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Abstract

This study investigates the thermal-hydraulics of a simplified model of Blykalla’s Swedish
Advanced Lead-cooled Reactor (SEALER) using computational fluid dynamics (CFD) in
OpenFOAM. The objective is to develop and verify a system-level model for forced and natural
convection. The reactor cooling circuit is represented using porous media and volumetric
source terms. Simulations are conducted using Reynolds-averaged Navier-Stokes (RANS),
employing both eddy-viscosity and Reynolds stress turbulence models. The model is initially
validated for single-phase steady-state forced convection by comparison with reference data.
Strong agreement is obtained with respect to mass flow rate, core temperature difference, and
pressure drop, indicating a consistent implementation of the system components. A noticeable
deviation of 18.6 % is observed in the steam generator pressure drop, which suggests
sensitivity to the porous media implementation. The turbulence model has a negligible
impact on system-level performance during forced convection. For natural convection, the
results show a strong dependence on reactor geometry, where increased system height
enhances circulation and thermal distribution. The choice of turbulence model has a more
pronounced effect under natural convection conditions, where the Reynolds stress model
predicts a lower mass flow rate and exhibits reduced numerical stability compared to the
eddy-viscosity models. The influence of thermophysical modeling is assessed by comparing a
temperature-dependent property model with the Boussinesq approximation. The Boussinesq
model predicts a higher mass flow rate and a lower temperature rise across the core, consistent
with its simplified treatment of density variations. Multiphase simulations using a volume of
fluid (VOF) approach are conducted to assess the capability to predict buoyancy-driven flow
in the presence of large density differences. The results indicate that the presence of a gas
phase has a negligible impact on system performance and that the OpenFOAM treatment of
buoyancy is sufficient for system-level analysis.
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Nomenclature

Abbreviations

AR Asymptotic Range
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
DNS Direct Numerical Simulation
GCI Grid Convergence Index
LBE Lead-Bismuth Eutectic
LES Large Eddy Simulation
LFR Lead-cooled Fast Reactor
LIC Line Integral Convolution
LRR Launder-Reece-Rodi
OECD Organization for Economic Co-operation and Development
PISO Pressure-Implicit with Splitting of Operators
RANS Reynolds-Averaged Navier-Stokes
RSM Reynolds Stress Model
RVACS Reactor Vessel Auxiliary Cooling System
SEALER Swedish Advanced Lead-cooled Reactor
SG Steam Generator
SIMPLE Semi-Implicit Method for Pressure-Linked Equations
SMR Small Modular Reactor
SST Shear Stress Transport
TVD Total Variation Diminishing
VOF Volume of Fluid

Latin symbols

𝐴 Area [m2]
𝐶 Inertial resistance coefficient [m−1]
𝐶CFL Courant number safety factor [−]
𝐶𝜇 Model constant in 𝑘-𝜀 turbulence model [−]
𝑐𝑝 Specific heat capacity [Jkg−1 K−1]
𝐷 Viscous resistance coefficient [m−2]
𝑑 Darcy coefficient [m−2]
𝑒 Specific internal energy [Jkg−1]
𝐹 Mass flux [kgm−2 s−1]
𝐹buoyancy Buoyancy force [Nm−3]
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𝐹𝜎 Volumetric surface tension force [Nm−3]
𝑓 Forchheimer coefficient [m−1]
f𝑝 Momentum sink term [Nm−3]
𝑔 Gravitational acceleration [ms−2]
g Gravitational acceleration vector [ms−2]
ℎ Heat transfer coefficient [Wm−2 K−1]
ℎ Specific enthalpy [Jkg−1]
h Position vector (gravitational height) [m]
𝑘 Thermal conductivity [Wm−1 K−1]
𝑘 Turbulent kinetic energy [m2 s−2]
𝑀 Molar mass [kgmol−1]
¤𝑚 Mass flow rate [kgs−1]
𝑁 Number of cells [−]
n Outward unit normal vector [−]
P𝑖 Inertial (quadratic) resistance tensor [kgm−4]
P𝑣 Viscous (linear) resistance tensor [kgm−3 s−1]
𝑃/𝐿 Pressure gradient [Pam−1]
𝑃𝑟 Prandtl number [−]
𝑝 Pressure [Pa]
𝑝min Minimum pressure [Pa]
𝑝obs Observed order of accuracy [−]
𝑝rgh Modified pressure [Pa]
𝑄 Heat transfer rate [W]
𝑄calc Calculated heat transfer rate [W]
𝑄filt Filtered heat transfer rate [W]
𝑅𝑖 𝑗 Reynolds stress tensor component [m2 s−2]
𝑟 Grid refinement ratio [−]
𝑆𝐸 Energy source term [Wm−3]
S𝑀 Momentum source term [Nm−3]
𝑆𝜙 Source term for scalar transport [–]
𝑆𝑝 Implicit source term [−]
𝑆𝑢 Explicit source term [W]
𝑇 Temperature [K]
𝑇0 Reference temperature [K]
𝑇∞ Ambient air temperature [K]
u Velocity vector [ms−1]
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𝑉 Volume [m3]
v𝑠 Superficial velocity [ms−1]
𝑦+ Dimensionless wall distance [−]
Δ𝑝 Pressure drop [Pa]
Δ𝑇 Temperature difference [K]
Δ𝑡 Time step [s]
Δ𝑥 Representative cell size [m]

Greek symbols

𝛼 Phase fraction (VOF) [−]
𝛼 Thermal diffusivity [m2 s−1]
𝛼𝑡 Turbulent thermal diffusivity [m2 s−1]
𝛽 Thermal expansion coefficient [K−1]
𝛽 Relaxation/filter coefficient [−]
𝜀 Turbulent dissipation rate [m2 s−3]
Γ𝜙 Generalized diffusion coefficient for 𝜙 [kgm−1 s−1]
𝜇 Dynamic viscosity [Pas]
𝜇𝑡 Turbulent dynamic viscosity [Pas]
𝜈 Kinematic viscosity [m2 s−1]
𝜈𝑡 Turbulent kinematic viscosity [m2 s−1]
𝜔 Specific dissipation rate [s−1]
𝜙 Transported scalar quantity [−]
𝜑′ Fluctuation of scalar quantity [−]
𝜌 Density [kgm−3]
𝜌0 Reference density [kgm−3]
𝜎 Surface tension coefficient [Nm−1]
𝝉 Viscous stress tensor [Pa]
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1 Introduction

Electricity is estimated to account for approximately 50 % of the total energy consumption
by 2050 [1]. Thus, the development of low-emission energy sources is essential for achieving
net-zero emissions. The transition towards a sustainable energy system has led to an increased
interest in nuclear power as a stable and large-scale energy source with low greenhouse
gas emissions. The role of nuclear energy in the future energy mix is further emphasized
by the International Energy Agency, which identifies nuclear power as a key contributor to
the transition towards a net-zero energy system. In addition, the majority of electricity is
estimated to be sourced from solar and wind power by 2050, with nuclear energy expected to
provide stable baseload generation, supporting grid reliability.

Although conventional nuclear power plants continue to operate worldwide, small modular
reactors (SMRs) represent a significant shift in the nuclear industry [2]. SMRs provide
compact, prefabricated designs and could enable reduced capital costs, which have historically
posed challenges for the nuclear industry. In addition to electricity generation, SMRs enable
applications such as district heating and deployment in decentralized energy systems, including
microgrids and off-grid locations.

Regardless of the type of reactor, the design must be "inherently safe", meaning that the
system can passively mitigate the consequences of failure scenarios, including loss of power
or cooling [3]. Hence, a central objective of SMRs is the enhancement of passive safety
systems. Through natural circulation driven by buoyancy forces, the system becomes less
reliant on active safety components during failure scenarios, resulting in a simpler reactor
design. Passive safety also reduces the risk of radioactive release into the environment [4].

Among the advanced reactor technologies being developed, the lead-cooled fast reactor (LFR)
is recognized as a Generation IV reactor concept [5]. The LFR uses liquid lead or lead-bismuth
eutectic (LBE) as the coolant, which provides several advantages. Lead is chemically inert,
resulting in limited reactivity with air and water [6]. It is also a low-pressure coolant due to
its high boiling point, allowing operation at near-atmospheric pressure. Additionally, lead
provides inherent radiation shielding. These properties yield improved passive safety in case
of failure scenarios.

Despite the advantages, LFRs present several challenges [6]. The high melting point of lead
requires careful thermal management to prevent solidification. Furthermore, high operating
temperatures and flow velocities promote corrosion of structural materials. The opacity of
lead also complicates inspection and monitoring of internal components. In addition, the
high density of lead results in increased mechanical loads, imposing strict requirements on
structural integrity and seismic design.
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1.1 Lead-cooled SMR concept

The Swedish Advanced Lead-cooled Reactor (SEALER), developed by the Swedish nuclear
company Blykalla, is a SMR based on LFR technology, illustrated in Figure 1 [7]. It is
designed for commercial electricity production and industrial heat applications. With an
output of 55 MW (electric) and a fuel residence time of 25 years, the SEALER occupies a
footprint of approximately 5 m × 5 m.

Figure 1: Conceptual illustration of the SEALER [7].

Liquid lead is used as a coolant and, due to its high boiling point of approximately
1700 ◦C, enables low-pressure operation [7]. Due to the relatively low power output and the
thermophysical properties of liquid lead, decay heat can be passively removed through natural
circulation. Moreover, the lead coolant is circulated through pipes made of aluminum-alloyed
steel designed for corrosion resistance in liquid-lead environments.

The reactor is configured as a pool-type system, which means that the coolant circulates
within a single vessel, as shown in Figure 2. The heat generated in the core is carried by
the lead to the steam generator located in the upper part of the vessel. There, the thermal
energy is transferred to the secondary steam cycle for electricity production. During standard
operation, the coolant circulation is driven by primary pumps, providing forced convection
through the core and the heat exchangers.
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Figure 2: Cross-sectional illustration of the SEALER reactor vessel [8].

In the event of pump shutdown or loss of external power, the system is designed to utilize
natural circulation [7]. This circulation is driven by density differences caused by temperature
differences in the coolant. In addition to the steam generator, the system is equipped with a
reactor vessel auxiliary cooling system (RVACS). This is a passive air-cooling system that
removes heat from the system by transferring it to the air surrounding the vessel. This enables
long-term decay heat removal without active cooling components.

Inside the cooling circuit, an argon cover gas is located above the liquid lead [9]. The
compressibility of the gas enables thermal expansion and pressure changes in the coolant
without imposing increased mechanical stresses on the vessel. In addition, the argon is used
due to its chemical inertness. This helps prevent corrosion of the reactor vessel since the gas
replaces air and water vapor in the free space above the lead.

1.2 Scope and objectives

Thermal-hydraulic analysis is essential for evaluating reactor performance and safety. Com-
putational fluid dynamics (CFD) is a widely used tool for such analyses, enabling detailed
investigation of flow behavior and heat transfer without the need for complex experimental
setups.

The aim of this study is to develop a simplified CFD-based thermal-hydraulic model of
the SEALER system in OpenFOAM based on a reference model in STAR CCM+ and to
assess its predictive capability under both steady-state and transient operating conditions. The
OpenFOAM setup is developed to provide a cost-effective alternative to other CFD software
while allowing customization of the flow physics.

3



The work seeks to establish a single-phase steady-state model capable of reproducing key
thermal-hydraulic parameters, including mass flow rates, pressure drops, and temperature
distributions, through comparison with the reference STAR-CCM+ simulations.

Furthermore, the study aims to investigate the behavior and limitations of the implemented
system during natural circulation by performing single-phase simulations. The single-phase
simulations are then used as a reference to simulate multiphase flow where the argon gas cover
is present. Due to limitations in multiphase-flow buoyancy treatment in STAR-CCM+, where
a global reference density is used, buoyancy effects may not be fully captured when large
density differences exist between phases. Therefore, the aim of the multiphase simulation is
to evaluate how buoyancy treatment in OpenFOAM influences the system performance. In
all simulations of this study, steady-state conditions are obtained either directly or through
transient simulations run until a quasi-steady-state is reached.

1.3 Delimitations

To limit the scope of the study, several simplifications and limitations are introduced in the
modeling approach. The reactor geometry is simplified by exploiting geometric symmetry,
which allows a quarter of the system to be simulated. Further simplifications in the geometry
include replacing complex internal structures such as fuel assemblies and steam generator
tube bundles with porous media to account for their respective pressure drops. This is deemed
sufficient, as the purpose of the study is to investigate system-level performance.

The flow is modeled using Reynolds-averaged Navier-Stokes (RANS) turbulence models.
Higher accuracy approaches such as large eddy simulation (LES) and direct numerical
simulation (DNS) are omitted due to their computational requirements.

The gas phase is neglected in single-phase simulations, as its influence on the bulk flow
and heat transfer is assumed to be negligible under the considered conditions. Multiphase
simulations are performed in selected cases to capture phase interactions during natural
circulation, while sensitivity studies of the setup are limited to the single-phase simulations.
Furthermore, exterior air flow is not explicitly modeled and is instead represented through
boundary conditions at the system boundaries.

Neutronic feedback effects are not included in the model. Reactor power is instead integrated
as a fixed volumetric heat source within the core region. Thus, thermal-hydraulic feedback
on reactor power is beyond the scope of this study. Similarly, the steam generator cooling is
simplified by representing it through a volumetric heat sink in the reactor geometry. Hence,
the secondary heat carrier is not modeled in this setup.
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The verification of the model is performed through comparison with reference CFD simulations
rather than experimental measurements, since experimental data for the investigated reactor
configuration are not available.

2 Background

2.1 Thermophysical properties of liquid metals

In this work, lead is used as the working fluid. Lead is considered a promising coolant for
fast nuclear reactors due to its favorable thermophysical properties [9].

2.1.1 Specific features of liquid metals

Liquid metals, compared to other fluids such as air and water, have significantly higher
thermal conductivity 𝑘 and lower specific heat capacity 𝑐𝑝 [9]. The kinematic viscosity 𝜈 of
heavy liquid metals is often smaller than for air or water, leading to a larger Reynolds number
for the same velocity. Combining these properties leads to the dimensionless Prandtl number,

𝑃𝑟 =
𝑐𝑝 𝜇

𝑘
=

𝜈

𝛼
(1)

where 𝛼 is the thermal diffusivity and 𝜇 is the dynamic viscosity. The Prandtl number
compares the transport of momentum, represented by the kinematic viscosity, to the transport
of thermal energy, represented by the thermal diffusivity [9]. 𝑃𝑟 does not depend on geometry
or velocity, which means it is based only on the physical properties of the fluid. It is therefore
an essential non-dimensional parameter in convective heat transfer problems.

Due to the very specific physical properties of liquid metals, the Prandtl number is more than
two orders of magnitude lower compared to water and air, which are typically of the order
O(1) [10]. Liquid metals instead fall in the range 0.003 ≤ 𝑃𝑟 ≤ 0.06 [9].

A low Prandtl number implies that the thermal diffusivity dominates the momentum diffusivity
(𝛼 ≫ 𝜈) [10]. As a result, the thermal boundary layer is significantly thicker than the viscous
boundary layer. This implies that thermal energy diffuses much faster than momentum in
liquid metals.

2.1.2 Thermophysical properties of lead

The thermophysical properties of liquid lead are strongly temperature-dependent. Empirical
correlations for the main properties of liquid lead at atmospheric pressure are reported
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in the Organization for Economic Co-operation and Development (OECD) Handbook on
Lead-Bismuth Eutectic Alloy and Lead Properties [9]. The main correlations of liquid lead
are summarized in Table 1.

