horizontal flat surface that is warmer than the ambient air above [53]:

hhLc

λf
= Nu = Sh = 0.54Ra0.25 (2.13)

In (2.13), we used the fact that Nu = Sh since we consider that Le = 1 [54]. Consequently,
and developing the expression for the thermal Rayleigh number, we get:

q̇
′′

conv = 0.54λf

(
gβ∞
κfνfLc

)0.25

(Tint − T∞)1.25 (2.14)
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2.3.3 Computational aspect

It is important to note that in our simulations, the evaporative mass flux in (2.4), the
latent heat losses in (2.2), and the convective heat losses in (2.14) are computed locally,
i.e. for each cell located on the free surface. Consequently, the boundary condition in
(2.1) is also defined locally. To enable a simplified analysis, the free-surface temperature,
the evaporative mass flux, and both types of heat fluxes are subsequently area-averaged.
For a given quantity ϕ, the area-averaged value is computed as follows:

⟨ϕ⟩S =
1

A

∫
S

ϕdA =
1

A

∑
i∈N

ϕi |Ai| (2.15)

where N is the set of all cells on the free surface. We emphasize here that ⟨ϕ⟩ refers
strictly to an area-averaged quantity, not a time-averaged one. In what follows, the no-
tation ⟨ϕ⟩xy will be used to denote an area-averaged quantity over the free surface.

As for the total evaporated mass or volume over the entire free surface, the contri-
bution from each cell is simply summed. From this point onwards, we will refer to this
quantity directly, without introducing any specific notation.

2.3.4 Free surface descent

As water evaporates, the free surface gradually lowers. To model this descent, the entire
geometry must be remeshed. However, at each computation step, the amount of evap-
orated volume is minimal. Therefore, performing a remeshing procedure at every time
step would result in significant computational costs with little to no noticeable effect on
the behaviour of the flow. Consequently, we chose to reduce the height of the computa-
tional domain, i.e. the height of the mesh, only when 0.5% of the remaining volume has
evaporated. As a result, at any given moment, we distinguish between the height of the
computational domain HC and the height of the free surface HS , which represents the
free-surface level that would result from the actual evaporated volume. In order to fix
ideas, let tn represent the time after n time steps. We suppose that the solution is known
at tn. Also, let ∆tn be the current time step, i.e. ∆tn = tn+1 − tn. The volume that has
evaporated during the current time step is given by:

V tn

evap =
∑
i∈N

∆tn
ṁ

′′
evap,iAi

ρint,i
(2.16)

where N is the set of all cells on the free surface. A cumulative evaporated volume is
then defined, which sums the evaporated volumes at each time step:

V Σ
evap =

∑
tn

V tn

evap (2.17)

Since the volume of water inside the pool Vw is known, the fraction of evaporated volume
fevap can be calculated as:

fevap =
V Σ
evap

Vw
(2.18)

If fevap is less than 0.005, then the fraction of evaporated volume has not reached the
threshold fraction, and therefore no remeshing is performed. However, if fevap is greater
than 0.005, a remeshing procedure must be applied. This procedure will be explained in
what follows.
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We now consider that the geometry must be remeshed. Accordingly, the height of
the computational domain must be multiplied by a shrink factor fshrink = 1 − fevap. In
other words, H tn+1

C = fshrink · H tn

C . The most straightforward implementation would be
to multiply the z-coordinate of each vertex by this factor, distributing the deformation
uniformly over the entire mesh height in order to avoid significantly altering the aspect
ratio of certain cells. However, this approach does not take into account the presence of
the assemblies at the bottom of the pool. As we will detail later, these assemblies are
characterized by a porosity profile, a volumetric heat generation profile, and head losses.
Numerically, we therefore want to avoid modifying these zones. Consequently, we choose
to deform only the part of the mesh above the assemblies and to introduce a progressive
deformation starting from the free surface. To clarify, let z denote the coordinate of a
vertex before deformation, and z′ its coordinate after deformation. We can then write:

z
′
=

{
z if z < za,top
[1− (1− fshrink)h(s)] · z else where s =

z − za,top
H tn

C − za,top
(2.19)

with za,top the z-coordinates of the top of the assemblies, H tn

C the height of the compu-
tational mesh after n time steps and h(s) a function to be specified. The idea behind
introducing this function is that it equals 0 just above the assemblies (no deformation)
and 1 at the free surface (maximum deformation). This function must be monotoni-
cally increasing, and its slope dictates the local deformation rate of the cells. Therefore,
h(s) = sk seems like a straightforward choice. In our case, we chose k = 2 to avoid exces-
sive deformation of the cells near the free surface. Figure 2.2 illustrates the deformation
obtained after three consecutive remeshing steps using this method.

Figure 2.2: In black, a simplified representation of the undeformed mesh. In blue, the
deformation obtained by multiplying the z-coordinates of all vertices by fshrink. In green, the
deformation following the procedure detailed above. The red dashed line indicates the top of the
assemblies.

At the end of the deformation, V Σ
evap is reset to zero, HC is updated, and the mesh

is recalculated with the new vertex coordinates to update various quantities, such as
the water volume Vw. From a purely numerical perspective, the coordinates of the cell
centres, their volumes, the areas of the various cell faces, and other related quantities are
obviously recalculated as well.
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2.4 Fluid properties

We will now provide the thermophysical properties of water, water vapour, and air, as
well as the procedure to determine the thermophysical properties of the binary mixture
in the film. In general, for a temperature-dependent property ϕ, a 4th-order polynomial
is used to model this quantity:

ϕ(T ) =
4∑

i=0

αiT
i for T ∈ [273.15; 373.15]K (2.20)

The CoolProp database and library were used to obtain the thermophysical property
data needed to fit these polynomials [55].

2.4.1 Water properties

The polynomial fits for the heat capacity, the thermal expansion coefficient, the dynamic
viscosity and the thermal conductivity of water are represented in Figure 2.3. The co-
efficients used for these fits are given in Table 2.2. Those polynomial fits constitute the
equations of state that allow us to close the system of equations under the Oberbeck-
Boussinesq approximation given in (1.71) and (1.73).
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Figure 2.3: Thermophysical properties of water as a function of temperature.
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cpw [J/kgK] βw [K−1] µw [Ns/m2] λw [W/mK] ρw [kg/m3]
α0 4.105× 104 −8.876× 10−2 4.604× 10−1 −6.607 −1.138× 103

α1 −4.376× 102 1.005× 10−3 −5.325× 10−3 7.667× 10−2 2.396× 101

α2 1.948 −4.293× 10−6 2.321× 10−5 −3.143× 10−4 −9.930× 10−2

α3 −3.858× 10−3 8.223× 10−9 −4.507× 10−8 5.911× 10−7 1.826× 10−4

α4 2.872× 10−6 −5.922× 10−12 3.288× 10−11 −4.266× 10−10 −1.293× 10−7

Table 2.2: Coefficients for the thermophysical properties of water.

If the Oberbeck-Boussinesq approximation is not applied, an equation of state is
required for the density in order to close the system given in (1.23)-(1.25). Similarly to
the other properties, a polynomial fit is used for this purpose. This fit is shown in Figure
2.4, and the coefficients are provided in Table 2.2.
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Figure 2.4: Water density as a function of temperature.

This equation of state will allow us to assess the validity of the condition stated
in (1.74) for the Oberbeck-Boussinesq approximation. Recalling that the initial water
temperature is taken at 303.15K (see Section 2.2) and that the temperature can go up
to a maximum of 373.15K, we obtain:

∆ρ

ρ0
≈ 0.037 ≪ 1 (2.21)

Therefore, we can consider the Oberbeck-Boussinesq approximation as valid.

2.4.2 Air properties

In Section 2.2, we set the ambient air temperature to 298.15K. Additionally, we consider
a relative humidity of 40% and an ambient pressure of one atmosphere. Using these
conditions, the partial pressure of water vapour far from the interface and the air density
can be calculated [10]. Finally, considering air as a perfect gas, the thermal expansion
coefficient is simply given by β∞ = 1/T∞. These values are listed in Table 2.3.

T∞ [K] p0 [Pa] pv,∞ [Pa] ρ∞ [kg/m3] β∞ [K−1]
298.15 101325 1270 1.18 3.354 ×10−3

Table 2.3: Gaseous mixture properties far from the interface.
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Regarding the other thermophysical properties of air, the heat capacity is assumed
constant and taken at 1007 J/kgK2. For the dynamic viscosity and the thermal conduc-
tivity, polynomial fits are shown in Figure 2.5, with the corresponding coefficients listed
in Table 2.4.
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Figure 2.5: Thermophysical properties of air as a function of temperature.

µa [Ns/m2] λa [W/mK]
α0 −4.594× 10−7 −1.201× 10−3

α1 8.474× 10−8 1.166× 10−4

α2 −9.654× 10−11 −1.099× 10−7

α3 9.790× 10−14 1.071× 10−10

α4 −4.689× 10−17 −4.931× 10−14

Table 2.4: Coefficients for the thermophysical properties of air.

2.4.3 Water vapour properties

To determine the thermophysical properties of a fluid, one must specify its thermody-
namic state. For instance, temperature and pressure can be provided. In Section 2.4.1,
the properties of water were evaluated at various temperatures and at a pressure of 1
atmosphere. Given that water is an almost incompressible fluid, this approach is ap-
propriate. Similarly, the properties of air in Section 2.4.2 were also determined at 1
atmosphere. This choice is entirely valid since the pressure p0 remains constant.

However, for water vapour, we cannot assume a fixed pressure over the entire temperature
range. Since water vapour is considered saturated, its properties must be determined
using the saturation pressure corresponding to the given temperature. To this end, we
can use (2.8). The partial pressure of water vapour, along with the polynomial fits for
the heat capacity, the dynamic viscosity, and the thermal conductivity are then shown in
Figure 2.6, with the corresponding coefficients provided in Table 2.5.

2Indeed, over the temperature range from 0°C to 100°C, the heat capacity of air varies by only 0.49%.
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Figure 2.6: Partial pressure and thermophysical properties of water vapour as a function of
temperature.

cpv [J/kgK] µv [Ns/m2] λv [W/mK]
α0 3.296× 103 1.836× 10−5 2.484× 10−2

α1 −2.567× 101 −1.551× 10−7 −2.484× 10−4

α2 1.585× 10−1 7.056× 10−10 1.486× 10−6

α3 −4.193× 10−4 −1.162× 10−12 −3.337× 10−9

α4 4.168× 10−7 7.154× 10−16 3.037× 10−12

Table 2.5: Coefficients for the thermophysical properties of water vapour.

Note that with CoolProp, it is necessary to explicitly specify the gaseous phase, as
using the saturation pressure corresponds to the curve separating the liquid and gaseous
phases in the phase diagram.

2.4.4 Film properties

We will now present the method used to determine the thermophysical properties within
the film, which are necessary for the developments in Section 2.3. This approach follows
the evaporation model described in [10].
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Film density

The film density is directly computed using the following relation:

ρint =
pv,fMw

RTf
+

(p0 − pv,f )Mw

RTf
(2.22)

where the partial pressure of water vapour inside the film pv,f is computed using (2.8).

Film heat capacity

The heat capacity in the film is simply obtained as a mass-weighted average using the
film mass fraction Yv,f :

cpf = Yv,fcpv,f + (1− Yv,f )cpa,f (2.23)

where Yv,f is computed using (2.7), and cpv,f and cpa,f denote cpv and cpa evaluated at Tf .
These last two are given in Sections 2.4.3 and 2.4.2 respectively.

Film dynamic viscosity

The dynamic viscosity for gas mixtures reads [56]:

µf =
xa,fµa,f

xa,fξ11 + xv,fξ12
+

xv,fµv,f

xa,fξ21 + xv,fξ22
(2.24)

where xa,f and xv,f are the molar fractions of air and water vapour in the film, respectively.
Their expressions are given by:

xa,f =
1− Yv,f

1 +
(

Ma

Mw
− 1
)
Yv,f

(2.25)

xv,f = 1− xa,f (2.26)

Finally, the expression for ξij is given by:

ξij =

[
1 +

(
µi

µj

)1/2 (
Mj

Mi

)1/4
]2

√
8
(
1 + Mi

Mj

) (2.27)

with i and j being either "a" or "v". Note that Yv,f is once again computed via (2.7)
while µa,f and µv,f denote µa and µv evaluated at Tf . These last two are given in Sections
2.4.3 and 2.4.2 respectively.

Film thermal conductivity

The following approximate formula for the thermal conductivity of gas mixtures will be
used [57]:

λf =
λa,f

1 +G12
xv,f

xa,f

+
λv,f

1 +G21
xa,f

xv,f

(2.28)

with xa,f and xv,f the molar fractions of air and water vapour in the film, which are
computed using (2.25) and (2.26).
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The values of Gij is then computed by:

Gij =
1.065

2
√
2

(
1 +

Mi

Mj

)− 1/2
[
1 +

(
µiMj

µjMi

)1/2(
Mi

Mj

)1/4
]2

(2.29)

with i and j being either "a" or "v". In (2.28) λa,f and λv,f denote λa and λv evaluated
at Tf . These last two are given in Sections 2.4.3 and 2.4.2 respectively.

2.5 Porosity and head loss due to the assemblies

A typical French PWR fuel assembly consists of 264 fuel rods, 24 guide tubes, and one
instrumentation tube [7]. The transverse cross-section of one such assembly is shown in
Figure 2.7.

Figure 2.7: Fuel assembly. Transverse arrangement of the fuel rod lattice. On the left, a
transverse cross-section; on the right, a detailed view of a typical cell. This figure is adapted
from [7].

When the assemblies are immersed at the bottom of a deactivation pool, the space
between the rods is filled with water. Instead of using an extremely refined mesh around
the assemblies to model the 289 rods and then solving the equations within this complex
geometry, which would significantly increasing computational times, a common approach
is to model an assembly as a porous medium. A portion of the total volume of the
assembly, also known as the porous volume Vp, is divided into a fluid volume Vf and a
solid volume Vs. The porosity is then defined as:

ϕ =
Vf
Vp

(2.30)

With reference to Figures 2.1 and 2.7, we have Wa = 214mm and dt = 9.5mm, with Wa

the width of an assembly and dr the diameter of a rod. Consequently, the porosity of a
typical assembly is given by:

ϕa =
Vp − Vs
Vp

=
HaW

2
a − nrπ(dr/2)

2Ha

HaW 2
a

≈ 0.55 (2.31)

where nr is the number of rods inside an assembly and Ha is the height of an assembly,
set to 4m [7].
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An assembly can be represented as a porous medium, but it is important to keep in
mind that in reality, the fluid experiences friction against the various rods, resulting in
head losses. Consequently, one must model these head losses. This can be done through
the velocity head loss tensor K in (1.27), which, due to the anisotropic nature of the
geometry of an assembly, is defined as:

K =

Kxx 0 0
0 Kyy 0
0 0 Kzz

 (2.32)

We must now determine an expression for Kxx, Kyy and Kzz. We will begin by determin-
ing Kzz, which represents the head loss in the axial direction of the rods. To achieve this,
we will follow the model developed by Todreas et al. [58, 59]. The mechanical energy
loss over a length L per unit fluid volume due to friction is then expressed similarly to
that of flow in a pipe:

∆p

L
=

fD
Dh,b

ρV 2
b

2
(2.33)

where fD is the Darcy friction factor, which will be developed for the particular geometry
of an assembly, Dh,b is the hydraulic diameter of the cross-section occupied by the fluid
around the rod bundle, and Vb is the average axial velocity over this cross-section. The
friction factor is then defined as proportional to the Reynolds number of the bundle Reb,
up to a bundle friction coefficient Cf,b that still needs to be determined:

fD =
Cf,b

Reb
n with Reb =

ρVbDh,b

µ
(2.34)

The coefficient Cf,b and the exponent n in (2.34) will then depend on the flow regime,
whether it is laminar or turbulent so that fD is defined piecewise by:

fD =


Cf,b,L

Reb
for Reb ≤ Reb,L

Cf,b,L

Reb
(1−Ψ)γ +

Cf,b,T

Reb
0.18Ψγ for Reb,L < Reb < Reb,T

Cf,b,T

Reb
0.18 for Reb ≥ Reb,T

(2.35)

where Reb,L denotes the end of the laminar regime, Reb,T the beginning of the turbulent
regime, and Ψ is an intermittency factor defined as:

Ψ =
log10(Reb)− log10(Reb,L)

log10(Reb,T)− log10(Reb,L)
(2.36)

For an assembly with the dimensions depicted in Figure 2.7, the different values constants
in 2.35 are given in Table 2.6. The exponent γ in (2.35) is adjusted to minimize the root
mean square of the prediction error in the transition regime [59]. The procedure used to
determine the other constants is detailed in Appendix A.

Cf,b,L Cf,b,T Reb,L Reb,T γ

110.971 0.148 1083.27 16920.81 0.33

Table 2.6: Value of the different constants for the head loss model.
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In the case of purely natural convection flow within the assemblies, it is unlikely that
the flow reaches a fully turbulent regime. However, transitional flow may still occur.
Since the expression for fD in this transitional regime depends on Reb,T, we have chosen
to implement the complete model. Figure 2.8 depicts the expression of fD in (2.35) as a
function of Reb.
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Figure 2.8: Darcy friction factor for the axial flow inside a rod bundle as a function of the
bundle Reynolds number.

With the Darcy friction factor now determined, we can obtain the Kzz component of
the head loss tensor K based on expressions (2.33) and (1.27):

Kzz = 0.5
fD
Dh,b

|Vb| (2.37)

Note that in equation (2.37), the porosity is not accounted for because it is included in
equation (1.27). However, when the components of the head loss tensor K are defined
via a user subroutine in Code_Saturne, the porosity is not considered in (1.27) and must
therefore be included in (2.37). Practically, this simply means that (2.37) must be mul-
tiplied by the porosity ϕ.

Regarding the terms Kxx and Kyy, which represent the head losses in the transverse
direction of the rods, limited experimental data is available, and no applicable correlation
for our situation has been found. Therefore, a value 1000 times that of Kzz has been
arbitrarily chosen:

Kxx = Kyy = 1000Kzz (2.38)

This assumption implies that no cross-flow will occur within the assemblies. While
this is not entirely accurate, it remains a reasonable approximation because each assembly
is physically separated by walls, meaning that, in practice, cross-flow is negligible. Note
that this approximation has been used in [16]. We will also see later that this assumption
allows for a simplification of the geometry used.
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To conclude this section, we emphasize that, as currently defined, the porosity within
the assemblies is set to ϕa, while it instantaneously transitions to a porosity of one outside
the assemblies. This abrupt change can lead to discontinuities or numerical instabilities
in view of equations (1.26)-(1.28). To avoid such problems, a smooth porosity profile was
implemented. In this approach, the porosity gradually decreases from unity at the assem-
bly boundaries to the assigned value ϕa within the assemblies over a transition distance
denoted as λϕ. A hyperbolic tangent profile was chosen for the porosity distribution,
defined as:

ϕ(z) = ϕa +
1− ϕa

2

[
2− tanh

(
2π(z − z− − λϕ/2)

λϕ

)
+ tanh

(
2π(z − z+ + λϕ/2)

λϕ

)]
(2.39)

where λϕ was arbitrarily taken at 3.5% of Ha and z− and z+ denote the lower and upper
boundaries of the assemblies, respectively. Furthermore, it is important to note that this
porosity profile was established only along the z-direction, since flow at the boundaries
of the assemblies is solely possible in this direction, as the assemblies are physically
separated by walls.

2.6 Heat dissipation of an assembly

The objective of this section is to develop a model to quantify the heat dissipation of the
various assemblies. To begin with, let us consider a single fuel rod. Since heat generation
is directly related to the neutron flux within the fuel rod, the heat profile is expected to
be non-uniform along the axial direction. Indeed, as the neutron flux follows a sinusoidal
distribution, the heat flux can also be considered sinusoidal. In contrast, the radial de-
pendency can be neglected [60]. However, as the fuel undergoes burnup, meaning that it
gradually consumes fissile material while generating energy, the heat generation profile
tends to flatten in the central region over time [61].

We will then assume that the heat dissipation of an entire assembly can be approxi-
mated by that of a single fuel rod. Consequently, the volumetric heat generation within
the solid part of the assemblies (i.e. the fuel rods, as opposed to the fluid-filled region),
denoted as q′′′s , will have the following form for a sinusoidal profile:

q
′′′

s (z) = A sin

(
πz

Ha

)
(2.40)

whereas for a flattened profile, due to burnup, a parabolic form will be used:

q
′′′

s (z) = B

[
−
(
z − Ha

2

)n

+

(
Ha

2

)n]
(2.41)

where the constants A and B have to be determined, as well as the exponent n in (2.41).
To do so, we can, by definition of the volumetric heat generation, establish a relationship
between A and B and the power Pa of an assembly. Indeed, we have:

Pa =

∫
Vs

q
′′′

s (z)dV =

∫
Vp

(1− ϕa)q
′′′

s (z)dV = (1− ϕa)W
2
a

∫ Ha

0

q
′′′

s (z)dz (2.42)

where it was assumed that the porosity ϕa is constant in the assemblies for simplicity.
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Consequently, by substituting expressions (2.40) and (2.41) into (2.42), one can easily
solve the integral and explicitly determine the constants A and B as functions of Pa,
which yields:

A =
Pa

(1− ϕa)W 2
aHa

and B =
2n(n+ 1)Pa

n(1− ϕa)W 2
aH

n+1
a

(2.43)

We now need to determine a value for Pa. To do so, real data can be used, and we
will rely on information from spent fuel pools of French nuclear power plants. Available
to us are the maximum thermal power in the pools of various French PWR plants as well
as the maximum number of assemblies that can be stored [6]. By averaging these data,
the average maximum thermal power and the average maximum number of assemblies
can be obtained:

Pav,max = 11.3MW and Nav,max = 480 (2.44)

Since we know that there are 264 fuel rod in a single assembly and the geometry of
a typical assembly is as described in Section 2.5, the total volume of fuel rods can be
determined, which allows us to determine the average maximal volumetric heat generation
inside the fuel rods:

q
′′′

s,av,max =
Pav,max

Vtot,fuel rods
≈ 315 kW/m3 (2.45)

The power Pa in (2.42) and (2.43) of a single assembly can thus be estimated as follows:

Pa = (1− ϕa)W
2
aHaq

′′′

s,av,max (2.46)

For a typical PWR assembly, this results in an estimated power of approximately 26 kW.
Figure 2.9 then illustrates the sinusoidal heat profile, the parabolic profile with n = 43,
as well as a constant profile based on the value of q′′′s,av,max.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
z [m]

0

100

200

300

400

500

He
at

 so
ur

ce
 [k

W
/m

3 ]

Constant profile
Sinusoidal profile
Parabolic profile

Figure 2.9: Comparison of different volumetric heat generation profiles.