Table 1: Correlations for thermophysical properties of liquid lead.

Property Correlation Temp. range Est. error
𝜌 11441−1.2795 ·𝑇 601 K to 1900 K 1 %
𝑐𝑝 176.2−4.923 ·10−2 ·𝑇 +1.544 ·10−5 ·𝑇2 −1.524 ·106 ·𝑇−2 601 K to 1300 K 5 %
𝜇 4.55 ·10−4 exp

(
1069
𝑇

)
601 K to 1500 K 5 %

𝑘 9.2+0.011 ·𝑇 601 K to 1400 K (15 %)

where𝑇 is the temperature in K. These correlations are valid in the temperature ranges specified
in the OECD handbook and are summarized in Table 1. These ranges are representative of the
operating conditions in liquid lead-cooled reactor systems. Unlike the other fluid properties,
the thermal conductivity of lead has a varying temperature dependence in the available
literature. Thus, a compromise between the available data is adopted in the handbook to
represent technically pure lead under normal pressure. To emphasize this compromise on
temperature dependency, brackets are placed around the estimated uncertainty in Table 1 [9].

2.2 Fundamentals of natural convection

Natural convection, also known as free convection, is a fundamental heat transfer mechanism
in which fluid motion is induced by buoyancy forces resulting from temperature-dependent
density variations [11]. In contrast to forced convection, where the flow is driven by an
external source such as a fan or pump, natural convection is driven only by thermal gradients
and gravitational effects, making it particularly important for passive cooling systems.

Natural convection arises when temperature differences within a fluid lead to density
variations, which cause the warmer, less dense fluid to rise while the cooler, denser fluid
moves downward to replace it [11]. This is referred to as a natural convection current, and
the associated heat transfer is termed natural convection heat transfer. In a gravitational field,
a fluid element with lower density surrounded by a denser fluid experiences an upward force
called the buoyancy force, and its magnitude is equal to the weight of the fluid displaced by
the body.

𝐹buoyancy = 𝜌fluid 𝑔𝑉body (2)

where 𝜌fluid is the average density of the surrounding fluid, 𝑔 is the gravitational acceleration,
and 𝑉body is the volume of the portion of the body immersed in the fluid [11].
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The buoyancy force is opposed by viscous forces arising from shear stresses within the
fluid and at solid boundaries [11]. As fluids move relative to one another, velocity gradients
develop, which create shear stresses within the fluid that act to dissipate momentum and slow
the flow. Under steady conditions, the resulting flow field is established when the driving
buoyancy forces are balanced by the viscous resistance, which determines both the flow
structure and the associated heat transfer characteristics.

In turbulent flow regimes, additional resistance arises from the formation of vortex structures,
which enhance momentum dissipation by transferring kinetic energy to smaller scales where
it is converted into heat, thus increasing the effective flow resistance [12].

2.3 The Boussinesq density approximation

An alternative approach to represent density variations and buoyancy effects in a fluid is the
Boussinesq density approximation [13]. This approximation assumes that the density varies
linearly with temperature, as described by Equation 3, where 𝜌 denotes the density, 𝜌0 the
reference density, 𝛽 the thermal expansion coefficient, 𝑇 the local temperature, and 𝑇0 the
reference temperature.

𝜌 = 𝜌0 (1− 𝛽(𝑇 −𝑇0)) (3)

This approximation introduces a reference density and temperature, and assumes that density
variations are only significant in the buoyancy term of the momentum equation. This simplifies
the system of equations introduced in Section 2.4.1 and is therefore more computationally
efficient [13].

2.4 CFD modeling framework

This section introduces the CFD-related theoretical framework used to model the thermohy-
draulics of the reactor. The governing equations are first introduced. This is followed by a
description of numerical discretization, including convective and diffusive terms, interpolation
and gradient schemes, and temporal discretization. The pressure-velocity coupling strategy is
then introduced. Finally, turbulence and multiphase modeling approaches are described.

2.4.1 Governing equations

The equations needed to model the thermohydraulics of the lead-cooled reactor are introduced
in this section. First, Equation 4 represents the conservation of mass in which u represents the
velocity vector [12]. This ensures conservation of mass within the control volume. During

7



steady-state conditions, the time derivative is zero as the solution is independent of time.

𝜕𝜌

𝜕𝑡
+∇ · (𝜌u) = 0 (4)

Following this, the Navier-Stokes equations are shown in Equations 5 and 6. These equations
state that the rate of change of momentum (the temporal term and the convective term) is
equal to the forces acting on the lead.

𝜕 (𝜌u)
𝜕𝑡

+∇ · (𝜌u⊗ u) = −∇𝑝+∇ · 𝝉+S𝑀 (5)

𝝉 = 𝜇

(
∇u+ (∇u)𝑇 − 2

3
(∇ ·u)I

)
. (6)

These forces are represented on the right-hand side of the equations, where the first term
represents pressure forces, the second term represents viscous forces (the diffusion term) and
the third term represents the body forces [12]. One of the relevant body forces in natural
circulation is buoyancy, which is expressed in Equation 7 for the temperature-dependent
density. The other body force is pressure loss due to the porous media which is expressed
in Equation 8 [14]. Here, the force is dependent on the viscous and inertial pressure loss
coefficients 𝐷 and 𝐶.

S𝑔

𝑀
= 𝜌(𝑇) g (7)

S 𝑝𝑜𝑟

𝑀
= −𝜇(𝑇)Du− 1

2
𝜌(𝑇)C |u|u (8)

In addition, Equation 9 applies the first law of thermodynamics [12]. This means that the
rate of change of internal energy is equal to the work of pressure forces, heat conduction
(diffusion), viscous dissipation, and volumetric heat sources which are introduced in the same
order in Equation 9. Here, 𝑒 represents specific internal energy.

𝜕 (𝜌𝑒)
𝜕𝑡

+∇ · (𝜌𝑒u) = −𝑝∇ ·u+∇ · (𝑘∇𝑇) +𝝉 : ∇u+ 𝑆𝐸 (9)

2.4.2 Discretization of convective terms

In problems where fluid flow is present, transport is governed by the combined effects of
convection and diffusion processes [12]. The steady convection-diffusion equation for a scalar
quantity 𝜙 can be written as

∇ · (𝜌u𝜙) = ∇ · (Γ𝜙∇𝜙) + 𝑆𝜙 (10)

where 𝜌u represents the mass flux, Γ𝜙 the diffusion coefficient, and 𝑆𝜙 a source term [12].
By integrating over a control volume and applying Gauss’ divergence theorem in Equation
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11 where a is an arbitrary vector quantity and n is the surface-normal vector, the transport
equation is transformed into a balance of fluxes across the control volume which yields
Equation 12.

∫
𝐶𝑉

∇ ·a𝑑𝑉 =

∫
𝐴

n ·a𝑑𝐴 (11)

∫
𝐴

n · (𝜌𝜙u) 𝑑𝐴 =

∫
𝐴

n · (Γ𝜙∇𝜙) 𝑑𝐴+
∫
𝐶𝑉

𝑆𝜙 𝑑𝑉 (12)

The left-hand side gives the net convective flux, while the right-hand side contains the
net diffusive flux and the generation or destruction of the property 𝜙 within the control
volume [12]. This shows that the convective flux depends on the values of the transported
variable 𝜙 at the faces of the control volume. Since these values are not directly known,
they must be approximated using interpolation schemes. Unlike diffusion, which acts in all
directions along gradients, convection transports information primarily in the flow direction.
This introduces stability constraints and makes the choice of discretization schemes critical.

To approximate the face values of 𝜙, different discretization schemes can be applied. These
schemes differ in their accuracy and stability characteristics.

Central differencing (linear) scheme The central differencing scheme approximates the
face value as the average of the neighboring cell values [12]. For a one-dimensional control
volume, this can be written as

𝜙𝑒 =
𝜙𝑃 +𝜙𝐸

2
(13)

𝜙𝑤 =
𝜙𝑊 +𝜙𝑃

2
(14)

where 𝜙𝑃 denotes the value at the current control volume, and 𝜙𝐸 and 𝜙𝑊 denote the values
at the neighboring control volumes to the east and west, respectively. The subscripts 𝑒 and 𝑤

refer to the values at the east and west cell faces.

This scheme is second-order accurate, unbounded and does not introduce artificial diffusion
in the same way as the upwind scheme [12]. Unbounded means that the interpolated face
value can attain values outside the range of its neighboring cells. However, the scheme does
not account for the direction of the flow as both neighboring nodes influence the face value
equally. In convection-dominated flows, this may lead to non-physical oscillations and unstable
solutions. In OpenFOAM, the Gauss linear scheme represents this discretization [15].
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Upwind scheme To address this limitation, the first-order upwind differencing scheme
accounts for the flow direction by taking the value of 𝜙 at a control volume face from the
upstream cell [12]. For a one-dimensional control volume, this can be expressed as

𝜙𝑒 =


𝜙𝑃, if 𝐹𝑒 > 0

𝜙𝐸 , if 𝐹𝑒 < 0
(15)

𝜙𝑤 =


𝜙𝑊 , if 𝐹𝑤 > 0

𝜙𝑃, if 𝐹𝑤 < 0
(16)

where 𝐹 is the mass flow rate per unit area. This ensures that the convected quantity is
transported in the correct physical direction. The upwind scheme is therefore stable but
introduces numerical diffusion, which can smear steep gradients. In OpenFOAM, the upwind
scheme is implemented with the Gauss upwind scheme [16].

High-resolution schemes The limitations of higher-order schemes, such as the occurrence
of artificial oscillations and non-physical undershoots and overshoots, have led to the
development of high-resolution schemes [12]. These schemes are often formulated within
the framework of total variation diminishing (TVD) methods and are designed to combine
the accuracy of higher-order discretizations with the stability and boundedness of upwind
schemes. This is achieved by introducing limiter functions that reduce the higher-order
contribution in regions with strong gradients. An example is the limited linear scheme, which
blends upwind and central differencing to improve accuracy while maintaining stability. In
OpenFOAM, this corresponds to the limitedLinear scheme used for the discretization of
convective terms [17].

Since continuity is never exactly satisfied during convergence of a steady-state solution, there
will always be some small continuity error during convergence of a steady-state solution.
Therefore, the convective term can employ the bounded formulation in OpenFOAM [17].
This adds a correction to the transport equation to compensate continuity imbalances. This
acts as a convergence aid to stay bounded as the simulation approaches a stable solution.

2.4.3 Discretization of diffusion terms and surface-normal gradients

In the governing equations, the diffusion of momentum and energy is represented by the
Laplacian operator ∇ · (Γ𝜙∇𝜙) where 𝜙 is the transported quantity, as seen in Equation
10 [18]. In accordance with Gauss’s theorem, highlighted in Equation 11, the diffusion term
is dependent on the surface-normal gradient. In OpenFOAM, Laplacian terms are commonly
discretized using the second-order unbounded Gauss linear scheme, which corresponds to
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central differencing on orthogonal meshes employing Gauss’s theorem. A fully orthogonal
mesh means that, for any two neighboring cell centers, a line can be drawn between them
that is parallel to the normal vector of the cell face.

However, with complex geometries, non-orthogonality is unavoidable. This means that
discretizations of surface-normal gradient terms and diffusion terms can be modified
using limiters and correction procedures, which make the terms less sensitive to non-
orthogonality [18].

In OpenFOAM, the corrected scheme can be added to the discretization of these terms,
which maintains second-order accuracy when non-orthogonality is present [18]. It does
this by adding a non-orthogonal contribution to the original orthogonal discretization to
compensate for geometric misalignment. Conversely, an uncorrected scheme means that no
non-orthogonal correction is performed.

Moreover, OpenFOAM provides limited schemes for diffusion and surface-normal gradient
terms, which improves stability while still accounting for non-orthogonality [18]. By defining
a scalar value between 0 and 1 for the limiter, only a fraction of the non-orthogonal correction
is applied in each iteration.

2.4.4 Interpolation and gradient schemes

In addition to the discretization of convective and diffusive terms, interpolation and gradient
schemes are required to fully discretize the governing equations. Interpolation schemes
are used to evaluate field variables at cell faces based on cell-centered values. Standard
interpolation schemes include the unbounded second-order linear scheme in OpenFOAM [19].

Gradient schemes determine the discretization of the gradient operator ∇𝜙, which is required
for terms such as the pressure gradient in the momentum equation [18]. In OpenFOAM,
gradients are typically computed using the Gauss linear scheme, meaning that a Gauss-based
formulation combined with linear interpolation is used [20].

To ensure numerical stability in regions with steep physical gradients, limiter-based schemes
can be applied [21]. For example, the cellMDLimited scheme introduces a multi-directional
limiter that constrains the reconstructed gradients to maintain boundedness while preserving
second-order accuracy in smooth regions.

2.4.5 Temporal discretization

For transient simulations, the governing equations retain the time derivative which must
be discretized in order to advance the solution in time. Three common time-discretization
approaches are the explicit, implicit, and Crank-Nicolson schemes [12].
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In an explicit scheme, the solution at the new time step is computed solely from the previous
time step [22]. In turn, the method is computationally inexpensive for each iteration. However,
the scheme is conditionally stable and must satisfy stability constraints associated with
convective and diffusive transport. The convective stability requirement is expressed through
the Courant-Friedrichs-Lewy (CFL) condition as seen in Equation 17 for a one-dimensional
case. Here, 𝑢 denotes the characteristic velocity, Δ𝑡 is the time step, Δ𝑥 is the spatial step,
and 𝐶CFL is the safety factor. The expression limits the fluid particle from having a larger
spatial step than the grid.

Δ𝑡 ≤ 𝐶CFL
Δ𝑥

𝑢
(17)

Additionally, diffusive processes such as heat conduction must satisfy Equation 18, which
represents the limit for the one-dimensional case [12]. The condition means that the time step
must be small enough for the diffusion to be resolved.

Δ𝑡 ≤
𝜌𝑐𝑝Δ𝑥

2

2𝑘
(18)

In contrast, the implicit scheme evaluates the governing equations using unknown values in
the new time step, which requires solving a system of equations. Thus, a system of equations
is solved at each time step, which increases computational cost. Nevertheless, the implicit
method is unconditionally stable, which is useful if large time steps are of interest [12]. In
OpenFOAM, this temporal discretization is implemented using the Euler scheme [18].

Unlike the explicit and implicit schemes, the Crank-Nicolson scheme is of second-order
accuracy [12]. It combines the contributions of the previous and new time steps. This scheme
is unconditionally stable, but large time steps can cause numerical oscillations or loss of
boundedness.

In OpenFOAM, transient solvers can adopt an adjustable time step by specifying the maximum
allowable Courant number limit [23]. This limits the current time step to satisfy the Courant
number condition.

2.4.6 Pressure-velocity coupling algorithms

To ensure consistency between the momentum and continuity equations, pressure-velocity
coupling algorithms are required [12]. This is because the momentum equation depends on
the pressure field and is in turn adjusted to enforce mass conservation.

One common algorithm is the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
[12]. It is an iterative method in which the pressure field is guessed in each iteration. Following
this, the discretized momentum equations are solved using the pressure field which yields
the velocity field. With this, the pressure correction is calculated, which gives the corrected
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pressure and velocities. The final step is to solve the remaining discretized transport equations
and determine if convergence is reached by evaluating if continuity is satisfied. If this is not
the case, the corrected pressure and velocity field is used as new guesses as the previous steps
are repeated. There are multiple versions of this algorithm, one of which is called SIMPLEC.
This particular model omits less significant terms in the correction equation.