3The value n = 4 was chosen somewhat arbitrarily. It corresponds to the exponent that provides a
profile similar to those observed in [61].
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To conclude this section, it is important to emphasize that we have modelled here q′′′s ,
the heat generated within the fuel rods, and not the source term q

′′′

f in the fluid present
in equation (1.28) solved in our study. Strictly speaking, an additional equation should
be introduced to solve the temperature field within the fuel rods, and then determine a
convective heat transfer coefficient h∗h4, to quantify the heat transfer from the fuel rods
to the fluid, as shown below:

∂(ϕρcpT )

∂t
+∇ · (ϕρcpuT ) = ∇ · (ϕλ∇T ) + h∗h(Ts − T ) (2.47)

∂((1− ϕ)ρscpsTs)

∂t
= ∇ · ((1− ϕ)λ∇T )− h∗h(Ts − T ) + q

′′′

s (2.48)

Note that in (2.47) and (2.48), the heat transfer coefficient h∗h has to be expressed in
W/m3K and its expression must be such that this coefficient is zero in the pure-fluid
region, i.e. where ϕ = 1.

In our case, for simplicity, we will not solve (2.48). Instead, we will directly use q
′′′
s

expressed per unit volume of fluid to model q′′′f , which leads to:

q
′′′

f =
1− ϕa

ϕa

q
′′′

s (2.49)

2.7 Geometries and case studies

So far, we have not provided the dimensions of the computational domain and have lim-
ited ourselves to presenting the dimensions of a typical fuel assembly used in a PWR.
This was done to avoid confusing the reader in the previous developments. Indeed, as
mentioned before, the present study will consider two distinctly different geometries: a
two-dimensional (2D) geometry and a three-dimensional (3D) geometry.

The 2D geometry was originally developed by [18] and later reused by [19]. We
will also reuse the mesh created for this geometry. However, this 2D geometry was not
fixed according to the typical dimensions of PWR fuel assemblies as provided in Section
2.5. Consequently, some values, such as the porosity, will be adjusted accordingly. On
the other hand, the 3D geometry has been developed based on the dimensions given in
Section 2.5. The various dimensions for both geometries are provided below, along with
the different case studies defined for each geometry.

2.7.1 Domain dimensions and meshes

Two-dimensional geometry

The 2D geometry is shown on the right side of Figure 2.1. The various dimensions are
listed in Table 2.7.

Hgap Ha Hbulk Hpool Wgap Wa Wpool

0.16m 4m 8m 12.16m 0.16m 0.2m 1.992m

Table 2.7: Dimensions of the two-dimensional geometry.

4This coefficient is expressed by unit volume, not by unit surface.
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It is important to mention that in the 2D geometry, each assembly is physically separated
by a wall with a thickness Wwall of 8mm. This explains the total width of the pool, which
is calculated as follows:

Wpool = 2×Wgap + 8×Wa + 9×Wwall = 1.992m (2.50)

Regarding the mesh, the reader is invited to refer to [18] for detailed information
regarding its development. Here, we will limit ourselves to a brief description, highlight-
ing its main characteristics. The mesh consists of approximately 1.6 million cells, each
with uniform dimensions of 4mm in the x-direction, 4mm in the z-direction, and 2mm
in the y-direction5. Since this is a 2D geometry, there is only one cell along the y-direction.

Concerning the porosity within the assemblies, its value is slightly modified, resulting
in a value of ϕa = 0.5. For the power Pa of a single assembly, we obtain 25.2 kW. Finally,
with respect to head losses, the differences in dimensions result in negligible variations in
the model parameters. Therefore, the coefficients presented in Section 2.5 are retained.

Three-dimensional geometry

The 3D geometry is shown on the left side of Figure 2.1. Given the actual dimensions
of the geometry, creating a mesh with a sufficient level of refinement would result in
an enormous number of cells, making the problem practically unsolvable due to the
computational power at our disposal. Therefore, a choice was made to consider a 1/10
scale geometry, allowing us to maintain a cell count comparable to the 2D geometry, as
will be explained below. The various dimensions are listed in Table 2.8.

Hgap Ha Hbulk Hpool Wgap Wa Wpool

0.02m 0.4m 0.8m 1.22m 0.02m 0.0214m 0.2112m

Table 2.8: Dimensions of the three-dimensional geometry.

For the 3D geometry, we have, for simplicity, considered the entire 8x8 array of assemblies
as a single volume at the bottom of the pool. In other words, the individual assemblies
are not separated by walls. Additionally, note that the gap between the assemblies and
the walls of the pool has increased from 16cm to 20cm. Hence, the total width of the
pool is given by:

Wpool = 2×Wgap + 8×Wa = 0.2112m (2.51)

Consequently, the condition imposed in (2.38), which states that head losses in the trans-
verse direction are 1000 times higher than those in the axial direction, becomes relevant.
This condition effectively prevents any transverse flow from developing within the assem-
bly region.

Regarding the mesh, a refinement has been applied along the pool walls, as well as
above and below the assemblies. However, in RANS simulations, since all turbulence
scales are modelled, there are no strict conditions for the maximum and minimum cell

5Although the geometry considered is two-dimensional, Code_Saturne, like most CFD solvers, only
handles three-dimensional geometries. A symmetry condition is then imposed to effectively simulate a
two-dimensional configuration.
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sizes. For the minimum size, the y+ coordinate of the cell closest to the wall can provide
a criterion, which will be discussed later. For the maximum cell size, no specific criterion
exists, but obviously, cells cannot be too large either. In our case, several meshes were
tested, and the results were carefully examined. Whenever insufficient refinement was
observed6, the maximum cell size was reduced accordingly. In our case, we also imposed
the condition of maintaining the same total number of cells as in the 2D mesh to avoid
excessive computational time. Taking all these considerations into account, we achieved
a mesh with cell thicknesses of 2mm along the walls increasing to 5mm at the centre of
the domain according to a geometric progression. The mesh was developed using Salome,
a software co-developed by EDF. Figure 2.10 provides its x-z and x-y cross sections.

0.0000 0.1056 0.2112
0.00
0.02

0.42

1.22

0.0000 0.1056 0.2112
0.0000

0.1056

0.2112

Figure 2.10: Cross sections of the 3D mesh. Both figures are at scale. On the left, cross
section in the x-z plane, and on the right, cross-section in the x-y plane. The separations between
the different assemblies are shown in red for visualization purposes. Note that the assemblies are
not physically separated in the mesh.

Lastly, since all dimensions have been scaled down, it is worth mentioning that the
porosity within the assemblies remains at ϕa = 0.55, as stated in Section 2.5. Regard-
ing the head loss model, it also remains unchanged because all dimensions have been
scaled proportionally. However, to maintain the same volumetric heat production in the
assemblies, the power of a single assembly Pa is now 26W.

6When the cells were too large, the solution did not converge. For intermediate cell sizes, we noticed
that some variables exhibited discontinuities or irregular shapes, likely due to numerical instabilities.
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2.7.2 Definition of case studies

We will now define the different cases that will be simulated and analysed in the following
Chapter. These cases differ by the arrangement of hot and cold assemblies at the bottom
of the pool. By hot assembly, we mean an assembly with a higher thermal power than
the cold assemblies. Note that in what follows the parabolic volumetric heat generation
profile, as defined in Section 2.6, is used for every assembly in every case.

Case studies for the two-dimensional geometry

The different heat distributions considered for the two-dimensional geometry are shown
in Figure 2.11. In Case 1, all assemblies are hot, with Pa = 25.2 kW, as mentioned in
Section 2.6. In Cases 2 to 4, the hot assemblies have a power of Pa,hot = 33.6 kW while
the cold assemblies have a power of Pa,cold = 16.8 kW, so as to preserve the same total
power for all assemblies combined. Note that when the assemblies do not all have the
same power, the hot assemblies have a power twice that of the cold ones.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4

Figure 2.11: Different case studies for the 2D geometry, shown in the x-z plane. Hot
assemblies are shown in red, while cold assemblies are shown in blue.

Case studies for the three-dimensional geometry

The different heat distributions considered for the two-dimensional geometry are shown
in Figure 2.12. Similarly to the two-dimensional geometry, Case 1 considers all assemblies
as hot, with a power Pa = 25.2 kW, as mentioned in Section 2.6. For Cases 2 to 4, the
hot assemblies have a power Pa,hot = 34.7W, while the cold assemblies have a power
Pa,cold = 17.3W. This scenario also preserves the total power placed at the bottom of
the pool.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4

Figure 2.12: Different case studies for the 3D geometry, shown in the x-y plane. Hot
assemblies are shown in red, while cold assemblies are shown in blue.
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2.8 Solving the Navier-Stokes equations

2.8.1 Time discretisation of transport equations

At the beginning of a time step, Code_Saturne computes the various physical properties
of the flow, such as density, viscosity, specific heat capacity, etc. Indeed, these properties
may depend on the flow variables, such as temperature, for example. Then, if necessary,
the equations for the turbulent variables are solved. Next, the equations for the scalar
variables are solved. Finally, all variables are updated and a new time step may begin.

To do so, time discretisation is performed using a θ-scheme. One can distinguish an
explicit first-order Euler scheme (θ = 0), an implicit first-order Euler scheme (θ = 1),
and a second-order Crank-Nicolson scheme (θ = 1/2). For the second-order scheme, the
time step ∆t is considered constant. To fix ideas, let us consider the conservative form
of the governing equations. In general, these can be written as:

∂U

∂t
+∇ · F(U,Φ, φ) = S(U,Φ, φ) (2.52)

with U representing the conserved variables (such as mass, momentum in each direction,
or energy), expressed per unit volume, while Φ denotes the physical properties appearing
in the conservation equations of U , and φ represents any other flow variable involved. The
total flux F is composed of a convective flux and a diffusive flux. Finally, S represents a
volumetric source term. The θ-scheme then reads [20, 62]:

Un+1 − Un

∆t
+∇ ·

[
F(Un+θ,Φn+θΦ , φn+θ) + F(Un,Φn, φn)

]
= [S(Φ, φ)]n+θS (2.53)

Equation (2.53) reveals that different θ-schemes are applied within Code_Saturne. Specif-
ically, the code employs distinct schemes for different quantities: θ for the flow variables,
θΦ for the physical properties, and θS for the source terms. For the physical properties,
the scheme reads:

Φn+θΦ = (1 + θΦ)Φ
n − θΦΦ

n−1 (2.54)

While for the source terms, the time discretisation is expressed as:

[S(Φ, φ)]n+θS = (1 + θS)S(Φ
n, φn)− θSS(Φ

n−1, φn−1) (2.55)

Finally, the conserved variables and other flow quantities are discretised as follows:

Un+θ = θUn+1 + (1− θ)Un (2.56)

It should be noted that the description provided above is a simplified version of the
time discretisation actually performed by Code_Saturne. In practice, the code splits the
source terms into implicit and explicit parts, which are treated differently. Here, only the
explicit part has been considered. Moreover, as mentioned, the flux is further divided
into convective and diffusive components. A separate scheme, denoted θF is then used
for the convective flux. We will not delve into these details here. The interested reader
is referred to the Theoretical Guide [20].
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2.8.2 Pressure-based velocity-pressure solver

In fluid dynamics, the Navier-Stokes equations establish a highly non-linear relationship
between the pressure field p and the velocity field u. For compressible flows, this rela-
tionship is managed using the continuity equation as the transport equation for density.
In this case, pressure can be determined using an equation of state p = p(ρ, T ). How-
ever, for incompressible or weakly dilatable flows, where density is constant or slightly
dependent on temperature, pressure and density are decoupled. This absence of a direct
link introduces a constraint. The pressure field must be such that the resulting velocity
field satisfies the continuity equation. Accurately maintaining this constraint is a key
challenge for numerical solvers [63].