Another algorithm is the Pressure Implicit with Splitting of Operators (PISO) [12]. It involves
one predictor step in addition to two corrector steps and can be interpreted as an extension
of SIMPLE with a further corrector step to enhance it. The second velocity and pressure
correction occurs in the same time step, resulting in a more accurate solution without multiple
outer iterations.

PIMPLE is a combination of the PISO and SIMPLE algorithms which incorporates outer
iterations and inner pressure-velocity corrections [24]. This improves stability and convergence
in transient flows with larger possible time steps compared to PISO.

2.4.7 Turbulence modeling theory

Laminar flow is completely predicted by the Navier-Stokes equations. However, most flows
are turbulent and therefore require turbulence modeling [12]. The three primary turbulence
modeling methods are: DNS, LES, and RANS. Due to the computational requirements
of DNS and LES, RANS is the most commonly used turbulence modeling framework for
industrial applications. The resulting averaged equations in compressible flow are seen in
Equations 19 and 20, and the averaged transport equation is seen in Equation 21. In these
equations, an overbar represents a time-averaged scalar or vector, and the tilde indicates a
density-weighted or Favre-averaged variable, while an apostrophe denotes its fluctuation. The
variable 𝜙 represents an arbitrary scalar or vector quantity, while 𝜑′ denotes its fluctuating
component.

𝜕𝜌̄

𝜕𝑡
+ 𝜕

𝜕𝑥 𝑗

(
𝜌̄𝑢̃ 𝑗

)
= 0 (19)

𝜕 ( 𝜌̄𝑢̃𝑖)
𝜕𝑡

+ 𝜕

𝜕𝑥 𝑗

(
𝜌̄𝑢̃ 𝑗 𝑢̃𝑖

)
= − 𝜕𝑝

𝜕𝑥𝑖
+ 𝜕

𝜕𝑥 𝑗

(
𝜇
𝜕𝑢̃𝑖

𝜕𝑥 𝑗

)
− 𝜕

𝜕𝑥 𝑗

(
𝜌𝑢′

𝑖
𝑢′
𝑗

)
+ 𝑆𝑀𝑖

(20)

𝜕 ( 𝜌̄𝜙)
𝜕𝑡

+ 𝜕

𝜕𝑥 𝑗

(
𝜌̄𝑢̃ 𝑗𝜙

)
=

𝜕

𝜕𝑥 𝑗

(
Γ𝜙

𝜕𝜙

𝜕𝑥 𝑗

)
− 𝜕

𝜕𝑥 𝑗

(
𝜌𝑢′

𝑗
𝜑′
)
+ 𝑆𝜙 (21)

As can be seen in the equations above, additional terms appear with the fluctuating variables
which are referred to as Reynolds stresses [12]. These stresses represent the mean effect of
turbulence on the flow and result in 6 additional unknown variables. Boussinesq hypothesized
that the Reynolds stresses are proportional to the mean deformation rates. This linear relation,
in turn, depends on the turbulent dynamic viscosity or the eddy viscosity 𝜇𝑡 . Hence, a

13



turbulence closure model is needed to solve for the turbulent viscosity. Some of the most
common approaches are 𝑘-𝜀, 𝑘-𝜔 and 𝑘-𝜔 Shear-Stress Transport (SST) closure models.

Firstly, the 𝑘-𝜀 model expresses the turbulent viscosity as seen in Equation 22, where 𝐶𝜇 is
a dimensionless constant, 𝑘 is the turbulent kinetic energy, and 𝜀 is the rate of dissipation
of turbulent kinetic energy [12]. This introduces two additional transport equations, one for
the kinetic energy in Equation 23 and one for the dissipation rate in Equation 24. In these
equations, there are five adjustable constants: 𝐶𝜇, 𝜎𝑘 , 𝜎𝜀 , 𝐶1𝜀 , and 𝐶2𝜀 that are determined
based on comprehensive data fitting for a range of turbulent flows. Additionally, the term
𝑆𝑖 𝑗 represents the mean rate of strain tensor. The advantages of this model are its numerical
stability and its ability to predict fully developed turbulent flow while being computationally
inexpensive. Near walls, it has a weaker performance, in addition to having poor predictions
of flow separation.

𝜇𝑡 = 𝜌̄𝐶𝜇

𝑘2

𝜀
(22)

𝜕 ( 𝜌̄𝑘)
𝜕𝑡

+
𝜕 ( 𝜌̄𝑢̃ 𝑗 𝑘)

𝜕𝑥 𝑗

=
𝜕

𝜕𝑥 𝑗

[
𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥 𝑗

]
+2𝜇𝑡 𝑠𝑖 𝑗 𝑠𝑖 𝑗 − 𝜌̄𝜀 (23)

𝜕 ( 𝜌̄𝜀)
𝜕𝑡

+
𝜕 ( 𝜌̄𝑢̃ 𝑗𝜀)
𝜕𝑥 𝑗

=
𝜕

𝜕𝑥 𝑗

[
𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥 𝑗

]
+𝐶1𝜀

𝜀

𝑘
2𝜇𝑡 𝑠𝑖 𝑗 𝑠𝑖 𝑗 −𝐶2𝜀 𝜌̄

𝜀2

𝑘
(24)

Similarly to the 𝑘-𝜀 model, the 𝑘-𝜔 model introduces an additional transport equation for
𝑘 [12]. This closure model expresses the turbulent viscosity in accordance with Equation
25. This means that the second transport equation describes the specific dissipation rate 𝜔.
These transport equations are shown in Equations 26, 27, and 28. Similarly to the previous
turbulence transport equations, these include the adapted model constants 𝜎𝑘 , 𝜎𝜔, 𝛾1, 𝛽1,
𝛽∗. In addition they include the term 𝑃𝑘 which represents the rate of production of turbulent
kinetic energy.

𝜇𝑡 = 𝜌̄
𝑘

𝜔
(25)

𝜕 ( 𝜌̄𝑘)
𝜕𝑡

+
𝜕 ( 𝜌̄𝑢̃ 𝑗 𝑘)

𝜕𝑥 𝑗

=
𝜕

𝜕𝑥 𝑗

[(
𝜇+ 𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥 𝑗

]
+𝑃𝑘 − 𝛽∗ 𝜌̄𝑘𝜔 (26)

𝑃𝑘 = 2𝜇𝑡 𝑠𝑖 𝑗 𝑠𝑖 𝑗 −
2
3
𝜌̄𝑘

𝜕𝑢̃ 𝑗

𝜕𝑥 𝑗

(27)

𝜕 ( 𝜌̄𝜔)
𝜕𝑡

+
𝜕 ( 𝜌̄𝑢̃ 𝑗𝜔)

𝜕𝑥 𝑗

=
𝜕

𝜕𝑥 𝑗

[(
𝜇+ 𝜇𝑡

𝜎𝜔

)
𝜕𝜔

𝜕𝑥 𝑗

]
+𝛾1

(
2𝜌̄𝑠𝑖 𝑗 𝑠𝑖 𝑗 −

2
3
𝜌̄𝜔

𝜕𝑢̃ 𝑗

𝜕𝑥 𝑗

)
− 𝛽1 𝜌̄𝜔

2 (28)

The main advantage of this model is its near-wall accuracy as it does not rely on wall
functions [12]. As a result, it performs well in predicting boundary layer flows and heat
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transfer across boundaries. Compared to the 𝑘-𝜀 model, it predicts adverse pressure gradients
with greater precision. Inversely, its performance in free stream flow is worse than that of the
𝑘-𝜀 model.

The 𝑘-𝜔 SST model combines the advantages of 𝑘-𝜀 and 𝑘-𝜔 by transforming the 𝑘-𝜀 model
into a 𝑘-𝜔 model in the near-wall region [12]. In addition, it uses blending functions to
transition between the two models. This allows for a more accurate prediction of the flow.
One of the main problems with these three models is that they are incapable of capturing
the turbulent energy production stemming from anisotropy of the normal stresses. Moreover,
they cannot incorporate the effects on the turbulence of the extra strains and body forces.

A modeling framework that resolves the issue of anisotropy is the Reynolds stress equation
model (RSM) [12]. A widely used closure model is the Launder, Reece and Rodi (LRR). This
model does not have issues with anisotropy and body forces as it accounts for directional
effects of the Reynolds stress field. This is achieved by solving the transport equations for each
of the Reynolds stresses 𝑅𝑖 𝑗 defined in Equation 29. The transport equation for the Reynold
stresses is summarized in Equation 30. In this, the operator 𝐷

𝐷𝑡
denotes the material derivative

which represents the local temporal derivative plus the convective transport. The remaining
terms in the equation, from left to right include the rate of production 𝑃𝑖 𝑗 , the transport by
diffusion 𝐷𝑖 𝑗 , the rate of dissipation 𝜀𝑖 𝑗 , transport due to turbulent pressure-strain interaction
Π𝑖 𝑗 , and the transport caused by rotation Ω𝑖 𝑗 . Due to the complexity of the RSM model,
only the general transport equation is presented here. The full formulation of the transport
equation for the Reynold stresses can be found in Versteeg and Malalaesekera [12].

𝑅𝑖 𝑗 = −
𝜏𝑖 𝑗

𝜌
= 𝑢′

𝑖
𝑢′
𝑗

(29)

𝐷𝑅𝑖 𝑗

𝐷𝑡
=
𝜕𝑅𝑖 𝑗

𝜕𝑡
+
𝜕 (𝑢̃𝑘𝑅𝑖 𝑗)

𝜕𝑥𝑘
= 𝑃𝑖 𝑗 +𝐷𝑖 𝑗 − 𝜀𝑖 𝑗 +Π𝑖 𝑗 +Ω𝑖 𝑗 (30)

By solving the additional transport equations for the Reynolds stresses, the stresses are not
based on the Boussinesq hypothesis [12]. This makes the model more suitable for flows
involving strong anisotropy. Nevertheless, the increased fidelity comes at the cost of increased
computational expense due to the six additional transport equations for the Reynolds stresses.
Additionally, the model uses a dissipation rate equation similar to that used in the 𝑘-𝜀 model,
which implies that the inaccuracies in the dissipation model are similar for both models.

2.4.8 Multiphase modeling

In order to extend the governing equations to two-phase flow, the volume of fluid (VOF)
method can be introduced [25]. To describe the interface between the phases, a scalar phase
fraction, 𝛼, is introduced, representing the volume fraction of phase 1. Consequently, the
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volume fraction of phase 2 is given by 1-𝛼. Therefore, the continuity equation for each of the
two phases can be constructed accordingly in Equations 31 and 32.

𝜕 (𝛼𝜌1)
𝜕𝑡

+∇ · (𝛼𝜌1u1) = 0 (31)

𝜕
(
(1−𝛼)𝜌2

)
𝜕𝑡

+∇ ·
(
(1−𝛼)𝜌2u2

)
= 0 (32)

Furthermore, a momentum equation is formulated for each phase in Equations 33 and 34. The
left-hand side of the equation represents the transient and convective transport of momentum.
The right-hand side contains pressure, viscous stresses, gravity, and interfacial forces.

𝜕 (𝛼𝜌1u1)
𝜕𝑡

+∇ · (𝛼𝜌1u1 ⊗ u1)

= −𝛼∇𝑝1 +∇ ·
[
𝛼𝜇1

(
∇u1 + (∇u1)𝑇 −

2
3
(∇ ·u1)I

) ]
+𝛼𝜌1g+F𝜎

(33)

𝜕
(
(1−𝛼)𝜌2u2

)
𝜕𝑡

+∇ ·
(
(1−𝛼)𝜌2u2 ⊗ u2

)
= −(1−𝛼)∇𝑝2 +∇ ·

[
(1−𝛼)𝜇2

(
∇u2 + (∇u2)𝑇 −

2
3
(∇ ·u2)I

) ]
+ (1−𝛼)𝜌2g+F𝜎

(34)

The term F𝜎 represents the interfacial surface tension force. For liquid lead, the surface tension
is known to be temperature-dependent and can be estimated using empirical correlations [9].
A commonly used expression is given by

𝜎(𝑇) = (525.9−0.113 ·𝑇) ·10−3 (35)

where the surface tension 𝜎 is given in Nm−1 and 𝑇 in K. The correlation is valid over a
temperature range relevant for molten lead and shows good agreement with the experimental
data [9].

The movement of the interface is then predicted by introducing a transport equation for the
phase fraction 𝛼.

𝜕𝛼

𝜕𝑡
+∇ · (𝛼u) = 0 (36)

The phase equations mentioned above describe a general two-fluid flow. In the regular VOF
approach, both fluids are assumed to use a common velocity and pressure field as seen in
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Equations 37 and 38.
u1 = u2 = u (37)

𝑝1 = 𝑝2 = 𝑝 (38)

With this assumption, the governing equations are solved using one set of flow variables with
the material properties having local variations depending on the phase fraction, which is seen
in Equations 39, 40, and 41.

𝜌(𝛼,𝑇) = 𝛼𝜌1(𝑇) + (1−𝛼)𝜌2(𝑇) (39)

𝜇(𝛼,𝑇) = 𝛼𝜇1(𝑇) + (1−𝛼)𝜇2(𝑇) (40)

𝑘 (𝛼,𝑇) = 𝛼𝑘1(𝑇) + (1−𝛼)𝑘2(𝑇) (41)

Assuming that the velocity and pressure fields are shared between the fluids, the phase-wise
equations can be combined into a single set of equations for the mixture. Therefore, the
equations introduced in Section 2.4.1 retain the same structure, but with locally varying
properties depending on the phase fraction as seen in Equations 42, 43, 44, and 45.

𝜕𝜌(𝛼,𝑇)
𝜕𝑡

+∇ ·
(
𝜌(𝛼,𝑇)u

)
= 0 (42)

𝜕
(
𝜌(𝛼,𝑇)u

)
𝜕𝑡

+∇·
(
𝜌(𝛼,𝑇)u⊗u

)
=−∇𝑝+∇·

[
𝜇(𝛼,𝑇)

(
∇u+ (∇u)𝑇 − 2

3
(∇ ·u)I

)]
+S𝑀+F𝜎

(43)

𝜕
(
𝜌(𝛼,𝑇)𝑒

)
𝜕𝑡

+∇ ·
(
𝜌(𝛼,𝑇)𝑒u

)
= −𝑝∇ ·u+∇ ·

(
𝑘 (𝛼,𝑇)∇𝑇

)
+𝝉 : ∇u+ 𝑆𝐸 (44)

𝝉 = 𝜇(𝛼,𝑇)
(
∇u+ (∇u)𝑇 − 2

3
(∇ ·u)I

)
(45)

2.5 OpenFOAM

OpenFOAM is an open-source CFD toolbox that provides a flexible framework for solving
a wide range of fluid flow, heat transfer, and multiphase problems. It is developed and
distributed through two main branches: OpenFOAM Foundation and OpenCFD Ltd., both of
which originate from the same code base but are independently maintained. The OpenFOAM
Foundation develops and distributes OpenFOAM as an open-source project [26]. In contrast,
OpenCFD Ltd. develops the software independently and provides regular updates [27].

In this chapter, the OpenFOAM environment, structure, solvers and buoyancy treatment is
introduced.
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2.5.1 Environment and structure

OpenFOAM simulations are organized using a case directory structure consisting of 0,
constant and system as illustrated in Figure 3. These directories may vary slightly in content
depending on the solver, as they rely on slightly different or additional files.

constant

case

system

0

p
T
U

polyMesh
thermophysicalProperties
turbulenceProperties

controlDict

fvSolution
fvSchemes

Turbulence quantities

Figure 3: General structure of an OpenFOAM case directory.