Pressure-based solvers, such as the SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm, efficiently resolve this coupling using an iterative approach. These
solvers are widely used in industrial applications due to their robustness, stability, and
strong adherence to conservation laws. The SIMPLE algorithm has been further improved
in a widely used variant called SIMPLEC (Semi-Implicit Method for Pressure-Linked
Equations Consistent). The “C” in SIMPLEC, standing for “Consistent", indicates that
this method ensures better accuracy by modifying the pressure correction equation to
align with the discretisation of the momentum equations. This adjustment reduces the
over-correction of velocity fields, improving convergence.

We will now describe the SIMPLEC algorithm for ordered grids, which corresponds
to the structure of our meshes. To keep the presentation concise, we will focus on the
two-dimensional case, but the method can be easily extended to three dimensions. Our
presentation closely follows the developments in [63]. In this algorithm, the pressure p
and the velocity components u and v are divided into a guessed component, denoted
with a superscript "∗", and a correction component, denoted with a hat symbol " ˆ ".
Additionally, we denote by ϕ the field quantity to be solved for. The different steps of
the algorithm are then as follows:

1. Specify the boundary conditions and guess the initial values.

2. Determine the velocity and pressure gradients.

3. Calculate the pseudo velocities û and v̂:

ai,J ûi,J =
∑
k∈N

aku
∗
k + bi,J (2.57)

aI,j v̂I,j =
∑
k∈N

akv
∗
k + bI,j (2.58)

with N the neighbouring cells, the subscript "i, J" denotes the left or right cell face
of cell i while the subscript "I, j" denotes the top and bottom cell face of cell j. The
momentum source term is noted b. The coefficients ak are coefficients computed
during the pre-processing stage and each cell is assigned such a value.

4. Solve the following equation to get the pressure p:

aI,JpI,J = aI−1,JpI−1,J + aI+1,JpI+1,J + aI,J−1pI,J−1 + aI,J+1pI,J+1 + bI,J (2.59)

5. Set p∗ = p.
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6. Solve the discretised momentum equations to get û and v̂ by using p∗:

ai,Ju
∗
i,J =

∑
k∈N

aku
∗
k + (p∗I−1,J − p∗I,J)Ai,J + bi,J (2.60)

aI,jv
∗
I,j =

∑
k∈N

akv
∗
k + (p∗I,J−1 − p∗I,J)AI,j + bI,j (2.61)

where Ai,J and AI,j denote the left or right and top or bottom cell face area of the
corresponding cell, respectively.

7. Solve the pressure correction equation:

aI,Jp
′

I,J = aI−1,Jp
′

I−1,J + aI+1,Jp
′

I+1,J + aI,J−1p
′

I,J−1 + aI,J+1p
′

I,J+1 + bI,J (2.62)

8. Evaluate the corrected velocities and pressure:

ui,J = u∗i,J + di,J(p
′

I−1,J − p
′

I,J) (2.63)

vI,j = v∗I,j + dI,j(p
′

I,J−1 − p
′

I,J) (2.64)

p = p∗ + p
′

(2.65)

where the quantities d are defined as follows:

di,J =
Ai,J

ai,J
and dI,j =

AI,j

aI,j
(2.66)

9. Solve all other discretised transport equations for the quantities ϕ:

aI,JϕI,J = aI−1,JϕI−1,J + aI+1,JϕI+1,J + aI,J−1ϕI,J−1 + aI,J+1ϕI,J+1 + bϕI,J (2.67)

10. If ϕ shows convergence, the process is stopped. Otherwise, we set p∗ = p, u∗ = u,
v∗ = v and ϕ∗ = ϕ and the whole process is repeated.

2.8.3 Choice of the turbulence model

Choosing an appropriate turbulence model is crucial, as a poor choice can lead to entirely
erroneous results. This selection must be guided by the expected flow characteristics and
by the geometry and mesh used. In our case, the flow under consideration is a buoyancy-
driven flow due to internal heating. Therefore, the formation of a natural flow with
convective cells is expected. Hence, one must take into account that convective cells im-
ply regions with adverse pressure gradients.

As discussed in Sections 1.4.3 and 1.4.4, different turbulence models have inherent limi-
tations. Specifically, the k − ϵ model is unsuitable for natural boundary conditions and
performs poorly near walls. It requires the first cell7 to be located in the fully turbulent
region, i.e. y+ > 30. However, in our case, it was observed that the y+ value of the first
cell of the mesh averaged, over time8, around y+ = 15 for two-dimensional geometry and
around y+ = 5 for the three-dimensional geometry. Consequently, this makes the k − ϵ

7Here, by the first cell, we mean the computation point in the first cell.
8Considering an unsteady simulation, y+ naturally varies with time.
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model clearly inappropriate for both meshes. Furthermore, according to Wilcox [28], this
model is also known to underperform in regions with adverse pressure gradients. On the
other hand, the k − ω model, while more accurate in the near-wall region, is also known
to struggle in the presence of adverse pressure gradients. In fact, this is one of the reasons
that led to the development of the k−ω SST model [36]. The k−ω SST model combines
the strengths of the k−ϵ and the k−ω models while mitigating their weaknesses, making
it a highly versatile choice. Given the nature of our problem, we therefore have opted for
the k − ω SST model, which is well-suited for flows with adverse pressure gradients.

It is worth recalling that the k − ω SST model is inherently a low-Reynolds number
model. As previously mentioned, the value of y+ for the first mesh cell adjacent to the
wall is approximately 15 for the 2D geometry and around 5 for the 3D geometry. In
the context of low-Reynolds models, accurately resolving the near-wall region requires
the first cell to lie within the viscous sublayer, ideally around y+ = 1 [30]. However,
this approach is computationally expensive as it demands a highly refined mesh near the
walls. An alternative strategy consists in placing the first cell at y+ ≈ 30 and applying
an appropriate wall law. In any case, the buffer layer (defined by 5 < y+ < 30) should
ideally be avoided, as it lies in between the linear and logarithmic regions and can lead to
inaccurate turbulence modelling. For this reason, the 3D mesh was specifically designed
so that the first cell lies outside the buffer zone. The 2D mesh, however, does not satisfy
this criterion, as the first cell lies within the buffer region. Fortunately, some wall laws,
such as the one described in (1.63) and illustrated in Figure 1.3, are formulated to remain
valid in the buffer region. These so-called "All y+" wall laws remain valid across the entire
near-wall region. This is the law that we adopted for both geometries9.

2.8.4 Stability conditions

In computational fluid dynamics, for unsteady flows, two main stability conditions must
be satisfied to ensure that the numerical solution remains stable and that convergence is
achieved. These are the Courant–Friedrichs–Lewy (CFL) condition, which applies to the
convective terms, and the Fourier condition (also known as the von Neumann condition),
which applies to the diffusive terms. Both conditions impose a constraint on the time
step ∆t used during the simulation [64]. They are expressed as:

Co = max

(
u∆t

∆x
,
v∆t

∆x
,
w∆t

∆x

)
≤ Comax (2.68)

Fo = max

(
ν∆t

min (∆x,∆y,∆z)2
,

κ∆t

min (∆x,∆y,∆z)2

)
≤ Fomax (2.69)

For explicit solvers, Comax = 1 and Fomax = 0.5, though much smaller values are used
in practice to assure stability (i.e. around 0.3). Implicit solvers, on the other hand, are
generally less sensitive to instabilities and can tolerate larger values. Both explicit and
implicit time integration schemes are supported by Code_Saturne, which allows for more
relaxed stability constraints. According to the Code_Saturne Best Practice Guide [65],
values of Comax = 1 and Fomax = 10 are recommended by default. In our simulations, we
used Comax = 0.6 and Fomax = 10. These values were selected after testing several options,
in order to minimize the total simulation time while maintaining numerical stability.

9Strictly speaking, the 3D geometry would not require such an adaptive law. However, we chose to
apply it nonetheless for the sake of consistency.
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2.9 User subroutines

Before detailing the implementation of each user-defined function, it is useful to re-
call some key aspects of how simulations are parallelized across multiple processors.
Code_Saturne uses the Message Passing Interface (MPI) for this purpose. The computa-
tional domain is divided into several subdomains, each assigned to a separate processor.
The goal is to distribute the workload evenly by ensuring that each processor handles a
roughly equal number of cells.

When two subdomains are adjacent, data from cells located at the boundary of one
subdomain but belonging to the neighbouring one are duplicated. These duplicated cells
are referred to as ghost cells and form what is called the halo of the subdomain. A
specific feature of Code_Saturne is that the halo is split into two distinct parts: the
standard halo, which includes cells that share a face with the local subdomain and are
involved in parallel boundary exchanges, and the extended halo, which contains cells
connected through vertices. The extended halo is mainly used for least squares gradient
reconstruction using an extended neighbourhood [66]. A schematic illustration of the
domain decomposition into subdomains is provided in Figure 2.13.

Figure 2.13: Decomposition of the computational domain into subdomains. Arrows represent
the duplication of data into the halo of each subdomain. This figure is taken from [66].

We now proceed to describe the various user subroutines, listed in alphabetical order.

cs_user_boundary_condition.c

This subroutine computes the evaporation-related quantities at each time step, such as
the evaporative mass flux, the convective and evaporative heat fluxes, the evaporated
mass and volume, and the evaporated volume since the previous mesh deformation. It
also sets the boundary condition at the free surface, as defined in (2.1). We can now
clarify why the thermal conductivity was retained on the left-hand side of the energy
balance: the boundary condition for temperature must be expressed in units of W/m².
Moreover, the associated heat flux is considered negative when it represents a source term
for the fluid [21].

cs_user_extra_operations.c

This subroutine creates a file and writes the evaporation related quantities in it for post-
processing purposes. It also computes area-averaged values of these quantities. The mesh
deformation is also handled by this subroutine. Moreover, at the end of a simulation,
the coordinates of the mesh vertices are written in the checkpoint folder10 along with the
evaporation related quantities.

10In Code_Saturne, at the end of each simulation, every quantity, physical or not, is written in the
checkpoint folder, allowing a new simulation to be restarted from the previous results.
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cs_user_head_losses.c

This subroutine computes the components of the velocity head loss tensor inside the
assemblies as defined in (2.37) and (2.38).

cs_user_initialization.c

This subroutine allocates memory for the evaporation related quantities at the start of
a simulation so that the data can be shared through the different subroutines and the
different processors. In case of a restart, the checkpoint folder is read and the evaporation
quantities are restored.

cs_user_mesh.c

In case of a restart, this subroutine reads the checkpoint folder and the vertices of the
mesh are restored. Then, the mesh is rebuilt from these vertices.

cs_user_parameters.c

This subroutine sets the system of equations to be solved. In our case, it corresponds
either to the Oberbeck–Boussinesq approximation or to the dilatable flow algorithm.

cs_user_physical_properties.c

If the system of equations to be solved is based on the Oberbeck–Boussinesq approxi-
mation, this subroutine defines the thermal expansion coefficient using a fourth-degree
polynomial. The coefficients of this polynomial are provided in Table 2.2. This function
also updates the subdomain’s halo to prevent any errors in the computation of the various
fluxes at the subdomain boundaries.

cs_user_porosity.c

This subroutine sets the prescribed porosity value inside the assemblies with a smooth
transition along the z-direction according to the hyperbolic tangent profile defined in
(2.39). This function also updates the subdomain’s halo to prevent any errors in the
computation of the various fluxes at the subdomain boundaries.

cs_user_source_term.c

This subroutine imposes the volumetric heat source profile within the assemblies. The
profile corresponds to the flattened parabolic distribution defined in (2.41). In addition,
this function allows for the implementation of the different power distributions described
in Section 2.7.2. This function also updates the subdomain’s halo to prevent any errors
in the computation of the various fluxes at the subdomain boundaries.

cs_user_zones.c

This subroutine defines volume zones corresponding to the fuel assemblies. It serves a
purely practical and numerical purpose, making it easier to manage the assemblies in the
other subroutines.
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Chapter 3

Numerical results and discussion

In this chapter, we present and analyse the results obtained from our numerical simula-
tions. The structure of the analysis will be the same for both the two-dimensional and
three-dimensional geometries. First, we provide a detailed presentation of the results for
Case 1. Then, we compare these results with those of Cases 2, 3, and 4, with a particular
focus on evaporation. Finally, the results of Case 4 are compared to those obtained for
the same configuration without invoking the Oberbeck–Boussinesq approximation.