0 The 0-directory contains the initial and boundary conditions for all solved fields.

constant The constant-directory includes the mesh description, located in the polyMesh
subdirectory, as well as physical and transport properties of the fluid.

system The system-directory contains settings related to the numerical solution procedure,
including control parameters in controlDict, discretization schemes in fvSchemes, and solver
settings in fvSolution.
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In addition to the standard case structure, OpenFOAM provides flexibility through the use of
additional dictionaries depending on the simulation requirements. For instance, fvOptions
found in the constant directory is used to define the source terms.

2.5.2 Solvers

OpenFOAM provides a range of solvers adapted to different physical models and flow regimes.
For simulations involving buoyancy-driven flows and multiphase systems, solvers such as
buoyantSimpleFoam, buoyantBoussinesqSimpleFoam, and compressibleInterFoam can be
used to model reactor cooling circuits as will be elaborated on in this section.

The buoyantSimpleFoam solver is a steady-state solver tailored for single-phase buoyancy-
driven turbulent flows that involve heat transfer [28]. It is a variable density and pressure-based
solver that utilizes the SIMPLE algorithm. The model accounts for density variations through
its thermophysical model that can be adapted based on assumptions. In addition, it supports
porosity modeling and integration of source terms. Moreover, the fields it produces consist of
velocity, temperature, pressure, and dynamic pressure. The energy equation in this solver
uses enthalpy instead of internal energy.

An alternative solver for buoyancy-driven flows is buoyantBoussinesqSimpleFoam, which
applies the Boussinesq approximation (see Section 2.3) [29]. In this approach, density
variations are neglected everywhere except for the buoyancy term, where it is assumed to be
linearly dependent on temperature. This simplifies the governing equations and is suitable for
flows with small temperature differences, where density variations remain limited.

The solver compressibleInterFoam is designed for two immiscible fluids with variable density
and non-isothermal conditions and uses the VOF phase-fraction approach [30]. In contrast
to buoyantSimpleFoam, this is a transient solver that utilizes the PIMPLE algorithm for
pressure-velocity coupling. It shares several features with the single-phase solver in which it
accounts for buoyancy effects, enables porosity modeling, and considers density variations
through its configurable thermophysical model. The model solves the energy equation with
temperature instead of internal energy.

As mentioned above, the thermophysical model of the fluid is adaptable in the thermophysi-
calProperties-directory [31]. Here, the equation of state used in the solver can be selected
based on the application. One such model is icoPolynomial, which enables user-defined
temperature-dependent relations, although the relations are required to be in the form of
standard polynomials [32].
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2.5.3 Treatment of buoyancy forces

Buoyancy forces can be treated differently depending on the numerical formulation of the
governing equations. In variable-density flow, STAR-CCM+ accounts for buoyancy using
Equation 46, where the force depends on the deviation from a global reference density [33].

FBuoyancy = (𝜌− 𝜌ref)g (46)

This formulation may introduce inaccuracies in VOF simulations involving two immiscible
fluids with large density differences. Since a single reference density is used, one of the
phases may experience an unrealistic buoyancy force, leading to nonphysical flow behavior.

In OpenFOAM, solvers such as buoyantSimpleFoam and compressibleInterFoam instead
solve for a modified pressure, 𝑝rgh, defined as

𝑝rgh = 𝑝− 𝜌(g ·h) (47)

where g ·h represents the gravitational potential [34, 35].

Substituting this formulation into the momentum equation yields a buoyancy force that
depends on local density gradients rather than a global reference density, as expressed in
Equation 48.

FBuoyancy = −(g ·h)∇𝜌 (48)

This formulation is particularly advantageous for multiphase flows with large density
differences, as it avoids the need for a global reference density and improves the physical
consistency of buoyancy-driven flow simulations.

3 General methodology

This study is divided into four parts, where this section presents the general methodology
applied throughout the work. The following chapters include the methodology, results, and
discussion of single-phase steady-state forced convection, single-phase steady-state natural
convection, and multiphase natural convection. Intermediate analyses are presented where
necessary to motivate the modeling choices adopted in subsequent investigations.

Single-phase simulations are used to investigate the thermal-hydraulic behavior of the system
under forced and natural convection. The model is subsequently extended to multiphase
simulations using a VOF approach to represent the liquid-gas interface. All simulations in
this study are performed using OpenFOAM v2312.
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3.1 Simplified reactor model

The simplified reactor model represents a quarter of the complete reactor in which the vertical
walls represent symmetry planes. The outer wall of the cold pool represents the RVACS
system. Depending on the modeling approach, a free surface may be present at the top of
the reactor. In multiphase simulations, this surface corresponds to the interface between the
liquid lead and the argon cover gas, whereas in the single-phase simulations it is treated as a
solid boundary. The simplified reactor model used in the simulations is illustrated in Figures
4 and 5.

Figure 4: Front view of the simplified reactor.

Figure 5: Rear view of the simplified reactor without the cold pool.
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The liquid lead flows in a closed circuit without any prescribed inlet or outlet in the system.
The coolant is heated in the reactor core before flowing through the hot pool and into the
steam generator (SG). The flow is then redirected through the pump section header into the
main coolant pump, after which it exits through the pump leg into the cold pool.

For single-phase natural convection simulations, additional reactor geometries are considered
to investigate the influence of reactor height on flow behavior.

3.2 Post-processing and data evaluation

The flow properties evaluated in this study are obtained through post-processing of the
numerical solution fields using OpenFOAM field functions applied to predefined face zones
in the model. These zones are defined at the inlet and exit of each component.

The mass flow rate is calculated by summing the flux across the core and steam generator
cross-sections. Depending on the solver, either phi or rhoPhi is used for this purpose. In
the constant density solver, phi represents the volumetric flux and is therefore scaled with
a reference density, whereas in the variable-density solvers, phi and rhoPhi respectively
represent the mass flux. The pressure drop across each component is determined from the
difference in the cross-sectional average of the modified pressure field 𝑝rgh between the inlet
and the outlet. Similarly, the temperature is evaluated as an area-averaged quantity across the
corresponding cross-section.

3.3 Simulation strategy

The simulations are performed stepwise to ensure consistent and reliable development of the
numerical model. First, single-phase steady-state forced convection simulations are conducted
to verify the physics implementation with reference data from STAR-CCM+.

The verified setup is then applied to single-phase steady-state natural convection to analyze
the governing flow behavior under buoyancy-driven conditions. Since no reference data
are available for this case, the results are evaluated based on observed trends in global
performance parameters and flow characteristics.

To assess the influence of thermophysical property modeling, two different fluid models
are considered in the single-phase natural convection setup. The first model applies the
Boussinesq hypothesis, where density variations are only accounted for in the buoyancy
term. The second model uses temperature-dependent thermophysical properties derived from
polynomial correlations presented in Section 2.1.2.
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Finally, the model is extended to multiphase using a VOF approach to represent the liquid-
gas interface. Although the multiphase solver is transient, the results are evaluated under
quasi-steady-state conditions to enable comparison with the single-phase simulations. By
comparing to the single-phase equivalent, the treatment of buoyancy in the OpenFOAM
solvers can be evaluated.

3.4 Boussinesq model

In the Boussinesq model, the Boussinesq density approximation is adopted by using the
buoyantBoussinesqSimpleFoam solver. In this study, the constant thermophysical properties
of lead are evaluated at a temperature of 1273 K, using the correlations presented in Table 1.
This temperature is used consistently throughout the study, including the implementation of
porous media coefficients, to ensure a uniform property basis in all simulations. The resulting
properties used for the solver are summarized in Table 2.

Table 2: Reference thermophysical properties of liquid lead used in Boussinesq model

Property Value
𝜌 9.81 ·103 kgm−3

𝑐𝑝 138 Jkg−1 K−1

𝜇 1.06 ·10−3 Pas
𝑘 23.2 Wm−1 K−1

𝑃𝑟 0.00625
𝛽 1.30 ·10−4 K−1

3.5 Temperature-dependent property model

In alignment with the reference study, temperature-dependent relations are used to model the
properties of the lead. The assumed relations of the fluid properties are stated in Table 1. To
incorporate the temperature-dependent equations into OpenFOAM, the equation of state is
set to icoPolynomial. This model requires standard polynomial expressions.

In addition, the molar mass of lead is specified in thermophysicalProperties to ensure
consistency with the equation of state formulation. The molar mass is set to the standard
value in the periodic table, molWeight = 207.3 gmol−1.

Since the temperature-dependent properties 𝑐𝑝 and 𝜇 are not in standard polynomial form,
they are implemented in OpenFOAM using polynomial approximations of correlations from
the literature. The approximations are obtained using the least-squares polynomial regression
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in MATLAB with polyfit and polyval functions. Regressions are performed over the valid
temperature ranges for 𝑐𝑝 and 𝜇, as presented in Table 1.

The precision of the polynomial approximations and their relative errors are shown in Figure
6. The maximum relative deviations from the original correlations are 0.0024 % and 0.49 %
for 𝑐𝑝 and 𝜇, respectively. These deviations remain within the estimated uncertainty of the
correlations reported in the LBE handbook. The MATLAB code used for the polynomial
fitting is provided in the Appendix A.

Figure 6: Polynomial approximation of specific heat capacity and dynamic viscosity.

Based on the polynomial regression, the resulting expressions for the specific heat capacity
and dynamic viscosity are given as follows:

𝑐𝑝 (𝑇) = 134.8+0.1046𝑇 −2.383 ·10−4𝑇2 +2.201 ·10−7𝑇3

−9.820 ·10−11𝑇4 +1.780 ·10−14𝑇5 (49)

𝜇(𝑇) = 2.335 ·10−2 −8.435 ·10−5𝑇 +1.349 ·10−7𝑇2

−1.112 ·10−10𝑇3 +4.644 ·10−14𝑇4 −7.791 ·10−18𝑇5 (50)

where 𝑇 is the temperature in Kelvin.
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3.6 Physics implementation

The physical behavior of the system is represented through simplified models of the core, steam
generator, pump, and RVACS system. These components are implemented through source
terms and coded functions located in the constant/fvOptions directory of the OpenFOAM
case. This also requires defining the cell regions that each of the components occupy in the
mesh, enforcing that each source term is strictly applied in relevant components.

Firstly, the reactor core and the steam generator act as a heat source and a heat sink,
respectively. To represent this, volumetric heat transfer functions are implemented in these
components. The core heat transfer to the coolant is implemented using the OpenFOAM
scalarSemiImplicitSource function, which introduces a volumetric heat source into the energy
equation [36].

Similarly to the core, the steam generator is modeled as a volumetric heat sink. Due to
the dynamic coupling between the steam generator and the RVACS, a coded function is
implemented to capture their coupled cooling behavior. Initially, RVACS is represented as
a boundary heat flux, as described by Equation 51 where 𝑄 denotes the heat transfer, 𝐴
is the boundary surface area, and 𝑇lead is the local lead temperature. The convective heat
transfer coefficient ℎ and ambient air temperature 𝑇∞ are defined depending on the simulated
operating condition.

𝑄 = −𝐴 · ℎ · (𝑇lead −𝑇∞) (51)

Consequently, the heat transfer rate to the air is dynamically dependent on the varying
lead temperature. To maintain the overall energy balance, the steam generator removes the
remaining heat from the system using a scalarCodedSource, as described by Equation 52 [37].
As a result, the cooling rate varies in both the steam generator and at the air boundary
surrounding the vessel.

𝑄sg =𝑄core −𝑄air (52)

The coded function works by probing the real-time heat generation in the core, which is
constant in this case, and the varying heat loss through the walls. Based on this, it calculates
the necessary heat extraction required from the steam generator. A low-pass filter with the
value 𝛽 = 0.005 is also implemented to dampen numerical fluctuations, ensuring that the
solver converges smoothly even with large temperature gradients. The filtered heat source
𝑄𝑛

filt at the current time step 𝑛 is calculated using the following recursive relation:

𝑄𝑛
filt = (1− 𝛽)𝑄𝑛−1

filt + 𝛽𝑄𝑛
calc (53)

where 𝑄𝑛
calc is the raw calculated value from the energy balance at the current iteration. Using

a small 𝛽, the solution prioritizes historical values, effectively filtering out high-frequency
numerical noise that could otherwise lead to divergence in the coupled solver.
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In addition, the reactor core and the steam generator are represented using porous media to
account for the hydraulic resistance generated by the internal structures of these components.
In the OpenFOAM model, this resistance is implemented using explicitPorositySource, which
introduces a momentum sink in the momentum equation. Porous resistance is modeled using
the Darcy-Forchheimer formulation, where pressure losses are represented by viscous and
inertial resistance terms [38].

The pump is represented using the vectorSemiImplicitSource function in OpenFOAM, which
introduces a momentum source corresponding to a pressure gradient per unit length [36].

To validate the setup, the mass flow rate and pressure drop in the core and the steam generator
are compared with the reference simulation in which the reference study obtained the flow
properties shown in Table 3.

Table 3: Component properties obtained from a reference simulation performed in STAR-
CCM+.

Property Value
¤𝑚 800 kgs−1

Δ𝑝core 55 kPa
Δ𝑝SG 35 kPa
Δ𝑇core 150 K

3.7 Conversion of parameters

The parameters used in the OpenFOAM model are derived from the reference STAR-CCM+
simulation. Since the two solvers implement source terms and porous resistance slightly
differently, the parameters must be converted before they can be used in the OpenFOAM
formulation. The data provided from the STAR-CCM+ model are summarized in Table 4.
Note that the core power corresponds to a quarter of the total power.

Table 4: Component properties from STAR-CCM+ model.

Property Value
𝑄core 17.5 MW
Corelinear 6.4 ·104 kgm−3 s−1

Corenonlinear 6.4 ·106 kgm4

SGlinear 1.15 ·103 kgm−3 s−1

SGnonlinear 1.15 ·105 kgm4

𝑃/𝐿 2.0 ·105 Pam−1
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The core power represents the thermal energy source in the core, while the linear and
nonlinear coefficients of the core and the steam generator correspond to the viscous and
inertial resistance terms in the porous media model. The quantity 𝑃/𝐿 represents the pressure
gradient generated by the pump, expressed as the pressure increase per unit length. In this
model, this term acts as a momentum source that drives the flow through the system.

The fluid properties used for parameter conversion correspond to the reference thermophysical
properties defined in Section 3.4 and summarized in Table 2.

In the Boussinesq formulation, the energy equation is written in terms of temperature rather
than energy. Consequently, the heat source must be scaled by the product of the reference
density and the specific heat capacity, 𝜌 · 𝑐𝑝, to obtain the corresponding temperature source
term.

For the temperature-dependent formulation, the core power is implemented directly as a
source term in the energy equation. The total power of the core is specified as 𝑆𝑢 = 17.5MW
while the implicit coefficient is set to 𝑆𝑝 = 0, corresponding to a purely explicit heat source
in the core region.

The reactor core and the steam generator are further represented using a porous media model
in both simulations. In STAR-CCM+, the effect of the porous region is introduced as a
momentum sink term, expressed as:

f𝑝 = − (P𝑣v𝑠 +P𝑖 |v𝑠 |v𝑠) (54)

where P𝑣 is the viscous (linear) resistance tensor and P𝑖 is the inertial (quadratic) resistance
tensor [33]. The superficial velocity is denoted by v𝑠. This source term represents the
momentum loss induced by the porous structure.

In OpenFOAM, the porous media model is implemented using the Darcy-Forchheimer
formulation, where the momentum sink is expressed as

𝑆 = −𝜇𝑑u− 1
2
𝜌 𝑓 |u|u (55)

where 𝑑 is the Darcy coefficient representing viscous resistance and 𝑓 is the Forchheimer
coefficient representing inertial resistance [38]. Since internal structures are not modeled in
the geometry, the velocity u is the same as the superficial velocity v𝑠.

To obtain equivalent coefficients in OpenFOAM, the viscous resistance tensor P𝑣 of the
STAR-CCM+ model is divided by the dynamic viscosity of the fluid to obtain the Darcy
coefficient 𝑑. The inertial resistance tensor P𝑖 is divided by the fluid density and multiplied
by two to obtain the Forchheimer coefficient 𝑓 . This ensures that the viscous and inertial
contributions to the pressure drop in the OpenFOAM formulation reproduce the same
hydraulic resistance as in the reference STAR-CCM+ model. The Darcy and Forchheimer
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coefficients have a x-, y-, and z-component. The reference STAR-CCM+ model employs
the flow resistance in the flow-wise direction, which is why the converted coefficients are
employed only in the y-direction. To remain consistent with the STAR-CCM+ simulation, the
other components are set to sufficiently large values to impose a unidirectional flow.

Additionally, the momentum equation in the Boussinesq model is expressed per unit mass.
As a result, the pressure gradient obtained from the STAR-CCM+ model must be divided by
a reference density before being applied as a source term.

For the temperature-dependent model, the governing equations are expressed per unit volume
and the density is already included in the formulation. Therefore, the pressure gradient from
the STAR-CCM+ model can be applied directly as the pump source term without additional
scaling. The resulting parameters used in the OpenFOAM simulations are summarized in
Tables 5 and 6.

Table 5: Resulting component properties for buoyantBoussinesqSimpleFoam.

Property Value
𝑄core 13.0 Km3 s−1

Corelinear 5.06 ·107 m−2

Corenonlinear 1.30 ·103 m−1

SGlinear 9.10 ·105 m−2

SGnonlinear 23.4 m−1

𝑃/𝐿 20.4 ms−2

Table 6: Resulting component properties for buoyantSimpleFoam.

Property Value
𝑄core 17.5 MW
Corelinear 5.06 ·107 m−2

Corenonlinear 1.30 ·103 m−1

SGlinear 9.10 ·105 m−2

SGnonlinear 23.4 m−1

𝑃/𝐿 2.0 ·105 Pam−1

3.8 Boundary conditions

The boundary conditions in the setup are integrated into OpenFOAM in the 0-directory.
They are selected to ensure physical consistency with the reactor model while maintaining
numerical robustness. Furthermore, the side (0◦ and 90◦) boundaries are treated as cyclicAMI
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interfaces, enabling an accurate representation of the full reactor geometry. The symbol *
represents a collection of boundaries in the OpenFOAM setup that are treated with identical
boundary conditions. For example, there are two different free surfaces, one for the hot pool
and one for the cold pool, which are summarized with the collective name free_surface*.

Depending on the modeling approach, certain boundary conditions are modified. In particular,
the single-phase free-surface boundary is replaced with a liquid-gas interface in multiphase
simulations.

Moreover, the boundary conditions presented in this section are for the 𝑘-𝜔 SST model. To
clarify, all boundary conditions used are based on the official OpenFOAM documentation [39].

Velocity Solid walls are assigned the condition noSlip, which enforces zero velocity on the
wall surface [12]. The free surface regions are modeled using a slip condition. This ensures a
zero normal velocity while allowing tangential motion without shear stress. This allows for a
simplified representation of the free surface in single-phase simulations. The summarized
boundary conditions are shown in Table 7.

Table 7: Boundary conditions for the velocity field u.

Boundary Type Specification

walls.* noSlip u = 0

free_surface* slip u ·n = 0

air_wall noSlip u = 0

Temperature All solid walls and free-surface regions use the zeroGradient boundary
condition, corresponding to zero heat flux through these boundaries. The exception is the
air_wall patch, which is modeled using externalWallHeatFluxTemperature according to
Equation 51 to represent the RVACS system. This enables heat removal to the surrounding
air without explicitly modeling the external flow domain. The ambient air temperature and
convective heat transfer coefficients are assumed constant. Table 8 summarizes the applied
temperature boundary conditions.

Table 8: Boundary conditions for temperature 𝑇 .

Boundary Type Specification

free_surface* zeroGradient ∇𝑇 ·n = 0

air_wall externalWallHeatFluxTemperature ℎ = 15Wm−2 K−1, 𝑇∞ = 288K

walls.* zeroGradient ∇𝑇 ·n = 0
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Modified pressure A fixedFluxPressure boundary condition is applied to all non-periodic
boundaries as seen in Table 9. This ensures that the pressure gradient at solid boundaries
remains consistent with the mass flux obtained from the momentum equation.

Table 9: Boundary conditions for dynamic pressure 𝑝rgh.

Boundary Type Specification

walls.* fixedFluxPressure 0

free_surface* fixedFluxPressure 0

air_wall fixedFluxPressure 0

Static pressure The static pressure field is defined as calculated, which implies that it is
derived from 𝑝rgh and the hydrostatic contribution. It is therefore not independently solved
but reconstructed during the solution process. In Table 10, 𝑝internal means that each cell along
the boundary uses the static pressure value of their adjacent cells inside the mesh domain.

Table 10: Boundary conditions for static pressure 𝑝.

Boundary Type Specification

walls.* calculated 𝑝 = 𝑝internal

free_surface* calculated 𝑝 = 𝑝internal

air_wall calculated 𝑝 = 𝑝internal

Turbulent boundary conditions Turbulent boundary conditions are implemented using
standard OpenFOAM wall functions to ensure numerical stability and consistency with the
turbulence models. For the turbulent kinematic viscosity, the nutUSpaldingWallFunction
boundary condition is applied. This wall function provides a continuous velocity profile across
a wide range of 𝑦+ values, which improves the robustness of the near-wall treatment [40].

An explicit analysis of the resulting 𝑦+ values is not performed in this study, as such
investigation is considered outside the scope of the present work. Instead, the influence of
the near-wall resolution is assessed through the wall refinement study presented in Section
5.4, where the first layer thickness at the exterior wall is systematically varied to evaluate its
impact on the natural circulation flow.

At the free surface, the turbulent quantities are assigned zeroGradient boundary conditions in
order to minimize the influence of the free surface on the flow.

The complete set of turbulent boundary conditions used in this study is summarized in Table
11.
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Table 11: Boundary conditions for turbulence quantities, 𝛼𝑡 , 𝜔, 𝜈𝑡 and 𝑘

Field Boundary Type

𝛼𝑡 walls.* alphatWallFunction

− free_surface zeroGradient

− air_wall alphatWallFunction

𝜔 walls.* omegaWallFunction

− free_surface zeroGradient

− air_wall omegaWallFunction

𝜈𝑡 walls.* nutUSpaldingWallFunction

− free_surface zeroGradient

− air_wall nutUSpaldingWallFunction

𝑘 walls.* kqRWallFunction

− free_surface zeroGradient

− air_wall kqRWallFunction

3.9 Numerical setup

The numerical setup is specified in fvSchemes and fvSolution within the system-directory. The
selected numerical schemes are determined based on the ability to achieve convergence on
the coarsest mesh for the mesh sensitivity study for the forced convection setup. This results
in a numerical setup that prioritizes robustness over spatial accuracy, which is appropriate
since this study focuses on bulk flow quantities rather than solving local flow behavior.
This numerical setup is used throughout the study, while some adjustments are made and
highlighted in the following chapters where it is found necessary. The SIMPLEC algorithm
is utilized in all single-phase simulations.

For the discretization of the convective terms, the first-order bounded Gauss upwind scheme
is applied for the momentum and energy convection terms to ensure numerical stability and
boundedness. The convective turbulence quantities are discretized using the limited bounded
Gauss linear scheme to achieve higher order accuracy while maintaining stability.

The diffusion terms are discretized using a Gauss linear limited scheme to balance numerical
stability and spatial accuracy. Gradients are evaluated using the Gauss linear scheme to
maintain spatial accuracy. To balance accuracy in the complex geometry while mitigating
errors associated with mesh non-orthogonality, limited surface normal gradients are used in
combination with Gauss linear limited scheme for the diffusion terms. The linear scheme is
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employed for interpolation as it achieves higher accuracy and exhibits minimal impact on
stability as observed in these particular simulations.

Unless explicitly stated in the following chapters, standard under-relaxation values are used
in the range of 0.1−0.6 where alterations within this range show negligible impact on the
predicted results.

4 Single-phase steady-state forced convection

The purpose of the steady-state forced convection case is to verify the implemented physics
by comparing global hydraulic performance with the STAR-CCM+ model. These evaluated
quantities include the mass flow rate and the pressure drop in the core and the steam generator.
This is because the flow is expected to be primarly governed by the pump and porous media
implementation. To assess the numerical setup, a grid convergence analysis and a turbulence
model comparison are conducted.

4.1 Forced convection setup

The forced convection simulations represent normal operating conditions in which the coolant
circulation is driven by the primary pump. The pump source term and the steam generator
cooling are therefore active throughout the simulations.

The RVACS boundary is modeled using a convective heat transfer coefficient of ℎ =

15Wm−2 K−1 together with an ambient air temperature of 𝑇∞ = 288K, consistent with the
STAR-CCM+ reference setup.

4.2 Mesh generation

Since the quantities of interest are bulk flow characteristics rather than detailed wall heat
transfer, near-wall resolution is not prioritized in this case. Furthermore, the system behavior
is expected to be largely governed by pressure losses in porous media regions, since these
represent the dominant hydraulic resistance in the system.

With this in mind, three inflation layers for all solid boundaries are applied, with a first layer
thickness of 0.01 m, a growth rate of 1.3, and a cell size of 0.05 m. The resulting mesh is
shown in Figure 7.

All meshes used throughout this study are generated using Ansys Fluent. This particular mesh
does not include any local refinements in order to simplify the mesh sensitivity analysis.
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Figure 7: Forced convection mesh with cell size 0.05 m

4.3 Grid convergence analysis

Initially, a mesh sensitivity analysis is conducted on the temperature-dependent property
model to assess the discretization uncertainty of the numerical solution. All numerical schemes
are kept unchanged throughout the mesh study to ensure that any observed differences between
mesh levels are solely attributed to the variation in mesh resolution.

For the forced convection case, a set of eight progressively refined meshes are generated. The
resulting mass flow rate and pressure drop are evaluated as functions of the total cell count to
assess the sensitivity of the solution to mesh refinement. To further quantify grid convergence,
the Grid Convergence Index (GCI) method proposed by Celik et al. [41] is applied.

Three meshes are selected from the initial set, denoted Grid 1, Grid 2, and Grid 3. The
corresponding mesh properties are summarized in Table 12.

Table 12: Mesh properties used for the GCI analysis.

Mesh Number of cells (𝑁) Total volume (𝑉tot) Cell size
Grid 1 (Fine) 1 776 496 29.8 m3 0.034 m
Grid 2 (Medium) 763 574 29.8 m3 0.050 m
Grid 3 (Coarse) 243 685 29.7 m3 0.100 m

The representative cell size is defined as

Δ𝑥 =

(
𝑉tot
𝑁

)1/3
(56)
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where 𝑉tot is the total volume of the domain and 𝑁 is the number of cells. Based on this, the
grid refinement ratios are defined as

𝑟21 =
Δ𝑥2
Δ𝑥1

, 𝑟32 =
Δ𝑥3
Δ𝑥2

(57)

The differences between successive grid solutions are expressed as

𝜀21 = 𝜙2 −𝜙1 (58)

𝜀32 = 𝜙3 −𝜙2 (59)

where 𝜙 represents the evaluated quantities, in this case the mass flow rate or the pressure
drop. Monotonic convergence is identified when these differences retain the same sign, while
a change in sign indicates oscillatory convergence behavior.

The apparent order of accuracy 𝑝obs is obtained iteratively, and the discretization error is
estimated using the GCI formulation. The GCI values of the fine and medium grid are
computed using a safety factor of 1.25, as recommended in the literature [41].

To verify that the solution lies within the asymptotic range (AR) of convergence, the parameter
𝐴𝑅 is evaluated [42]. The values of 𝐴𝑅 approaching unity indicate that the solution is within
the asymptotic convergence region and that further grid refinement is expected to yield
only marginal improvements in the accuracy of the solution while significantly increasing
the computational cost. The complete MATLAB implementation of the GCI procedure is
provided in Appendix B for transparency.

The grid convergence behavior is first assessed by examining the variations of the main flow
parameters with mesh resolution. The predicted mass flow rate and pressure drop are plotted
as functions of the total number of cells, as shown in Figure 8. A clear reduction in variation
with increasing mesh resolution is observed, indicating convergence of the solution.
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Figure 8: Mesh sensitivity study of the predicted pressure drop and mass flow rate.
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To quantify the convergence of the grid, the GCI method is applied. The results of the analysis
for the mass flow rate and the pressure drop in the core and the steam generator are presented
in Table 13. The mass flow rate and the steam generator pressure drop exhibit monotonic
convergence with mesh refinement, while the core pressure drop shows a slight oscillatory
behavior, but still converges toward a consistent solution.

Table 13: Results of the grid convergence analysis.

Property ¤𝒎 𝚫 𝒑core 𝚫 𝒑SG

𝑟21 1.3251 1.3251 1.3251
𝑟32 1.4632 1.4632 1.4632
𝑝obs 7.54 9.93 23.74
𝐺𝐶𝐼21 0.018 % 0.0090 % 1.2 ·10−6 %
𝐺𝐶𝐼32 0.15 % 0.14 % 9.3 ·10−4 %
𝐴𝑅 1.001 0.925 1.000

The observed order of accuracy is higher than the nominal second-order spatial accuracy
of the numerical discretization scheme. In the present case, the difference between the
medium and fine grids is extremely small for several evaluated quantities, resulting in a very
small estimated error between these grid levels and consequently an overestimation of the
apparent order of accuracy. In general, the convergence behavior indicates a consistent spatial
convergence of the numerical solution.

In conjunction, the calculated GCI values are below 1 % for all the evaluated quantities,
indicating low discretization uncertainty. The asymptotic range parameter 𝐴𝑅 is close to
unity for the mass flow rate and the pressure drop in the steam generator, suggesting that
these quantities are within the asymptotic convergence range. For the core pressure drop, the
value is slightly below unity, indicating that the asymptotic range may not be fully reached.
However, the discretization uncertainties remain small for all quantities. Additionally, the
residuals remained stable for all meshes.

Based on these results, the cell size of the medium mesh is selected for subsequent simulations
as it provides a suitable balance between computational cost and accuracy. This corresponds
to the fourth mesh from the left side in Figure 8.

4.4 Turbulence model comparison

To assess the influence of turbulence closure on the predicted reactor performance, three
RANS turbulence models are evaluated: the 𝑘–𝜔 SST model, the standard 𝑘–𝜀 model and
the LRR model.
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The turbulence modeling required modification with respect to the original numerical schemes
and solution settings. Firstly, the bounded Gauss upwind scheme is adopted for the LRR
and 𝑘-𝜀 model for the convective turbulence terms, since they did not yield stable solutions
with the bounded Gauss linear limited scheme. The additional schemes for the Reynolds
stresses utilized the bounded Gauss linear scheme to properly capture the anisotropy of
flow. Moreover, to combat divergence issues for the LRR model, a significantly reduced
under-relaxation factor of 0.001 is applied to the turbulence properties 𝜀 and the Reynolds
stress tensor 𝑅 to avoid numerical instability.

Figure 9 presents the percentage deviation from the reference values for the predicted mass
flow rate and pressure drop across the reactor core and the steam generator for the different
turbulence models.