3.1 Two-dimensional geometry

3.1.1 Preliminary considerations

Before presenting the numerical results, it is essential to characterize the flow regime by
evaluating the Rayleigh number (1.85). Here, since the flow of interest is located within
the pure fluid region, we compute the bulk Rayleigh number:

Rabulk =
gβ0∆TbulkH

3
bulk

ν0κ0
(3.1)

However, this requires evaluating the temperature difference across the bulk, which is not
directly known since we impose a volumetric heat source at the bottom of the pool. To
estimate it, a coarser simulation was performed. The result is shown in Figure 3.1.

0 250 500 750 1000 1250 1500 1750 2000
Time [s]

0

5

10

15

20

25

T b
ul

k [
K]

Instantaneous T
Mean T (12.72 K)

Figure 3.1: Instantaneous and time-averaged temperature difference across the bulk.
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We must clarify here that by coarser simulation, we refer to a simulation using a larger
reference time step. Moreover, to further reduce the computational cost, the measured
quantities are not area-averaged. Instead, two measurement points were used: one lo-
cated just above the assemblies and the other just below the free surface. It should also
be noted that the configuration of Case 1 was used for this simulation. Nevertheless, the
results shown in Figure 3.1 will be considered representative of all cases.

As will be shown later, a transitional period is required before the heated fluid plumes
reach the free surface, which lasts approximately 800 seconds. The temperature differ-
ence was thus time-averaged over the interval ranging from 1000 s to 2000 s, yielding a
mean value of 12.72K. This average is represented by the red dashed line in Figure 3.1.
Using this value, we obtain Rabulk ≈ 1.6× 1014. In view of this value, and based on the
discussion in Section 1.6.1, we conclude that the flow lies at the onset of the ultimate
regime, and we therefore expect a highly turbulent flow to develop in the bulk region.

Finally, we can also estimate the reference velocity of the flow, as developed in (1.80):

u0N =
√
gβ0∆TbulkHbulk ≈ 0.55m/s (3.2)

3.1.2 Numerical results - Case 1

We begin our analysis by presenting the temperature field. It is worth noting that for
all results obtained with the two-dimensional geometry, regardless the case, the same
temperature scale is used across all figures. This choice was made to avoid misleading
the reader and to highlight the global heating of the water that will be observed later.
Figure 3.2 shows the temperature evolution during the first 900 seconds.

Figure 3.2: Temperature field, in Kelvin, for t ∈ [100 s; 900 s].

We directly observe thermal plumes rising from the top of the assemblies towards the free
surface. Indeed, since the density of the heated fluid decreases, it tends to rise due to
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buoyancy. These plumes are characterized by intense turbulence, with numerous eddies
forming along them that break them up and give them an irregular, fragmented shape.
This behaviour is consistent with the flow being in the ultimate regime, as established
by the Rayleigh number estimation.

Another important observation is that, in general, heat tends to accumulate at the
top of the assemblies. However, some particular cases can be identified. For instance,
after between 500 and 600 seconds, heat appears to be almost entirely evacuated from the
leftmost assembly (Figure 3.2). At around 900 seconds, it is the rightmost assembly that
appears to have released its heat. To better analyse this phenomenon, Figure 3.3 shows
a zoomed-in view of the assemblies at around 900 seconds, with local velocity vectors
superimposed in white.

Figure 3.3: Zoom on the assemblies. Velocity vectors are shown in white. The colour map
used here is the same as the one in Figure 3.2.

Even though convection cells do not form coherent structures and are not directly dis-
tinguishable in Figure 3.2, they do exist. Indeed, since heat is removed through the
free surface due to evaporation, the hot fluid that has risen tends to cool down near the
top and subsequently sinks. What we see in Figure 3.3 is that this downwards flow of
cooled fluid goes, on the one hand, between the assemblies and the pool walls, and on
the other hand, directly through the rightmost assembly, thereby removing heat from it.
This reverse flow within the assembly is, of course, not sustained indefinitely. As we will
see later, the convection cells continuously reorganize, and thus may no longer direct the
flow into that particular assembly. Moreover, we see that the reverse flow weakens as it
moves downwards through the assembly due to head losses. Finally, it is worth noting
that these reverse flows tend to occur in a completely random manner.

At this point, the reader may wonder why we only present instantaneous results.
First, we wanted to highlight the transient period before the thermal plumes reach the
free surface. Secondly, the flow never reaches a steady state. As a result, presenting
time-averaged results would be both meaningless and irrelevant. Indeed, since the heat
supplied by the assemblies exceeds that removed by evaporation, heat accumulates in the
pool. This heat accumulation will be discussed in detail and clearly demonstrated with
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quantitative results later, when focusing on the evaporation analysis. As a result, the
water temperature continuously increases, as shown in Figure 3.4.

Figure 3.4: Temperature field, in Kelvin, for t ∈ [1000 s; 5000 s].

In practice, water temperature cannot increase indefinitely. For instance, at atmospheric
pressure, water boils at approximately 100°C. Regarding our simulation, as soon as any
point in the pool reaches 100°C, Code_Saturne automatically stops the calculation. In
the present case, this occurs after 5299 seconds.

To finalize the flow behaviour analysis, streamlines are presented in Figure 3.5.

Figure 3.5: Streamlines, coloured by velocity magnitude, in m/s, for t ∈ [1000 s; 5000 s].

As expected, we observe very chaotic convection cells that constantly rearrange. However,
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a general pattern can still be identified. Two adjacent cells extend throughout the entire
height of the bulk. The cell on the left exhibits a counter-clockwise flow, while the cell on
the right exhibits a clockwise flow. Moreover, the maximum velocity magnitude observed
is around 0.10m/s, which remains significantly lower than the prediction obtained from
(3.2). That being said, only the values along the streamlines are shown here. Figure 3.6
therefore provides the complete velocity magnitude field.

Figure 3.6: Velocity magnitude field, in m/s, for t ∈ [1000 s; 5000 s].

We observe that the maximum velocity magnitude reaches 0.15m/s. We can therefore
confidently state that (3.2) overestimates the characteristic flow velocity.

To initiate the analysis of the evaporation process, we first present the time evolution
of the area-averaged free-surface temperature and area-averaged evaporative mass flux.
These quantities are shown in Figure 3.7.
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Figure 3.7: Area-averaged free-surface temperature and area-averaged evaporative mass flux
at the free surface as a function of time.

In the first place, a steady increase in the area-averaged free-surface temperature is ob-
served, reflecting the overall warming of the water over time. Moreover, during the first
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800 seconds, the temperature remains relatively stable before suddenly rising, which is
consistent with the transient delay required for the thermal plumes to reach the free
surface. The area-averaged evaporative mass flux follows a similar trend, as evaporation
only depends on the free-surface temperature under given ambient conditions. The val-
ues obtained for the mass flux, ranging from 0.1 to 2 g/m2s, for free-surface temperatures
between 303K and 350K, are consistent with those reported by Hay [10], confirming that
the model has been correctly implemented.

We can also examine the evolution of the area-averaged evaporative and convective
heat fluxes at the free surface, which together define the boundary condition imposed at
this interface. These are presented in Figure 3.8.
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Figure 3.8: Area-averaged evaporative and convective heat fluxes at the free-surface as a
function of time.

The observations are similar to those made for the evaporative mass flux, as the heat
fluxes also depend solely on the free-surface temperature under given ambient conditions.
The values obtained are once again consistent with those reported by Hay [10]. However,
examining these two fluxes separately provides limited insight. What truly matters is
quantifying the total heat removed through the free surface in order to compare it with
the heat produced by the assemblies. To do so, the two fluxes are simply added and
multiplied by the free-surface area. The resulting quantity is shown in Figure 3.9.
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Figure 3.9: Heat loss through the free surface and heat generated by the assemblies.

The accumulation of heat in the pool, and consequently the rise in the bulk water tem-
perature, is inevitable given that the heat removed through evaporation is, on average
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over the duration of the simulation, ten times lower than the heat input. It is worth
noting that, in this context, the heat generated by the assemblies does not simply refer to
the thermal power Pa multiplied by the number of assemblies, but rather to the thermal
power actually delivered to the fluid, which can be obtained by integrating q′′′f over the
height of an assembly, as defined in equation (2.49). However, since ϕa = 0.5 in the
two-dimensional geometry, these two quantities are equivalent.

To conclude the analysis of evaporation, we now focus on the descent of the free
surface as water evaporates. As detailed in Section 2.3.4, at any given time, we distinguish
between the height of the computational domain HC and the height of the free surface
HS . However, in the present case, the total evaporated volume remains below 0.5% of
the initial volume throughout the entire simulation. As a result, no remeshing has been
performed. Consequently, presenting the evolution of HC is of no interest. Instead, we
extrapolate the expected evolution of the free-surface height HS , as shown in Figure 3.10.
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Figure 3.10: Extrapolation of the height of the free surface from simulated data.

The extrapolation was carried out by assuming a function of the form:

HS(t) = −abt + ct+H0 (3.3)

where H0 is the initial height of the free surface, denoted as Hpool throughout this docu-
ment, and a, b and c are the coefficients determined for the purpose of the extrapolation.
Once the function (3.3) has been evaluated, it can be used to estimate the time at which
the top of the assemblies becomes exposed to the ambient air. In the present case, this
occurs after 19h, 22min and 36s. This value should however be taken with caution as it
results from extrapolating the evaporation rate based on simulated data, that is, under
the assumption that water remains entirely in the liquid phase. Consequently, it does
not account for any boiling phenomena that may occur.

3.1.3 Comparison with the other cases

In what follows, we first highlight the main flow differences between cases, then compare
the times for any point in the pool to reach 100°C and for the assemblies to be exposed
to ambient air. Note that we will not present in details Cases 2 to 4 as we did for Case
1 in Section 3.1.2, as doing so would be very repetitive and add little value.

58



Flow behaviour

Case 1, which represents the most basic heat distribution at the bottom of the pool, will
be taken as the reference case in what follows. A first notable difference then appears in
Case 2. In this configuration, the hot assemblies are placed at the edges of the rack, while
the cold ones are at its centre. As we shall see, this distribution induces a particular flow
behaviour within the pool. To observe this, we first examine the temperature field, as
illustrated in Figures 3.11 and 3.12.

Figure 3.11: Temperature field, in Kelvin, for t ∈ [100 s; 900 s] (Case 2).

Figure 3.12: Temperature field, in Kelvin, for t ∈ [1000 s; 5000 s] (Case 2).

We observe that, in the early stages, thermal plumes rise from the hot assemblies. At this
point, the formation of convection cells just above these hot assemblies induces a signif-
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icant backflow within the central assemblies, effectively removing heat from them. This
behaviour can be highlighted by superimposing the velocity vectors on the temperature
field. This is illustrated in Figure 3.13.

Figure 3.13: Zoom on the assemblies (Case 2). Velocity vectors are shown in white. The
colour map used here is the same as the one in Figures 3.11 and 3.12.

However, this effect tends to weaken rather quickly, though it does not vanish entirely.
Indeed, Figure 3.12 shows that a backflow seems to persist throughout the entire simu-
lated duration, although much less pronounced than in the initial moments. A similar
observation can be made for the leftmost assembly. In fact, heat seems to be efficiently
removed from this hot assembly. This can be explained by the development of a strong
downward flow along the left side of the pool, as illustrated in Figure 3.14.

Figure 3.14: Zoom on the assemblies (Case 2). Velocity vectors are shown in white. The
colour map used here is the same as the one in Figures 3.11 and 3.12.

This behaviour likely results from the fact that the thermal plumes tend to rise predom-
inantly from the assemblies on the right side, rather than from both ends as initially
observed. As the temperature rises, however, plumes start to reappear on the left side
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as well, and the backflow in the leftmost assembly disappears. This motion is also high-
lighted by the streamlines, as shown in Figure 3.15.

Figure 3.15: Streamlines, coloured by velocity magnitude, in m/s, for t ∈ [1000 s; 5000 s]
(Case 2).

A predominant cell can then be observed on the left side of the pool, exhibiting a counter-
clockwise flow. On the right side, the flow structures appear significantly more chaotic.

Regarding Case 3, the overall flow behaviour remains similar to that of Case 1. One
notable difference is that the thermal plumes appear to reach the free surface after a
shorter transient period, between 500 and 600 seconds, compared to around 700 seconds
in Case 1, as shown in Figure 3.16.

Figure 3.16: Temperature field, in Kelvin, for t ∈ [100 s; 900 s] (Case 3).
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Finally, regarding Case 4, the differences are minimal. The temperature field is shown
in Figure 3.17 for completeness and to illustrate how the thermal plumes develop during
the early stages. These plumes reach the free surface between 700 and 800 seconds, less
than 100 seconds after those in Case 1.

Figure 3.17: Temperature field, in Kelvin, for t ∈ [100 s; 900 s] (Case 4).

Evaporation analysis

Before comparing the evaporation rates between the different cases, the times required for
the water to reach 100°C at any location in the pool are given in Table 3.1. Additionally,
the variations with respect to Case 1, taken as the reference case, are also provided.

Case 1 Case 2 Case 3 Case 4
5299 s 5318 s 5389 s 5386 s

/ +0.36% +1.70% +1.64%

Table 3.1: Time, in seconds, for a point inside the pool to reach 100°C.

We can immediately observe that these variations are very small, indicating that the heat
distribution at the bottom of the pool has little influence on the time required for any
location to reach 100°C.

It is important to clarify that, although we previously mentioned the boiling point
of water at atmospheric pressure, we have avoided interpreting the 100°C threshold as
the onset of boiling. Boiling occurs when the local temperature exceeds the local sat-
uration temperature, which increases with pressure. As a result, at the bottom of the
pool, the hydrostatic pressure raises the saturation point above 100°C. However, since
Code_Saturne is a purely single-phase solver, it does not account for boiling or any phase
change. Therefore, the 100°C threshold is a numerical threshold only with no physical
connection to boiling phenomena, which are beyond the scope of the present study.
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To locate these points within the pool, Figure 3.18 highlights the regions where the
temperature lies between 99°C and 100°C, just before the end of the simulation.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4

Figure 3.18: Locations inside the pool that have reached 100°C.

Unsurprisingly, these hot regions are located at the upper part of the assemblies. In Case
1, with a uniform heat distribution, they are found on the central assemblies. In the
other cases, they appear along the hot assemblies.

We can also compare the evolution of the area-averaged temperature at the free sur-
face, as well as the area-averaged evaporative mass flux, across the different cases. These
quantities are shown in Figure 3.19, where the data from Case 1 have been included to
facilitate direct comparison.
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Figure 3.19: Comparison of area-averaged free-surface temperature and area-averaged evap-
orative mass flux over time for the different cases.

Apart from initial differences during the first 1000 seconds, due to the varying times
needed for the plumes to reach the free surface, the curves remain very similar. Nonethe-
less, even small differences accumulate over time and may lead to a faster overall descent
of the free surface.
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To conclude this section, we estimate the time required for the top of the assemblies
to become exposed. To this end, we apply the same methodology as for Case 1 and
use a fitting function of the form given in (3.3) to extrapolate the data obtained from
our simulations. Table 3.2 then provides these times along with the relative variation
compared to Case 1.

Case 1 Case 2 Case 3 Case 4
19h 22min 36s 20h 27min 34s 19h 2min 26s 20h 11min 26s

/ +5.59% -1.73% +4.2%

Table 3.2: Time before exposition of the assemblies.

We observe that in Case 2, although both leftmost assemblies heated significantly, as
shown in Figure 3.18, this configuration still manages to delay the exposure of the as-
semblies by more than 5% compared to Case 1.

On a more general note, no clear correlation is observed between the time required
for any location in the pool to reach 100°C and the time before the assemblies become
exposed. Furthermore, we conclude that placing the hot assemblies at the ends of the
rack and the cold ones in the centre, or alternating hot and cold assemblies, appears to
delay the exposure of the assemblies. In contrast, placing the hot assemblies in the centre
tends to accelerate the evaporation process and thus, the exposure of the assemblies.

3.1.4 Non-Oberbeck-Boussinesq flow

Until now, all simulations have been carried out under the Oberbeck-Boussinesq approx-
imation. In this section, we compare the results obtained without invoking this assump-
tion, focusing on the configuration of Case 41. We recall that the governing system of
equations solved in this case is given by (1.26)-(1.28).

To keep the main text concise, both the comparison of the flow behaviour and that of
the evaporation rates between the two cases are presented in Appendix B.1. Regarding
the time to reach 100°C, we find that without invoking the approximation, it is 5405 s,
which is 0.36% higher than with the approximation (see Table 3.1). As for the time
before exposure, we obtain 19h 27min and 24s, which is 3.63% lower than the case with
the approximation (see Table 3.2).

To conclude, the results obtained without the Oberbeck-Boussinesq approximation
differ from those invoking the approximation. However, the difference in the exposure
time is only 3.6%, and no major change in the flow behaviour is observed, suggesting that
the approximation still yields reasonably accurate results. Nevertheless, not relying on
this approximation inevitably requires more computational resources. Details regarding
numerical performance are given in the following section.

1The configuration of case 4 was somewhat arbitrarily selected for this comparison. Note that only
this configuration was simulated without the Oberbeck-Boussinesq approximation as such simulations
are significantly more computationally demanding and access to high-performance computing resources
was limited due to heavy usage by other users.
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3.1.5 Numerical performances

The computational resources used for this thesis were provided by the Consortium des
Équipements de Calcul Intensif (CÉCI). In particular, the simulations were carried out
on the HPC cluster Lemaitre 4, which features 40 nodes equipped with dual AMD EPYC
9534 64-core CPUs. Despite its substantial computational power, this cluster is shared
and heavily used. To avoid long queue times, simulations were submitted in 4-hour
blocks, using either 128 or 512 cores depending on availability. Hence, reporting the
total simulation time does not allow for a meaningful comparison of computational cost.
Instead, Table 3.3 provides the number of CPU core-hours used by each simulation.

Case 1 Case 2 Case 3 Case 4 (a) Case 4 (b)
≈ 3000 h ≈ 2800 h ≈ 2900 h ≈ 3000 h ≈ 4800 h

Table 3.3: Total CPU core-hours for each simulations. Case 4 (a) and 4 (b) refer to simula-
tions performed with and without the Oberbeck-Boussinesq approximation, respectively.

We can therefore clearly observe that using the Oberbeck-Boussinesq approximation in-
deed leads to a significant reduction in computational time.

3.2 Three-dimensional geometry

3.2.1 Preliminary considerations

Similarly to the two-dimensional geometry, we begin by evaluating the Rayleigh number
in the pure fluid region to characterize the flow regime. To do so, we perform a coarser
simulation to estimate the temperature difference across the bulk. The results obtained
are shown in Figure 3.20.
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Figure 3.20: Instantaneous and time-averaged temperature difference across the bulk.

Here, the data suggests that the transient period before thermal plumes reach the free
surface lasts less than 200 seconds. However, we still choose to average the temperature
difference over the interval ranging from 1000 to 2000 seconds. The resulting mean
temperature difference is 1.73K. Then, using (3.1) and (3.2) we get a Rayleigh number
Rabulk ≈ 2.3 × 1010 and a reference velocity u0N ≈ 0.065m/s. Hence, we conclude that
flow lies in the hard turbulent regime.
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3.2.2 Numerical results - Case 1

Following the same approach as for the two-dimensional geometry, we begin by exam-
ining the temperature field. It is important to emphasize that, as demonstrated by the
Rayleigh numbers calculated in Sections 3.1.1 and 3.2.1, these simulations are fundamen-
tally different, and no direct comparison will be made in this section. Moreover, since the
results are three-dimensional, temperature iso-surfaces are shown. As a result, the colour
map varies from one time step to another. Figures 3.21 and 3.22 illustrate the evolution
of the temperature field over the entire duration of the simulation.

Figure 3.21: Temperature iso-surfaces, in Kelvin, for t ∈ [100s; 1500s].

Figure 3.22: Temperature iso-surfaces, in Kelvin, for t ∈ [2000s; 8000s].

At the very early stages, we observe a thermal plume rising from the top of the assemblies
toward the free surface. By the time the first 100 seconds have elapsed, this plume has
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already reached the free surface. This is therefore consistent with the initial observation
made in Figure 3.20, which suggested that the transient period was very short. Moreover,
we see that the fluid temperature steadily increases over time. This is due to accumula-
tion of heat inside the pool, and it will be further discussed later. In the present case, it
takes 8427 seconds for any point within the pool to reach 100°C.

Streamlines can also be shown to provide a clearer understanding of the flow behaviour
in the upper region of the pool, as illustrated in Figures 3.23 and 3.24.

Figure 3.23: Streamlines, coloured by velocity magnitude, in m/s, for t ∈ [100 s; 1500 s].

Figure 3.24: Streamlines, coloured by velocity magnitude, in m/s, for t ∈ [2000 s; 8000 s].

These streamlines show that the fluid heated by the assemblies rises through the centre
of the pool and then, upon reaching the free surface, the fluid cooled by evaporation
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sinks along the sides of the pool. In addition, convection cells develop within the domain.
While they are not particularly distinct in Figure 3.23, they become clearly apparent
over the long term, as shown in Figure 3.24. To better understand the behaviour of these
convection cells, a cross-section in the central x–z plane is shown in Figure 3.25.

Figure 3.25: Velocity vectors in the central x-z plane, coloured by velocity magnitude, in
m/s. The colour map used here is the same as the one in Figures 3.23 and 3.24.

As we can see, the convection cells undergo significant reorganization over time. Still,
a general trend can be identified. The cells tend to stack vertically along the domain
height, and there are one or two of them across its width. The total number of cells,
however, appears to vary randomly. As a final note, and with reference to Figure 3.24,
the reference velocity of 0.065m/s seems to be a fairly accurate estimate.

Now, regarding the evaporation at the free surface, the area-averaged free-surface
temperature and the area-averaged evaporative mass flux are shown in Figure 3.26.
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Figure 3.26: Area-averaged free-surface temperature and area-averaged evaporative mass flux
at the free surface as a function of time.