Figure 9: Comparison of predicted results using different turbulence models.

All turbulence models produce similar results. The deviation in the predicted mass flow rate
is small for all models, remaining below 1%. The predicted pressure drop across the reactor
core also shows only minor differences between the models.

In contrast, the pressure drop across the steam generator exhibits a significantly larger
deviation from the reference value. The differences between the 𝑘–𝜀, 𝑘–𝜔 SST and LRR
models are very small, indicating that the choice of turbulence model has only a limited
influence on the predicted hydraulic behavior of the system in this case.
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In addition to the quantitative comparison, the flow fields are visually inspected in ParaView
using Surface Line Integral Convolution (LIC), as shown in Figure 10 (see Appendix F for
details on Surface LIC). Additional flow visualizations are provided in Appendix C.

Figure 10: Velocity field for different turbulence models. From left to right: LRR, 𝑘-𝜀, and
𝑘-𝜔 SST.

Noticeable differences in the velocity fields are observed between the turbulence models,
indicating variations in the predicted local flow structures. The LRR shows more complex
flow structures, which is consistent with its ability to resolve anisotropic turbulence effects.
Despite these local differences, the impact on global quantities remains limited.

Therefore, the 𝑘–𝜔 SST model is selected as the reference model in the natural convection
setup due to its robustness and reliable performance for internal flows. The LRR exhibited
oscillatory behavior during the simulations while requiring significant under-relaxation,
indicating reduced numerical stability for the present setup.

4.5 Forced convection performance

With the mesh sensitivity study and turbulence closure model analysis conducted, the
concluding results are presented in Table 14.
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Table 14: Component properties for the selected mesh and turbulence model

Property Value
¤𝑚core/SG 804 kgs−1

Δ𝑝core 54.4 kPa
Δ𝑝SG 41.5 kPa
Δ𝑇core 148 K

The velocity field is illustrated earlier in Figure 10 in addition to cross-sectional views found
in Appendix F.

4.6 Model validation and flow behavior

The steady-state forced convection simulations serve to validate the implemented OpenFOAM
model against the STAR-CCM+ reference data. The predicted mass flow rate, temperature
difference, and pressure drop in the reactor core are in good agreement with the reference
values, with a deviation below 1 %. This indicates that the porous media and momentum
source terms are correctly implemented to reproduce the system hydraulics.

In contrast, a large deviation is observed for the pressure drop across the steam generator.
Since the deviation is consistent across all turbulence models, it is unlikely that the turbulence
model is the root cause. One possible source of uncertainty is the polynomial approximation
used for the temperature-dependent heat capacity and dynamic viscosity. However, the
maximum fitting errors are small, suggesting that the polynomial approximation is unlikely
to explain the observed difference.

The implemented model and the reference STAR-CCM+ model integrate porous media
representations of the steam generator to model the pressure drop in this component, indicating
that the discrepancy does not originate from the modeling approach itself. Furthermore, the
agreement in pressure drop observed for the reactor core suggests that the conversion of
coefficients is unlikely to be the primary source of the deviation.

The deviation in the steam generator therefore indicates that the pressure drop in this
component is more sensitive to the prescribed porous media coefficients. Since the mass
flow through the core and steam generator is identical, whereas the steam generator has a
significantly smaller flow cross-section, the mean velocity in this component is higher in
accordance with the continuity equation. Hence, uncertainties in the conversion of coefficients
may be amplified in the steam generator compared to the reactor core. This effect is likely
more pronounced in the nonlinear component since the pressure loss scales with the square
of the velocity.
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The discrepancy may also be influenced by the choice of reference temperature used to
evaluate the fluid properties in parameter conversion. The selected temperature does not
represent the temperature range observed in the simulations, which may introduce deviations
in the resulting Darcy-Forchheimer coefficients, since both viscosity and density directly
affect these parameters.

Furthermore, the limited influence of the turbulence model on bulk flow parameters indicates
that the forced convection scenario is mainly governed by the fixed pressure gradient, as
evidenced by the streamlined flow in the core and tube sections. Moreover, the models exhibit
differences in local flow structures, where the LRR exhibits a greater ability to capture smaller
vortices and flow separation around sharp geometries. However, all turbulence models are
capable of reproducing large-scale turbulence in key regions such as the main pump leg exit
and the cold pool with similar characteristics.

Due to the flow being dominated by the momentum source and porous media, this suggests
that lower-order closure models, such as the 𝑘-𝜀 and 𝑘-𝜔 SST, are sufficient to predict
system-level performance in the forced convection case. Although the LRR model provides
a more detailed representation of turbulence, this additional fidelity does not translate into
improved predictions of the bulk flow behavior. Furthermore, the LRR model was found
to be numerically sensitive, since it required significant under-relaxation and conservative
schemes to achieve convergence. Combined with its higher computational cost, this results in
significantly longer simulation times compared to the turbulent viscosity models.

The mesh sensitivity analysis further supports the reliability of the results. The predicted
bulk flow parameters exhibit an clear convergence with the mesh refinement, indicating a
grid-independent solution. Additionally, the low discretization uncertainty determined in
the grid convergence index implies that numerical errors have a negligible impact on the
obtained values. Consequently, the selected mesh refinement provides sufficient accuracy
without excessive computational cost.

5 Single-phase steady-state natural convection

The purpose of this section is to evaluate the thermal-hydraulic behavior of the system
during natural convection conditions. Since reference data is not available for this case, a
qualitative analysis is conducted together with an evaluation of trends in bulk flow parameters
to determine the influence of reactor height, near-wall resolution, mesh refinement, and
turbulence closure model.

The primary quantities used to evaluate the natural circulation performance are the mass flow
rate and the difference in core temperature. Although these global metrics do not capture
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local thermal effects, they provide a robust measure of system-level cooling performance,
which is the main focus of this part of the study.

5.1 Natural convection setup

The natural convection simulations represent decay heat removal conditions in which the
primary pump is deactivated and the coolant circulation is driven solely by buoyancy forces.
To represent residual heat conditions, the core power is reduced to 2 % of the nominal
operating power. Furthermore, the steam generator cooling is deactivated, while the RVACS
boundary remains active to remove heat from the reactor vessel.

To achieve realistic residual heat removal, the convective heat transfer coefficient is increased
to ℎ = 25Wm−2 K−1, while the ambient air temperature remains 𝑇∞ = 288K.

As mentioned in the previous chapter, this investigation uses the 𝑘-𝜔 SST model as the
reference turbulence model. Therefore, conclusions regarding reactor height, mesh sensitivity,
and near-wall resolution are based on this model only.

5.2 Mesh generation

For the steady-state natural convection case, buoyancy-driven flow and wall heat transfer
play a significant role in the flow development. Since the outer wall is responsible for heat
removal through air cooling, additional refinement is applied in this region. The exterior wall
uses a first layer thickness of 0.008 m, while the remaining walls use a thickness of 0.025 m,
which helps to maintain consistent mesh quality throughout the domain. A close-up view of
the generated mesh is shown in Figure 11.

Figure 11: Close-up view of the natural convection mesh illustrating the different first layer
thicknesses.
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5.3 Reactor height study

To investigate the influence of reactor height on flow behavior under natural convection
conditions, three geometrical configurations are considered. In addition to the base model,
two extended configurations are introduced, with the total reactor height increased by 1 m
and 2 m, respectively.

Critical components, including the core, the steam generator, the pump, and the pump section
header, remain unchanged. The components directly affected by the change in height include
the pump leg, the hot pool, and the cold pool regions which are extruded proportionally with
the new reactor height.

The same numerical setup, including mesh resolution, boundary conditions, and turbulence
model, is applied consistently across all three configurations.

The models are compared on the basis of the resulting flow structure and temperature
distribution, with particular focus on the development of the flow in the pump leg and tube
section.

The influence of reactor height on flow behavior is illustrated by comparing the three
configurations. As shown in Figure 12, the base model exhibits local flow disturbances caused
by vortices in the pump section header.

Figure 12: Vertical cross-section of temperature distribution and flow field at three different
reactor heights.

41



As the reactor height increases, these disturbances are shifted downstream, resulting in
smoother and more developed flow. Consequently, the temperature distribution in the tube
section becomes more uniform.

Table 15 presents the corresponding flow quantities for the different reactor configurations.
Increasing the reactor height leads to a higher mass flow rate, a more uniform temperature
distribution, and a reduced temperature difference across the core.

Table 15: Comparison of flow and thermal quantities for different reactor heights.

Model ¤𝒎 𝚫𝑻core

Base 46.5 kgs−1 54.5 K
1 m 52.7 kgs−1 46.6 K
2 m 54.1 kgs−1 44.8 K

These results show that the natural convection in the present setup is strongly influenced by
the reactor height. Increasing the height improves the flow development and enhances the
transport of thermal energy.

Consequently, the tallest configuration is used in the following investigations, as it provides
improved flow conditions for heat removal from the core.

5.4 Near-wall resolution analysis

The near-wall mesh configuration described in the mesh generation section is further evaluated
by comparing different mesh setups with varying first layer thicknesses, 0.008 m and 0.016 m,
as well as the effect of using a single layer compared to multiple layers on the exterior wall.
The mesh configurations are presented in Table 16.

Table 16: Overview of mesh configurations used in the near-wall resolution study.

Mesh First layer thickness Growth rate
0.008 m, 1 layer 0.008 m 1.2
0.008 m, 8 layers 0.008 m 1.2
0.016 m, 1 layer 0.016 m 1.2
0.016 m, 6 layers 0.016 m 1.2

The near-wall resolution of the exterior wall is evaluated by comparing the mass flow rate
and the temperature difference across the core, as presented in Table 17.
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Table 17: Overview of results from the near-wall resolution study.

Mesh ¤𝒎 𝚫𝑻core

0.008 m, 1 layer 54.2 kgs−1 44.5 K
0.008 m, 8 layers 54.1 kgs−1 44.8 K
0.016 m, 1 layer 58.8 kgs−1 41.3 K
0.016 m, 6 layers 57.4 kgs−1 41.2 K

The results show that the number of boundary layers has a negligible impact on the predicted
global quantities. Only minor differences in mass flow rate and temperature difference across
the core are observed between configurations with one and multiple layers for the same first
layer thickness.

In contrast, the thickness of the first layer has a more noticeable influence on the solution. The
coarser near-wall resolution, 0.016 m, results in higher mass flow rates and lower temperature
differences across the core, indicating that the near-wall gradients are not sufficiently resolved.

Based on these observations, the configuration with a first layer thickness of 0.008 m and
a single layer is selected. This configuration improves near-wall resolution while avoiding
unnecessary mesh complexity and computational cost that multiple inflation layers would
introduce. Further refinement of the first layer thickness is omitted as it is outside the scope
of this study.

5.5 Grid convergence analysis

Based on the selected near-wall configuration, a grid convergence analysis is performed
to assess whether the previously selected mesh resolution is sufficient to capture the flow
physics or if further refinement of the cell size is required.

In the natural convection case, three meshes are compared. The coarse mesh uses the same
cell size as the mesh selected from the forced convection scenario while two further refined
meshes are compared. The mesh properties are presented in Table 18.

Table 18: Mesh properties for the meshes used in natural convection grid analysis.

Mesh Number of cells (N) Cell size
Grid 1 (Fine) 1 957 796 0.0425 m
Grid 2 (Medium) 1 710 250 0.0450 m
Grid 3 (Coarse) 1 402 312 0.0500 m
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Similarly to the mesh study conducted in forced convection, the meshes compared utilize
unchanged numerical schemes to isolate potential variations to mesh refinements.

The meshes are compared based on the mass flow rate and the core temperature difference
and the results are presented in Table 19.

Table 19: Mesh refinement results

Mesh ¤𝒎 𝚫𝑻core

Grid 1 (Fine) 56.5 kgs−1 42.7 K
Grid 2 (Medium) 57.5 kgs−1 42.4 K
Grid 3 (Coarse) 54.2 kgs−1 44.5 K

Since the deviations in the mass flow rate and core temperature are deemed negligible, the
coarse mesh is selected as the mesh for the remaining parts of the study. This eliminates
additional computational costs associated with a further decreased cell size.

5.6 Turbulence model comparison

To evaluate the influence of turbulence modeling in the natural convection regime, the same
set of RANS models is considered: the 𝑘-𝜔 SST model, the 𝑘-𝜀 model and the LRR.

Beyond bulk flow performance metrics, the turbulence models are analyzed based on velocity
fields to determine their ability to capture key turbulence structures.

The numerical schemes and solution settings are kept unchanged in this turbulence model
comparison with a few modifications required for numerical stability. In particular, the
LRR model exhibited an increased numerical sensitivity and therefore required additional
stabilization measures.

To improve stability, uncorrected Laplacian and surface-normal gradient schemes are
employed together with the Gauss linear limited scheme for gradients and Reynolds stress
divergence terms. Furthermore, reduced under-relaxation factors of 0.1 are applied for 𝑢,
𝑝rgh, ℎ, and 𝜌, while values of 0.03 and 0.01 are used for 𝜀 and 𝑅, respectively.

Similarly to the mesh refinement analysis, the mass flow rate and the temperature difference
across the core are compared for the three models and are shown in Table 20. The eddy-
viscosity models yield similar results, while the LRR model differs noticeably in both bulk
flow parameters. In addition, the LRR simulations require substantially higher computational
effort and exhibit reduced numerical robustness.
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Due to this discrepancy, as well as the increased computational cost of the LRR model, the
𝑘-𝜔 SST model is selected for the remaining parts of the study. This choice also maintains
consistency with the forced convection simulations presented earlier in the work.

Table 20: Turbulence model comparison.

Turbulence model ¤𝒎 𝚫𝑻core

𝑘-𝜔 SST 54.2 kgs−1 44.5 K
𝑘-𝜀 57.5 kgs−1 42.0 K
LRR 45.0 kgs−1 50.8 K

An overview of the turbulence captured by the different models is shown in Figure 13.
Additional illustrations are provided in Appendix D. In the same appendix, illustrations of
the Reynolds shear stress component fields are presented in Figure 23.

Figure 13: Velocity field for different turbulence models. From left to right: LRR, 𝑘-𝜀, and
𝑘-𝜔 SST.

It is observed that all models are capable of capturing large-scale vortices in key areas like
the core inlet and outlet, as well as the pump leg exit. The three models additionally predict
different degrees of turbulence structures in the pump leg. Moreover, the LRR shows the
ability to capture additional turbulence in the pump section header in addition to anisotropic
effects in the steam generator. The steam generator also exhibits a less uniform velocity
profile in the LRR case.
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5.7 Boussinesq model performance

The selected reactor height, mesh refinement, and turbulence model are subsequently used
to evaluate the Boussinesq model and compare its behavior with the previously established
temperature-dependent model. The bulk flow parameters are summarized in Table 21.

The comparison is performed to assess whether the simplified density treatment used in
the Boussinesq approximation is sufficient to capture the dominant buoyancy-driven flow
behavior in the system.

Table 21: Performance metrics for the Boussinesq simulation under steady-state natural
convection.

Model ¤𝒎 𝚫𝑻core

Boussinesq 60.8 kgs−1 40.4 K

An overview of the velocity field is presented in Figure 14. Additional cross-sectional views
are provided in Appendix E.

Figure 14: Velocity field in Boussinesq simulation under steady-state natural convection
conditions.
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5.8 Governing physics and flow behavior

Natural convection simulations show a strong dependence on reactor height. As the height
increases, the predicted mass flow rate increases, while the temperature difference across the
core is reduced. In addition, the flow becomes more stable, exhibits fewer local disturbances
and a more uniform temperature distribution. This trend can be explained by buoyancy-driven
forces being the dominant mechanism governing the flow. Increasing the reactor height
enhances the cumulative buoyancy effect as a result of larger density differences over the
flow path, resulting in stronger circulation and a higher mass flow rate due to the increased
hydrostatic pressure difference induced by buoyancy.