We immediately observe a steady increase in the area-averaged free-surface temperature
over time. This behaviour is consistent with the overall rise in temperature previously
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noted in Figure 3.22. Moreover, the free-surface temperature begins to increase from the
very first moments, as the thermal plume reaches the free surface very rapidly. Regarding
the area-averaged evaporative mass flux, an exponential increase is observed. Further-
more, the values for the mass flux, ranging from 0.1 to 5 g/m2s over the temperature
interval of 303K to 355K are consistent with those reported by Hay [10].

Regarding the heat flow inside the pool, Figure 3.27 shows both the heat removed
through the free surface and the heat added to the fluid2 by the assemblies.
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Figure 3.27: Heat loss through the free surface and heat generated by the assemblies.

A global rise in the water temperature is clearly inevitable. Indeed, the heat added to
the fluid by the assemblies is, on average over the course of the simulation, eight times
higher than the amount of heat removed through the free surface.

Regarding the descent of the free surface, the evolution of the computational domain
height HC and the free-surface height HS are shown in Figure 3.28.
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Figure 3.28: Evolution of the computational domain height and the free-surface height.

Concerning the height of the computational domain, it appears that two remeshing pro-
cedures were carried out during the simulation. As for the free-surface height, it follows
a similar trend to that observed in the two-dimensional geometry. Therefore, the data

2We recall that the heat added to the fluid is defined as the integral over the height of the assemblies
of the fluid volumetric heat source q

′′′

f defined in (2.49).
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extrapolation will be performed using a function of the same form as the one given in
(3.3). Figure 3.29 shows the resulting extrapolation.
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Figure 3.29: Extrapolation of the height of the free surface from simulated data.

We observe that the function in (3.3) provides a good fit to the simulated data. Once
evaluated, it indicates that the assemblies become exposed after 7h, 53min and 4s.

3.2.3 Comparison with the other cases

In the following, we briefly illustrate the differences in flow behaviour between the various
cases and compare the times required for the assemblies to become uncovered.

Flow behaviour

Figure 3.30 illustrates the early stage evolution of the temperature field in Case 2.

Figure 3.30: Temperature iso-surfaces, in Kelvin, for t ∈ [100s; 1500s] (Case 2).

In this case, the hot assemblies are located at the edges of the rack, which results in four
thermal plumes rising from each corner of the pool. Interestingly, these plumes ascend
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more slowly than in Case 1. The iso-surface at the top of the pool shows a slight decrease
in temperature in that region due to evaporation.

For Case 3, characterised by the hot assemblies located at the centre of the rack, the
early stage evolution of the temperature field is shown in Figure 3.31.

Figure 3.31: Temperature iso-surfaces, in Kelvin, for t ∈ [100s; 1500s] (Case 3).

As expected, a thermal plume rises from the centre of the assemblies. However, this
plume takes longer to reach the free-surface than in Case 1.

Finally, Figure 3.32 depicts the early temperature field evolution in Case 4.

Figure 3.32: Temperature iso-surfaces, in Kelvin, for t ∈ [100s; 1500s] (Case 4).

Here, the non-uniform heat distribution at the bottom of the pool gives the rising plume
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a distinct shape, splitting it into two branches. Moreover, this configuration causes heat
to remain trapped along a larger portion of the assemblies height.

Regarding the streamlines for the different cases, they appear very similar and provide
no additional information. For this reason, they are not included in the present document.

Evaporation analysis

To begin, we compare the times required for the water to reach 100°C at any location in
the pool. These times are provided in Table 3.4, along with their variations relative to
Case 1, which serves as the reference.

Case 1 Case 2 Case 3 Case 4
8427 s 8504 s 8303 s 8445 s

/ +0.91% -1.47% +0.21%

Table 3.4: Time, in seconds, for a point inside the pool to reach 100°C.

We observe that these variations are small, indicating a minor dependence on the heat
distribution at the bottom of the pool.

We now proceed to determine where these points are situated within the pool. To
proceed, Figure 3.33 shows the locations where the temperature ranges between 99°C and
100°C, just before the end of the simulation.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4

Figure 3.33: Locations inside the pool that have reached 100°C.

We observe that, regardless of the case, these regions are located within the top of the
central assemblies, as well as just above the assemblies, that is to say, in the fluid. This
result is quite surprising, especially for Case 2, where the central assemblies are the cold
ones but still reach 100°C first.

72



Regarding the evaporation rates, Figures 3.34 depicts the evolution of the area-
averaged temperature at the free-surface, as well as the area-averaged evaporative mass
flux, across the different cases.
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Figure 3.34: Comparison of area-averaged free-surface temperature and area-averaged evap-
orative mass flux over time for the different cases.

Up to around 6000 seconds, no significant differences are observed. After that, Case 3
exhibits the highest evaporative mass flux, while Case 2 shows the lowest, with Cases 1
and 4 falling in between. Although the differences remain small, they accumulate over
time, which can impact the overall descent of the free surface. The evolution of the
computational domain height and free-surface height over time for the different cases is
provided in Appendix C.1.

To conclude this section, we estimate the time required for the top of the assemblies
to become exposed. To do so, we extrapolate the simulated data using the function given
in (3.3). Table 3.5 provides these times along with the relative variation compared to
Case 1.

Case 1 Case 2 Case 3 Case 4
7h 53min 4s 8h 10min 14s 7h 45min 58s 7h 52min 58s

/ +3.63% -1.50% -0.02%

Table 3.5: Time before exposition of the assemblies.

We conclude that placing the cold assemblies at the centre of the rack and the hot ones
around them tends to delay the exposure of the assemblies. Alternating hot and cold
assemblies does not appear to offer any advantage over a uniform distribution, but still
performs better than placing the hot assemblies at the centre. Furthermore, there appears
to be a slight correlation between the time required for any point in the pool to reach
100°C and the time until assembly exposure.

3.2.4 Non-Oberbeck-Boussinesq flow

In the previous sections, all simulations were performed under the Oberbeck-Boussinesq
approximation. We will now compare the results with and without this approximation,
focusing on the configuration of Case 4.
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Without invoking the approximation, the time needed for a point to reach 100°C in-
side the pool is 8354 s, which is 1.08% less than with the approximation (see Table 3.4).
For the time before exposure, we obtain 8h, 12min and 15s, which is 4.08% more than
the case with the approximation (see Table 3.5). Regarding the flow behaviour, it is very
similar. A comparison is provided in Appendix C.2.

Using the Oberbeck-Boussinesq approximation inevitably yields slightly different re-
sults, which are generally less accurate than those obtained without it. In this case, the
difference in exposure time is about 4%. It would then be necessary to verify that the
variations across the different cases scale similarly. However, the issue is that simulations
without this approximation are significantly more costly, as will be highlighted in the
following section.

3.2.5 Numerical performances

Similarly to the simulations for two-dimensional geometry, the simulations for the three-
dimensional geometry where submitted in 4-hour blocks, using either 128 or 512 cores.
Table 3.6 provides the number of CPU core-hours used by each simulation.

Case 1 Case 2 Case 3 Case 4 (a) Case 4 (b)
≈ 2400 h ≈ 2400 h ≈ 1900 h ≈ 1900 h ≈ 3000 h

Table 3.6: Total CPU core-hours for each simulations. Case 4 (a) and 4 (b) refer to simula-
tions performed with and without the Oberbeck-Boussinesq approximation, respectively.

Surprisingly, Cases 3 and 4 (a) required less computational time than Cases 1 and 2.
On the other hand, the simulation without the Oberbeck-Boussinesq approximation took
considerably longer, as one could have expected.

3.3 Results discussion

Until now, we have considered the two-dimensional and three-dimensional geometries
separately, as the Rayleigh number characterising the flow in the pure-fluid region differs
significantly. However, some meaningful conclusions can still be drawn from the compar-
ison of the various results.

Despite the fundamentally different flow behaviours, we observe that the heat distri-
bution at the bottom of the pool has a non-negligible impact on the evaporation rates.
Specifically, for a given total thermal power, it is advantageous to place the cold assem-
blies at the centre of the rack and the hot assemblies around them. To quantify this
impact, this arrangement delays the exposure of the assemblies to ambient air by 6.94%3

in the two-dimensional geometry and by 4.95%4 in the three-dimensional case, compared
to the opposite configuration where hot assemblies are placed at the centre and cold ones
around them. A checkerboard-like distribution, in which hot and cold assemblies alter-
nate, yields intermediate results. It performs better than placing hot assemblies at the
centre but remains less effective than placing the cold ones at the centre.

3Relative variation between Case 2 and Case 3, deduced from the values in Table 3.2.
4Relative variation between Case 2 and Case 3, deduced from the values in Table 3.5.
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Regarding the heat production of the assemblies, which, it should be recalled, is based
on data provided by the ASNR as discussed in Section 2.6, it is significantly higher than
the amount of heat that can be removed by evaporation at the free surface. As a re-
sult, the water temperature continuously rises until certain locations in the pool reach
100°C. Regardless of the case, or the geometry, these hotspots are mainly found inside
the assemblies and particularly in their upper regions. As for the time required for these
zones to appear, it varies little with the heat distribution but depends on the geometry.
It can thus be assumed that the total heat load at the bottom of the pool, as well as the
dimensions of the pool, are the primary factors influencing this time.

To conclude this section, we compare the general-flow behaviours observed in the two-
dimensional and three-dimensional geometries, since detailed comparisons of the different
cases within each geometry have already been carried out in their respective sections. In
the two-dimensional geometry, we observed a highly turbulent flow with the formation
of several fragmented thermal plumes. Moreover, these plumes took slightly more than
ten minutes to reach the free surface. Regarding the flow pattern, two large convection
cells were observed, extending from the top of the assemblies to the free surface and
positioned side by side. In contrast, the three-dimensional geometry exhibited much
more coherent and orderly convection cells, stacked vertically according to the height
of the domain. Additionally, a single, well-defined thermal plume was observed in the
early stages, taking only between one and two minutes to reach the free surface. These
differences in flow behaviour can primarily be explained by the difference in scale used
between the two geometries. Indeed, for a given fluid under fixed initial conditions, the
Rayleigh number solely depends on the temperature difference across the domain under
study and the cube of its height. Therefore, it is clear that the height of the domain,
being the water column above the assemblies in the present study, plays a critical role.
Since we considered a water column in the 3D geometry at a one-tenth scale of the
one in the 2D geometry, we expect a difference of three orders of magnitude between
the characteristic Rayleigh numbers of the flows in the two geometries. Next, there is
the impact of the temperature difference, which is difficult to quantify a priori. In this
study, we observed that the temperature difference between the two geometries varies
by slightly less than one order of magnitude, which adds another order of magnitude of
difference between the characteristic Rayleigh numbers. What should be retained is that,
in reality, the water columns of spent fuel pools are several metres high, which results in a
very large Rayleigh number and, consequently, intense turbulence. Using a reduced-scale
geometry significantly lowers the level of turbulence, unless the temperature difference
is artificially increased, which is not possible in the context of this study. As a result,
the two-dimensional geometry yields a flow behaviour that is more representative of real
conditions than the three-dimensional one. Nevertheless, as we have seen, the three-
dimensional geometry still proves useful in highlighting certain phenomena, such as the
impact of heat distribution at the bottom of the pool.
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Conclusion

In this Master’s thesis, we investigated the flow behaviour in spent fuel pools during
the early stage of a loss-of-cooling accident, that is, when the fuel assemblies are still
fully submerged in water and the only heat exchange with the environment takes place
via evaporation through the free surface. Such a scenario occurred during the Fukushima
disaster in Japan in 2011. To carry out this study, we used Code_Saturne, an open-source
software developed by EDF. Particular attention was given to the evaporation rates at the
free surface, which allowed us to estimate the time before the assemblies become exposed
to the ambient air. Two geometries were considered, namely a two-dimensional full-scale
geometry and a three-dimensional one, in which the dimensions of the assemblies are
more representative of reality, but at reduced scale. For each of these geometries, four
different cases were analysed, each representing a distinct heat distribution at the bottom
of the pool.