Furthermore, the extended flow path due to the extruded geometry enables a more fully
developed flow. Consequently, the influence of local recirculation is reduced. As a result, the
vortices observed in the pump section header for the shorter reactors are not present in the
taller reactors. This yields an improved thermal distribution in the system, which is essential
for decay heat removal.

The decrease in temperature difference across the core is a product of multiple factors.
The primary reason is that the volumetric heat source is constant, which implies that the
temperature difference across the core must decrease when the mass flow rate increases.
This is because the core heat transfer is proportional to the mass flow rate and temperature
difference. In addition, the increased circulation observed in the taller configurations improves
the heat transport throughout the system, which distributes the thermal energy more evenly
as highlighted earlier. This may in turn also contribute to the lower temperature difference
across the core.

Even though flow development is improved with height, all models show some recirculation
in the pipe section. Nevertheless, the thermal energy is transferred out into the cold pool,
although to different extents. This behavior is consistent with the low Prandtl number of
liquid lead, where thermal diffusion dominates momentum diffusion, which means that heat
can spread efficiently even in the presence of local flow disturbances.

Apart from the geometry, the mesh showed negligible sensitivity to refinement of the cell
size and the number of prismatic inflation layers along the exterior wall. In contrast, altering
the first layer thickness of the prismatic layer on the exterior wall had a noticeable impact on
the mass flow rate and the core temperature difference.

A possible explanation is the temperature gradient at the wall, which depends on the distance
between the wall and the center of the first cell. Refinement of the first layer thickness therefore
affects the resolution of the wall temperature gradient and consequently the predicted heat
transfer. Since the buoyancy forces are directly influenced by the heat transfer at the wall, this
may in turn affect the mass flow rate. In addition, refinement of the near-wall mesh may also
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influence the predicted wall shear stresses and associated pressure losses, which can further
affect the natural circulation flow rate. The observed trend in mass flow rate is consistent with
the energy balance of the system, as a reduced mass flow rate requires a larger temperature
rise to maintain the same thermal power.

Unlike the forced convection case, the choice of turbulence model has a more pronounced
effect on the predicted results. Although the three models predict general recirculation in
some parts of the geometry such as the entrance and exit of the core, the model predictions
differ significantly with respect to detailed turbulence structures and bulk flow quantities.

The LRR predicts a lower mass flow rate and a higher temperature difference across the
core compared to the other closure models. The reduced mass flow rate predicted by the
LRR model can be attributed to its ability to capture anisotropic turbulence effects. An
analysis of the Reynolds stress tensor field reveals that the stress components are relatively
uniform throughout the domain, while significant spatial variations are present in the steam
generator. Moreover, high velocities are observed in the steam generator in the LRR model.
This indicates that turbulence in the steam generator is anisotropic, leading to momentum
transport that is not fully aligned with the primary flow direction. As a result, the effective
momentum transport in the flow direction is reduced, leading to a lower predicted mass flow
rate. Since the porous resistance is imposed along a prescribed flow direction, this suggests
an interaction between anisotropic turbulence and directionally dependent porous media
modeling, which may contribute to the observed deviation.

The LRR model also exhibited numerical sensitivity that was more pronounced than in the
forced convection case. Consequently, the simulation required substantial under-relaxation and
conservative numerical settings to achieve convergence, while showing noticeable sensitivity
to non-orthogonality corrections. This highlights the model’s limiting applicability in the
current case setup while also compromising some of the gain from the increased fidelity of
the model. Despite this, it cannot be concluded that the LRR model predicts less or more
accurate flow since no reference data is available and because other RSM models are not
included in this study to confirm the deviating flow characteristics stemming from anisotropic
turbulence effects.

In contrast, the 𝑘-𝜀 and 𝑘-𝜔 SST models produce consistent and stable results with compara-
tively small differences in the predicted bulk flow performance. This similarity likely stems
from the fact that both models rely on the eddy-viscosity assumption, treating turbulence as
isotropic and resulting in comparable flow predictions.

Although the bulk flow parameters are similar, the models predict noticeably different
turbulence structures in the system. In particular, the 𝑘-𝜀 model has less developed flow in the
main pump leg section of the pipe compared to the 𝑘-𝜔 SST model. Even though the 𝑘-𝜔 SST
exhibits a more coherent flow structure in this component, it cannot be concluded from these
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results that this is the most accurate flow prediction, as 𝑘-𝜀 may also represent physically
plausible flow features. However, the differences between these models are consistent with
the known tendency for the 𝑘-𝜀 model to perform less reliably in flows with strong curvature
and recirculation.

Despite having different abilities to model near-wall flow behavior, the eddy-viscosity models
show similar system-level performance. This indicates that near-wall effects have a negligible
influence on the bulk flow in the present case. Given their numerical robustness and lower
computational cost, these models show greater applicability for system-level analysis of
natural convection in this simplified reactor geometry. This also suggests that dominant flow
features are governed by large-scale buoyancy rather than detailed turbulence structures.

It is further observed that the Boussinesq model predicts a higher mass flow rate and a lower
temperature difference across the core. This over-predicted mass flow rate is expected and
aligns well with the theory introduced in this study. As the reference temperature used in
the model is outside the observed temperature range of the system, the buoyancy force is
larger than what is predicted by the temperature-dependent property model, since the local
temperature difference is the driving factor behind the buoyancy force. The increased mass
flow in turn yields a lower temperature increase across the core due to the constant core heat
transfer as previously discussed.

Similar flow development is seen in the tube section and at the tube exit of the Boussinesq
model, while turbulence structures in the remaining regions of the domain show noticeable
differences. As the mass flow rate in this model is greater, it is not possible to isolate these
discrepancies to the treatment of density. The higher mass flow rate in the model may cause a
change in the momentum distribution in the flow, which leads to altered vortex structures and
altered recirculation zones in the open pools.

6 Multiphase steady-state natural convection

This section extends the single-phase natural convection case by introducing a gas phase
above the liquid lead free surface. The objective is to evaluate how the gas region influences
the predicted flow behavior and thermal performance under natural convection conditions.
Since the multiphase solver is transient, the results are evaluated under quasi-steady-state
conditions. As the primary goal is to assess the feasibility of implementing multiphase flow,
mesh sensitivity analysis and turbulence model comparison are omitted in this chapter.
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6.1 Multiphase natural convection setup

The multiphase simulations are based on the previously established single-phase natural
convection setup. To represent the free surface more realistically, a cover gas region consisting
of argon is introduced above the liquid lead.

The model is implemented using the compressibleInterFoam solver, which resolves the
interface between the liquid lead and the cover gas using a VOF approach.

By using the compressibleInterFoam solver, temperature is implicitly used as the primary
variable for energy. For this reason, the core heating requires units of Ks−1, which means
that the power input (previously measured in Watts) is scaled with the reference specific heat
capacity for the multiphase model. This yields a heat injection rate of 2544 Ks−1

6.2 VOF model

In the multiphase case, the thermophysical properties are defined separately for each phase
through dedicated files, namely thermophysicalProperties.liquid and thermophysicalProper-
ties.gas, in addition to a general thermophysicalProperties file. This structure enables the
liquid and gas phases to be assigned independent equations of state and transport properties.

The general thermophysicalProperties file defines the global multiphase properties used by
the solver. These include the minimum pressure 𝑝min and the surface tension coefficient 𝜎.
In this work, a constant value of 𝑝min = 10000Pa and 𝜎 = 0.42759Nm−1 are applied. The
surface tension coefficient is obtained from the correlation given in Equation 35.

The liquid phase uses the same thermophysical property definitions as those applied in
the single-phase simulations. However, in the multiphase formulation these properties are
explicitly assigned to the liquid phase through thermophysicalProperties.liquid. This ensures
consistency between the single-phase and multiphase cases.

The argon gas phase is defined in thermophysicalProperties.gas and is modeled as a perfect
gas, following the equation of state presented in Equation 60 [43].

𝜌 =
𝑝

𝑅𝑇
(60)

The thermophysical properties of argon are assumed constant and are evaluated at a
representative temperature of 873 K. The specific heat capacity is obtained from temperature-
dependent data provided by NIST [44], while the dynamic viscosity and thermal conductivity
are taken from experimental data reported by Kestin et al. [45]. The tabulated values
are converted to SI units where necessary and the Prandtl number is calculated from the
corresponding transport properties. The resulting properties are summarized in Table 22.
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Table 22: Thermophysical properties of argon used in the multiphase simulations.

Property Value
𝑀 39.9 gmol−1

𝑐𝑝 520 Jkg−1 K−1

𝜇 5.06 ·10−5 Pas
𝑃𝑟 0.664

6.3 Mesh generation

The mesh used for the VOF simulation uses the cell size and wall refinement that are deemed
sufficient in the single-phase natural convection evaluation.

To mitigate numerical instability, a further vertical refinement of the liquid-gas interface is
introduced to improve the stability of the VOF calculations. In this refined region, a cell size
of 0.002 m is used, as seen in Figure 15.

Figure 15: VOF mesh with interface refinement.

6.4 Boundary conditions

Boundary conditions are kept unchanged with a few exceptions. The first difference is that the
patch name free_surface is removed from the model, since this boundary is now an interface
between the lead and the argon. This means that no boundary conditions are specified here.

Moreover, an additional boundary condition is needed for the scalar phase fraction 𝛼. These
conditions are summarized in Table 23 below.
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Table 23: Boundary conditions for the phase fraction 𝛼.

Boundary Type Specification

walls.* zeroGradient ∇𝛼 ·n = 0

air_wall zeroGradient ∇𝛼 ·n = 0

6.5 Numerical setup

The numerical setup for the multiphase case utilizes the PIMPLE-algorithm, with the time
derivative discretized using the first-order implicit Euler scheme.

Similarly to single-phase simulations, robustness is prioritized. Hence, the first-order Gauss
upwind scheme is applied to the convective divergence terms, including the transport of
momentum, energy, turbulence, and phase fraction. The viscous stress term found in the
momentum equation is discretized using a Gauss linear scheme. The cellMDLimited Gauss
linear scheme is used for the gradients to improve stability due to sensitivity to mesh quality.

To maintain stable transient behavior, a variable timestep is employed throughout the
simulations. The timestep is automatically adjusted to satisfy both the global Courant number
and the phase-fraction Courant number constraints. In the present study, these limits are set
to 0.3 and 0.1, respectively, in order to ensure stable interface transport and avoid excessive
numerical oscillations near the liquid-gas interface.

6.6 Multiphase flow performance

The performance of the multiphase simulations under steady-state natural convection is
summarized in Table 24. The results are evaluated in terms of the mass flow rate and the
temperature difference across the reactor core, which are used as indicators of the overall
heat removal capability of the system.

Table 24: Performance metrics for the VOF simulations under steady-state natural convection.

Model ¤𝒎 𝚫𝑻core

Multiphase 52.5 kgs−1 45.5 K

The velocity field obtained from the multiphase steady-state simulation is illustrated in Figure
16. Additional velocity field visualizations, including vertical and horizontal cross-sections,
are provided in Appendix F.
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Figure 16: Velocity field in the VOF simulation under steady-state natural convection
conditions.

6.7 Impact of the gas phase and flow behavior

The multiphase simulation of the reactor system during natural convection shows system-level
bulk flow performance similar to the single-phase setup. This indicates that the introduction
of the gas pocket above the lead has a negligible influence on the overall system under the
investigated conditions. This also suggests that OpenFOAM, using the compressibleInterFoam
solver, is capable of capturing the key features of natural convection-driven flow involving
two fluids with a large density difference.

Although the bulk flow parameters are similar, the velocity fields reveal different characteristics
in the flow. This is particularly evident in critical sections such as the pipe, where the
multiphase simulation predicts a more uniform velocity profile than the equivalent single-
phase simulation. These differences are expected for several reasons. Firstly, the single-
phase simulations represent a steady-state solution with a simplified slip-wall boundary
condition. This means that the solid boundary can contribute to the backflow observed in
the single-phase flow. In contrast, the transient multiphase case replaces the free surface
boundary with a deformable liquid-gas interface which generates less recirculation in the tube
section. Furthermore, a comparison is made between steady-state and transient simulations
approaching quasi-steady-state conditions. Therefore, part of the observed differences may
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originate from the transient nature of the simulations rather than the multiphase formulation
itself. A transient single-phase simulation could help isolate these effects more clearly. This
means that the transient simulation captures temporal variations, whereas the steady-state
simulation represents a time-independent flow field.

Additionally, the VOF simulation uses the first-order upwind scheme for the phase-fraction
transport, since this study prioritizes robustness over interface sharpness. This may introduce
numerical diffusion in the interface between the fluids, which may affect local flow structures.

Despite the potential numerical diffusion caused by the discretization of the phase-fraction,
the simulation predicts strong localized velocity gradients near the lead-gas interface. The
behavior is expected due to the large density difference between the fluids. This is because
the pressure and shear forces exerted on the low density gas by the liquid lead result in locally
amplified accelerations in the gas phase, which yields high velocities at the interface.

However, these localized velocities are only present at the interface, which is consistent
with the relatively large momentum diffusivity of the gas. The efficient redistribution of
momentum in the gas phase causes the localized velocity gradients to rapidly dissipate away
from the interface.

7 Conclusion

This study demonstrates that the implemented OpenFOAM model is capable of accurately
reproducing the thermohydraulic performance of the system under forced convection con-
ditions. The predicted mass flow rate, temperature difference, and pressure drop across the
reactor core show strong agreement with reference data, indicating a correct implementation
of porous media, momentum sources, and volumetric energy sources. However, a noticeable
deviation remains in the predicted pressure drop across the steam generator, which introduces
uncertainty in the predictive accuracy of the model for this particular component.

For the forced convection case, the flow is primarily controlled by the prescribed momentum
source and the porous media. Despite differences in local flow structures, the turbulence
model has a negligible effect on the predicted bulk flow parameters. This suggests that
lower-order closure models are sufficient for predicting system-level performance under
forced convection conditions. Moreover, the LRR model was found to be more numerically
sensitive than the other closure models, as it required significant under-relaxation.

In contrast, the natural convection simulations reveal a significant dependence on geometric
configuration and modeling assumptions. The flow is driven by buoyancy forces, which are
strongly coupled to the reactor height and near-wall resolution. The results indicate that an
increase in the reactor height is necessary to achieve a sufficient mass flow rate and thermal
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distribution. In addition, the buoyancy-driven flow is sensitive to the thickness of the first
layer of the exterior wall.

The natural convection case also demonstrates sensitivity to the turbulence modeling. The LRR
model predicts a lower mass flow rate and higher temperature gradients compared to the two-
equation models. Although this can be explained by its ability to predict anisotropic features
of the turbulence, the model was found to be numerically sensitive and computationally
demanding.

Unlike the LRR, the 𝑘-𝜀 and 𝑘-𝜔 SST models provide consistent and stable predictions
with significantly lower computational cost, making them more suitable for this application.
Despite their consistent performance, their predictions cannot be considered more accurate
than the LRR model for natural convection flow, since no experimental data are available.

The mesh sensitivity analysis for the forced convection setup established grid-independence,
thereby strengthening the validity of the results. Additional mesh refinements in the natural
circulation setup further confirmed that a finer mesh is not required, despite the change in flow
regime. This indicates that the results are largely insensitive to mesh resolution, regardless of
flow regime.