It was found that, for the same total thermal power at the bottom of the pool, plac-
ing the lower-power assemblies at the centre, surrounded by higher-power ones, increased
the time before the assemblies become exposed to air, compared to the opposite config-
uration, where higher-power assemblies are located at the centre. On the other hand, a
checkerboard-like power distribution, in which lower-power and higher-power assemblies
alternate, yielded intermediate exposure times.

Regarding the flow behaviour, the two-dimensional geometry exhibited intense tur-
bulence, characterized by chaotic convection cells. In contrast, the flow in the three-
dimensional geometry showed much more coherent convective structures. These differ-
ences in flow regimes are a direct consequence of the reduced scale of the three-dimensional
geometry. Nonetheless, the conclusions about the advantages of one heat distribution over
another remain consistent across both geometries, although the differences are less pro-
nounced in the three-dimensional geometry.

It is important to acknowledge the limitations of our study. To address these, we
propose several improvements, which could further enhance the present work, arranged
according to the order we deem most relevant.

• Regarding the volumetric heat source inside the assemblies, an additional equation
should be solved within the fuel rods, and a heat transfer coefficient defined to
accurately quantify the heat actually delivered by the rods to the fluid, as explicitly
discussed in Section 2.6.

• Simulations should be performed without invoking the Oberbeck-Boussinesq ap-
proximation.
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• A realistic model for head losses in the transverse direction of the rods of an assembly
should be used instead of the simplistic approach developed in Section 2.5.

• A three-dimensional full-scale mesh should be developed to achieve a Rayleigh num-
ber in the pure fluid region that is more representative of reality. Additionally, this
mesh should incorporate physical separations between each assembly.

• Boiling inside the assemblies should be considered. This phenomenon could either
be modelled through additional heat transfer and phase change models or studied
using a two-phase flow solver. For instance, Code_Neptune, a multiphase-flow
solver built on top of Code_Saturne could be employed, although it is not open
source.
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Appendix A

Head losses inside the assemblies

A.1 Computation of the friction coefficients

The total pressure drop along a fuel assembly includes the friction pressure drop along
the fuel rods and the form losses due to the presence of spacers. However, since spacers
are not considered in the present work, form losses are not accounted for. In what follows,
we will refer to the bare rod bundles as the set of fuel rods without spacers.

This section aims to determine the bare bundle friction coefficient Cf,b, both in the
laminar and the turbulent regimes. To do so, we consider that each assembly can be
divided into three subchannels, namely, the interior subchannel, the edge subchannel
and the corner subchannel. Figure A.1 highlights the different subchannels.

Figure A.1: Cross-section of an assembly highlighting the different subchannels: interior
subchannel (1), edge subchannel (2) and corner subchannel (3). This figure is taken from [58].

For each subchannel i, we compute a friction coefficient Cf,i,⋆, defined as:

Cf,i,⋆ = ai,⋆ + bi,⋆ (F − 1) + ci,⋆ (F − 1)2 (A.1)

where F = P/D for the interior subchannel and F = W/D for the edge and corner sub-
channels, with D the diameter of a single fuel rod, P the distance between the centres
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of two fuel rods, and W the sum of the radius of a fuel rod and the gap g between the
walls and the closest fuel rod. The subscript "⋆" denotes either the laminar regime ("L")
or the turbulent regime ("T"). The coefficients ai,⋆, bi,⋆ and ci,⋆ are listed in Tables A.1,
A.2 and A.3.

Once the six friction factors have been determined1, the bare bundle friction factors
for the laminar and turbulent regimes can be computed:

Cf,b,⋆ = Dh,b

[
3∑

i=1

Si

(
Dh,i

Dh,b

) n
2−n
(
Cf,i,⋆

Dh,i

) 1
n−2

]n−2

(A.2)

with Dh,b the hydraulic diameter of the cross-section occupied by the fluid around the
bare rod bundle, Dh,i the hydraulic diameter of the subchannel i, Si a geometric parame-
ter relative to the subchannel i, defined in Section A.2, and n an exponent depending on
the flow regime. For the laminar regime, n = 1, while for the turbulent regime, n = 0.18.

The friction factor for each flow regime is then computed as follows:

fD,⋆ =
Cf,⋆

Renb
(A.3)

Regarding the transition regime, the friction factor is defined by weighting the laminar
friction factor and turbulent friction factor by an intermittency factor Ψ, as discussed in
Section 2.5.

Finally, the laminar to transition Reynolds number Reb,L and the transition to tur-
bulent Reynolds number Reb,T are given by:

Reb,L = 10[1.7(
P/D)+0.78] (A.4)

Reb,T = 10[0.7(
P/D)+3.30] (A.5)

a1 b1 c1

Laminar regime 35.55 263.7 -190.2
Turbulent regime 0.1339 0.09059 -0.09926

Table A.1: Coefficients in (A.1) for the interior subchannel (1).

a2 b2 c2

Laminar regime 44.40 256.7 -267.6
Turbulent regime 0.1430 0.04199 -0.04428

Table A.2: Coefficients in (A.1) for the edge subchannel (2).

a3 b3 c3

Laminar regime 58.83 160.7 -203.5
Turbulent regime 0.1452 0.02681 -0.03411

Table A.3: Coefficients in (A.1) for the corner subchannel (3).

1There is one friction factor for each subchannel, in each flow regime.
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A.2 Geometric parameters

For the arrangement of fuel rods shown in Figure A.1, the cross-sectional area Ai and
wetted perimeter Pw,i of each subchannel are given by:

A1 = P 2 − π(D2/4) Pw,1 = πD (A.6)
A2 = PW − π(D2/8) Pw,2 = W + π(D/2) (A.7)
A3 = W 2 − π(D2/16) Pw,3 = 2W + π(D/4) (A.8)

Using these, the total cross-sectional area Ab and wetted perimeter Pw,b of the bare rod
bundle can then be computed:

Ab =
3∑

i=1

NiAi and Pw,b =
3∑

i=1

NiPw,i (A.9)

with Ni the number of subchannels i. Consequently, we can compute the hydraulic
diameter Dh,i and the geometric parameter Si of each subchannel:

Dh,i =
4Ai

Pw,i

and Si =
NiAi

Ab

(A.10)

Finally, the hydraulic diameter of the bare rod bundle Dh,b is given by:

Dh,b =
4Ab

Pw,b

(A.11)
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Appendix B

Additional figures for the
two-dimensional geometry

B.1 Non-Oberbeck-Boussinesq flow

This section aims to briefly present and compare the flow behaviour and evaporation
rates for the configuration of Case 4, with and without the Oberbeck-Boussinesq approx-
imation.

First, Figure B.1 shows the area-averaged free-surface temperature and the area-
averaged evaporative mass flux for the case with and without the approximation.
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Figure B.1: Comparison of area-averaged free-surface temperature and area-averaged evapo-
rative mass flux over time for Case 4 with and without the Oberbeck-Boussinesq approximation.

A slight overestimation by the Oberbeck-Boussinesq approximation is observed just after
the transient period.
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Figure B.2 presents the evolution of the temperature field throughout the simulation,
under the Oberbeck-Boussinesq approximation.

Figure B.2: Temperature field, in Kelvin, with the Oberbeck-Boussinesq approximation, for
the configuration of Case 4.
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Figure B.3 depicts the evolution of the temperature field throughout the simulation,
without invoking the Oberbeck-Boussinesq approximation.

Figure B.3: Temperature field, in Kelvin, without the Oberbeck-Boussinesq approximation,
for the configuration of Case 4.

It is immediate that no major differences in the evolution of the temperature field are
observed.
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The evolution of the streamlines is shown in Figures B.4 and B.5, corresponding to
the cases with and without the Oberbeck–Boussinesq approximation, respectively.

Figure B.4: Streamlines, coloured by velocity magnitude, in m/s, with the Oberbeck-
Boussinesq approximation, for the configuration of Case 4.

Figure B.5: Streamlines, coloured by velocity magnitude, in m/s, without the Oberbeck-
Boussinesq approximation, for the configuration of Case 4.

Here, we once again conclude that no major differences are observed. However, it is worth
noting that in Figure B.4, which corresponds to the Oberbeck-Boussinesq approximation,
the main convection cell is located on the left side of the domain, whereas in Figure B.5,
without the approximation, it is located on the right side.
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Appendix C

Additional figures for the
three-dimensional geometry

C.1 Descent of the free-surface across the different cases

Figure C.1 shows the evolution of the computational domain height HC and the free-
surface height HS for the different cases.
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(b) Case 2
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(c) Case 3
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(d) Case 4

Figure C.1: Evolution of the computational domain height and the free-surface height for the
different cases.

We observe that two remeshing procedures were carried out during the entire simulation
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duration for each case, except for Case 2. This is consistent with the observations in-
dicating that Case 2 exhibits the longest delay before the assemblies are exposed to the
ambient air.

C.2 Non-Oberbeck-Boussinesq flow

In this section, we briefly present and compare the flow behaviour and evaporation rates
for the configuration of Case 4, with and without the Oberbeck-Boussinesq approxima-
tion.

First, Figure C.2 shows the area-averaged free-surface temperature and the area-
averaged evaporative mass flux for the case with and without the approximation.
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Figure C.2: Comparison of area-averaged free-surface temperature and area-averaged evapo-
rative mass flux over time for Case 4 with and without the Oberbeck-Boussinesq approximation.

Even though the area-averaged free-surface temperature tends to slightly decrease around
the end of the simulation, the area-averaged evaporative mass flux increases, in particular
in the case of the Oberbeck-Boussinesq approximation. This is likely caused by a hot
spot in the case with the approximation, which can increase the area-averaged value, as
the mass flux increases exponentially with temperature.
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Figure C.3 provides the evolution of the temperature iso-surfaces throughout the
simulation, with the Oberbeck-Boussinesq approximation.

Figure C.3: Temperature iso-surfaces, in Kelvin, with the Oberbeck-Boussinesq approxima-
tion, for the configuration of Case 4.
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Figure C.4 shows the evolution of the temperature iso-surfaces throughout the simu-
lation, without invoking the Oberbeck-Boussinesq approximation.

Figure C.4: Temperature iso-surfaces, in Kelvin, without the Oberbeck-Boussinesq approxi-
mation, for the configuration of Case 4.

Regarding the evolution of the temperature field inside the domain, no major differences
are observed.
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Figure C.5 depicts the evolution of the streamlines throughout the simulation, with
the Oberbeck-Boussinesq approximation.

Figure C.5: Streamlines, coloured by velocity magnitude, in m/s, with the Oberbeck-
Boussinesq approximation, for the configuration of Case 4.
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Figure C.6 illustrates the evolution of the streamlines throughout the simulation,
without invoking the Oberbeck-Boussinesq approximation.

Figure C.6: Streamlines, coloured by velocity magnitude, in m/s, without the Oberbeck-
Boussinesq approximation, for the configuration of Case 4.

As can be seen, the convective behaviour of the flow exhibits the same overall character-
istics in both the Oberbeck-Boussinesq and non-Oberbeck-Boussinesq cases.
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