The Boussinesq model produced results consistent with the expected behavior of the
Boussinesq approximation for natural convection flows. This suggests that the density
approximation is sufficient for single-phase simulations of the reactor setup. While the local
flow structure may vary due to an increased flow rate, the reduced numerical complexity of the
model does not negatively compromise system-level performance. However, the over-predicted
flow rate indicates that the model is sensitive to the selected reference temperature.

Finally, multiphase simulations demonstrate that the presence of a gas phase has a negligible
impact on system-level performance during natural convection. The predicted mass flow rate
and temperature difference across the core are consistent with the single-phase simulation,
further indicating that the simplified free-surface representation is sufficient for system-level
analysis. The results also show that the OpenFOAM solvers used in this study are capable of
capturing buoyancy effects without causing nonphysical flow behavior.

Nevertheless, differences in local velocity fields are observed between the single-phase and
multiphase simulations. These differences are expected due to the fundamental differences
between the two modeling approaches, primarily arising from the treatment of the free surface
and the use of a transient solver in the multiphase setup.

Overall, the results of this work demonstrate that the simplified CFD system model imple-
mented in OpenFOAM is capable of reproducing the dominant thermohydraulic behavior of
the lead-cooled reactor system. Furthermore, the findings may support the future development
of passive safety systems and simplified reactor simulations in OpenFOAM.
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8 Future work

Despite the demonstrated capability of the simplified reactor system in OpenFOAM, several
aspects remain to be further investigated to improve physical fidelity and predictive capability.

One important area is the porous media representation of the steam generator, since the
predicted pressure drop showed a consistent deviation from the reference simulations. Further
investigations of the Darcy-Forchheimer coefficients and their sensitivity to the selected
reference temperature could improve the accuracy of the model.

Additional work is also encouraged regarding turbulence modeling during natural convection.
Since the LRR model predicted different flow behavior compared to the eddy-viscosity
models, higher-fidelity turbulence models or alternative Reynolds Stress Models could
provide further insight into anisotropic turbulence effects in the reactor system.

Moreover, the natural convection simulations demonstrated sensitivity to the near-wall
treatment of the exterior wall. Further near-wall refinement studies could therefore improve
the prediction of buoyancy-driven flow and heat transfer.

Further work is encouraged to investigate the sensitivity of the Boussinesq model to the
selected reference temperature and its influence on buoyancy-driven flow. In addition, the
applicability of the Boussinesq approximation in multiphase flow simulations could also be
investigated.

The multiphase setup could also be further developed to better isolate the effects of the liquid-
gas interface and transient flow behavior. This could include additional transient single-phase
simulations or further investigations of interface discretization and mesh refinement near the
free surface.

Another important extension would be transient simulations of pump shutdown scenarios to
investigate the transition from forced to natural circulation. This would provide additional
insight into the transient-hydraullic behavior and passive safety performance of the reactor
system.

Finally, future work could focus on extending the simplified reactor model toward more
realistic reactor geometries and operating conditions to further assess the applicability of
OpenFOAM for passive safety analysis of lead-cooled reactor systems.
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Appendix

A MATLAB code for polynomial approximation

1 %% Polynomial Fit for cp and mu

2 clear; close all; clc;

3

4 T_cp = linspace(601, 1300, 500); % Valid range cp: 601-1300 K

5 T_visc = linspace(601, 1500, 500); % Valid range mu: 601-1500 K

6

7 %% cp

8 % cp = 176.2 - 4.923e-2*T + 1.544e-5*T^2 - 1.524e6*T^-2 [Jkg^-1K^-1]

9 cp_original = 176.2 - 4.923e-2 .* T_cp + 1.544e-5 .* T_cp.^2 - 1.524e6 .* T_cp.^(-2)

;

10

11 degree_cp = 5;

12 warning(’off’, ’MATLAB:polyfit:RepeatedPointsOrRescale’);

13 p_cp = polyfit(T_cp, cp_original, degree_cp);

14 cp_fit = polyval(p_cp, T_cp);

15 c_cp = flip(p_cp);

16 err_cp = abs(cp_fit - cp_original) ./ cp_original * 100;

17

18 %% Dynamic Viscosity

19 % Pb: mu = 4.55e-4 * exp(1069/T) [Pas]

20 mu_original = 4.55e-4 * exp(1069 ./ T_visc);

21

22 degree_visc = 5;

23 p_visc = polyfit(T_visc, mu_original, degree_visc);

24 warning(’on’, ’MATLAB:polyfit:RepeatedPointsOrRescale’);

25 mu_fit = polyval(p_visc, T_visc);

26 c_visc = flip(p_visc);

27 err_visc = abs(mu_fit - mu_original) ./ mu_original * 100;

28

29 %%

30 fprintf(’␣cp␣(degree␣%d),␣valid␣601-1300␣K,␣max␣error:␣%.5f␣%%\n’, degree_cp, max(

err_cp));

31 fprintf(’cpCoeffs<8>␣␣␣(’); fprintf(’%.6e␣␣’, c_cp); fprintf(’0␣␣0);\n\n’);

32 fprintf(’␣mu␣(degree␣%d),␣valid␣601-1500␣K,␣max␣error:␣%.5f␣%%\n’, degree_visc, max(

err_visc));

33 fprintf(’muCoeffs<8>␣␣␣(’); fprintf(’%.6e␣␣’, c_visc); fprintf(’0␣␣0);\n’);

34

35 %% Plot

36 figure(’Position’, [100 100 1000 800]);

37 sgtitle(’Lead␣(Pb)␣␣Thermophysical␣property␣fits’, ’FontSize’, 14, ’FontWeight’, ’

bold’);

38

39 % cp curves

40 subplot(2,2,1);
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41 plot(T_cp, cp_original, ’r-’, ’LineWidth’, 2.5, ’DisplayName’, ’Correlation’);

42 hold on;

43 plot(T_cp, cp_fit, ’b--’, ’LineWidth’, 2, ’DisplayName’, sprintf(’Polyfit␣degree␣%d’

, degree_cp));

44 xlabel(’T␣(K)’); ylabel(’c_p␣(J␣kg^{-1}␣K^{-1})’);

45 title(’Specific␣heat␣capacity␣␣c_p’);

46 legend(’Location’, ’best’); grid on;

47

48 % cp error

49 subplot(2,2,2);

50 plot(T_cp, err_cp, ’k-’, ’LineWidth’, 1.5);

51 xlabel(’T␣(K)’); ylabel(’Relative␣error␣(%)’);

52 title(’Fit␣error␣␣c_p’);

53 yline(5, ’r--’, ’LineWidth’, 1.5, ’Label’, ’Table␣uncertainty␣5%’);

54 grid on;

55 ylim([0, max(max(err_cp)*2, 0.01)]);

56

57 % Viscosity curves

58 subplot(2,2,3);

59 plot(T_visc, mu_original*1e3, ’r-’, ’LineWidth’, 2.5, ’DisplayName’, ’Correlation’);

60 hold on;

61 plot(T_visc, mu_fit*1e3, ’b--’, ’LineWidth’, 2, ’DisplayName’, sprintf(’Polyfit␣

degree␣%d’, degree_visc));

62 xlabel(’T␣(K)’); ylabel(’\mu␣(mPa␣s)’);

63 title(’Dynamic␣viscosity␣␣\mu’);

64 legend(’Location’, ’best’); grid on;

65

66 % Viscosity: error

67 subplot(2,2,4);

68 plot(T_visc, err_visc, ’k-’, ’LineWidth’, 1.5);

69 xlabel(’T␣(K)’); ylabel(’Relative␣error␣(%)’);

70 title(’Fit␣error␣␣\mu’);

71 yline(5, ’r--’, ’LineWidth’, 1.5, ’Label’, ’Table␣uncertainty␣5%’);

72 grid on;

73 ylim([0, max(max(err_visc)*2, 0.01)]);

B MATLAB code for mesh sensitivity study

1 V3 = 29.7921; V2 = 29.7989; V1 = 29.8;

2

3 n3 = 243685; n2 = 763574; n1 = 1776496;

4

5 phi3_m = 788.16; phi2_m = 804.40; phi1_m = 805.26;

6

7 phi3_core = 51.83; phi2_core = 54.36; phi1_core = 54.30;

8

9 phi3_sg = 44.13; phi2_sg = 41.5245; phi1_sg = 41.5242;
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10

11 h3 = (V3/n3)^(1/3);

12 h2 = (V2/n2)^(1/3);

13 h1 = (V1/n1)^(1/3);

14

15 r32 = h3/h2;

16 r21 = h2/h1;

17

18 eps32_m = phi3_m - phi2_m;

19 eps21_m = phi2_m - phi1_m;

20

21 eps32_core = phi3_core - phi2_core;

22 eps21_core = phi2_core - phi1_core;

23

24 eps32_sg = phi3_sg - phi2_sg;

25 eps21_sg = phi2_sg - phi1_sg;

26

27 s_m = 1 * sign(eps32_m/eps21_m);

28 s_core = 1 * sign(eps32_core/eps21_core);

29 s_sg = 1 * sign(eps32_sg/eps21_sg);

30

31 % Startgissning (frsta termen i Eq 3)

32 % MASS FLOW

33 p_m = abs(log(abs(eps32_m/eps21_m))) / log(r21);

34

35 for k = 1:50

36 q = log((r21^p_m - s_m)/(r32^p_m - s_m));

37 p_new = abs(log(abs(eps32_m/eps21_m)) + q) / log(r21);

38

39 if abs(p_new - p_m) < 1e-10

40 break

41 end

42

43 p_m = p_new;

44 end

45

46 % CORE

47 p_core = abs(log(abs(eps32_core/eps21_core))) / log(r21);

48

49 for k = 1:50

50 q = log((r21^p_core - s_core)/(r32^p_core - s_core));

51 p_new = abs(log(abs(eps32_core/eps21_core)) + q) / log(r21);

52

53 if abs(p_new - p_core) < 1e-10

54 break

55 end

56

57 p_core = p_new;

58 end
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59

60 % SG

61 p_sg = abs(log(abs(eps32_sg/eps21_sg))) / log(r21);

62

63 for k = 1:50

64 q = log((r21^p_sg - s_sg)/(r32^p_sg - s_sg));

65 p_new = abs(log(abs(eps32_sg/eps21_sg)) + q) / log(r21);

66

67 if abs(p_new - p_sg) < 1e-10

68 break

69 end

70

71 p_sg = p_new;

72 end

73

74 Fs = 1.25;

75 %Rkna Richardson, mass

76 phi_ext21_m = (r21^p_m * phi1_m - phi2_m) / (r21^p_m - 1);

77 ea21_m = abs((phi1_m - phi2_m)/phi1_m);

78 eext21_m = abs((phi_ext21_m - phi1_m) / phi_ext21_m);

79 GCI21_m = Fs * ea21_m / (r21^p_m - 1)

80

81 phi_ext32_m = (r32^p_m * phi2_m - phi3_m) / (r32^p_m - 1);

82 ea32_m = abs((phi2_m - phi3_m)/phi2_m);

83 eext32_m = abs((phi_ext32_m - phi2_m) / phi_ext32_m);

84 GCI32_m = Fs * ea32_m / (r32^p_m -1)

85

86 asymp_m = GCI32_m / (GCI21_m * r21^p_m);

87

88 %Rkna Richardson, core

89 phi_ext21_core = (r21^p_core * phi1_core - phi2_core) / (r21^p_core - 1);

90 ea21_core = abs((phi1_core - phi2_core)/phi1_core);

91 eext21_core = abs((phi_ext21_core - phi1_core) / phi_ext21_core);

92 GCI21_core = Fs * ea21_core / (r21^p_core - 1)

93

94 phi_ext32_core = (r32^p_core * phi2_core - phi3_core) / (r32^p_core - 1);

95 ea32_core = abs((phi2_core - phi3_core)/phi2_core);

96 eext32_core = abs((phi_ext32_core - phi2_core) / phi_ext32_core);

97 GCI32_core = Fs * ea32_core / (r32^p_core -1)

98

99 asymp_core = GCI32_core / (GCI21_core * r21^p_core);

100

101 %Rkna Richardson, sg

102 phi_ext21_sg = (r21^p_sg * phi1_sg - phi2_sg) / (r21^p_sg - 1);

103 ea21_sg = abs((phi1_sg - phi2_sg)/phi1_sg);

104 eext21_sg = abs((phi_ext21_sg - phi1_sg) / phi_ext21_sg);

105 GCI21_sg = Fs * ea21_sg / (r21^p_sg - 1)

106

107 phi_ext32_sg = (r32^p_sg * phi2_sg - phi3_sg) / (r32^p_sg - 1);
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108 ea32_sg = abs((phi2_sg - phi3_sg)/phi2_sg);

109 eext32_sg = abs((phi_ext32_sg - phi2_sg) / phi_ext32_sg);

110 GCI32_sg = Fs * ea32_sg / (r32^p_sg -1)

111

112 asymp_sg = GCI32_sg / (GCI21_sg * r21^p_sg);

C Velocity fields for different turbulence models under forced
convection

Figure 17: Velocity field in a horizontal cross-section for different turbulence models. From
left to right: LRR, 𝑘-𝜖 , and 𝑘-𝜔 SST.
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Figure 18: Velocity field in a vertical cross-section for different turbulence models. From left
to right: LRR, 𝑘-𝜖 , and 𝑘-𝜔 SST.

Figure 19: Velocity field in a vertical cross-section for different turbulence models. From left
to right: LRR, 𝑘-𝜖 , and 𝑘-𝜔 SST.
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D Velocity fields for different turbulence models under natural
convection

Figure 20: Velocity field in a horizontal cross-section for different turbulence models. From
left to right: LRR, 𝑘-𝜖 , and 𝑘-𝜔 SST.
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Figure 21: Velocity field in a vertical cross-section for different turbulence models. From left
to right: LRR, 𝑘-𝜖 , and 𝑘-𝜔 SST.
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Figure 22: Velocity field in a vertical cross-section for different turbulence models. From left
to right: LRR, 𝑘-𝜖 , and 𝑘-𝜔 SST.
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Figure 23: Shear components of the Reynolds stress tensor in horizontal cross-section in the
LRR model.
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E Velocity fields for the Boussinesq model

Figure 24: Velocity field in a vertical cross-section for the Boussinesq model.
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Figure 25: Velocity field in a vertical cross-section for the Boussinesq model.
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Figure 26: Velocity field in a horizontal cross-section for the Boussinesq model.

F Velocity fields from VOF simulations under natural convection

Surface LIC is a visualization technique used to represent vector fields by convolving noise
along streamlines. This produces a texture that highlights the local flow direction and structure
within the field. [46]

The dotted appearance observed in some regions of the horizontal cross-section is not a
numerical issue, but a consequence of how the method works. Surface LIC only represents
the velocity components tangent to the slice plane. For a slice in the XZ-plane, only 𝑈𝑥 and
𝑈𝑧 contribute:

𝑈𝑥𝑧 =

√︃
𝑈2

𝑥 +𝑈2
𝑧 (61)

If the flow is primarily in the Y-direction, the velocity is mostly normal to the slice. In
that case, the in-plane velocity becomes very small, and the LIC algorithm cannot form
continuous lines, resulting in a dotted pattern.
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Figure 27: Velocity field in a horizontal cross-section in the VOF simulation under steady-state
natural convection conditions.
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Figure 28: Velocity field in a vertical cross-section in the VOF simulation under steady-state
natural convection conditions.
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Figure 29: Velocity field in a vertical cross-section in the VOF simulation under steady-state
natural convection conditions.
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