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ABSTRACT

The heavy liquidmetal Lead-Bismuth Eutectic (LBE) is the primary coolant of theMYRRHA
reactor, chosen because of its high heat removal capability, low melting point, non-violent re-
activity to water and low neutron absorption. One of the phenomena to be considered for the
operation of the reactor with LBE-coolant is the erosion/corrosion of the fuel pin cladding. For
this reason, it is key to provide accurate estimations of the cladding outer temperature and LBE
velocity during operation. In this work, I investigate the thermal-hydraulic behaviour of LBE in
the MYRRHA IPS sub-channel (i.e., In-Pile test Section, core design version 1.8), with the per-
spective of constructing boundary conditions for fuel pin thermo-mechanical analyses. One of
the main challenges in the numerical simulation of liquid metals flows with low Prandtl number
(∼ 0.025 for LBE) is to establish a reliable turbulent heat transfer modelling, not being possible
to rely on the Reynolds analogy based on the direct proportionality between momentum and
thermal boundary layers. A comparative study of different turbulence models is presented for
studying the low-Prandtl turbulent flow of LBE in the MYRRHA hexagonal rod bundle character-
ized by a pitch-to-diameter ratio of 1.28. To this end, the Reynolds-Average Simulation (RAS)
models available in the open-source fluid dynamics software OpenFOAM have been applied
and compared with each other. The comparison focuses on key thermal-hydraulic parameters,
such as the sub-channel temperature field, velocity field, pressure drops, and Nusselt number
during reactor normal operation.

1 INTRODUCTION

Lead-Bismuth Eutectic (LBE) as nuclear coolant material was primarily studied in the for-
mer Soviet Union for use in alpha-class nuclear submarines during the Cold War. In view of its
high heat removal capability, low melting point, non-violent reactivity to water and low neutron
absorption, LBE is considered a promising coolant material and a suitable high-power spallation
neutron target for the MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applica-
tions) Accelerator-Driven System (ADS), approaching the licensing process in Belgium [1, 2]. A
key issue in the development of MYRRHA is the compatibility of structural materials with LBE,
in particular in terms of the erosion / corrosion mechanism of the fuel pin cladding, especially at
elevated cladding outer temperature and coolant velocity.

Computational Fluid Dynamics (CFD) codes can be used to provide high-fidelity estima-
tions of these thermal-hydraulic parameters during reactor operation. Compared to ordinary
fluids with Prandtl number around one (water and air), LBE with two order of magnitude lower
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Prandtl number, ∼ 0.025, show significantly different behaviours. At such a low Prandtl num-
ber, the thermal boundary layer is much thicker than the hydraulic boundary layer therefore the
numerical treatment of the boundary layer near the heated walls needs special care not being
possible to rely on the Reynolds analogy [3].

Moreover, some works indicate that the liquid metals flow in the fuel bundles is three-
dimensional and exhibits coherent structures which cause mixing and may also lead to structure
vibrations [4]. In order to support the core design, a numerical method able to capture these
phenomena and correctly predict the heat transport in the fuel rod bundle is necessary.

The purpose of the current analysis is to perform a comparative study of different URANS
(Unsteady Reynolds-average Navier-Stokes) turbulence models available in the open-source
fluid dynamics software OpenFOAM (version 6.0) [5], to investigate the primary coolant flow
behaviour in the interior sub-channel of the MYRRHA In-Pile test Section (IPS) sub-assembly
(core design version 1.8) during a normal irradiation scenario.

A brief description of the MYRRHA subcritical core configuration is provided in Section
2. Then, Section 3 focuses on the main aspects of the sub-channel analyses performed in
OpenFOAM. The qualitative and quantitative results obtained are presented and discussed in
Section 4. Conclusions are drawn in Section 5.

2 MYRRHA SUBCRITICAL CORE CONFIGURATION
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Figure 1: Radial view of the MYRRHA
subcritical core layout according to the
current design “Revision 1.8”.

Current research on MYRRHA focuses on
the subcritical core configuration coupled to an
accelerator-driven system, which foresees a ther-
mal power output of 70 MWth produced among 78
hexagonal Fuel Assemblies (FAs) (Figure 1). Each
fuel assembly consist of 127 wire-wrapped cylindri-
cal fuel elements loaded with a U-Pu-Am mixed ox-
ide (Am-MOX) fuel encased within the DIN 1.4970
cladding (15-15Ti stainless steel family).

The 78 FAs are grouped in batches and their
subdivision into batches follows the core 1/3rd az-
imuthal symmetry around the central assembly,
making each batch be composed of three FAs [6]. A
typical MYRRHA operating schedule consists of ir-
radiation cycles: each fuel assembly spends about
90 Effective Full Power Days (EFPDs) in a specific
batch of the core followed by 30 days of shutdown
for core reshuffling, loading and maintenance [7].

The focus of the analyses performed in this work is the single-cycle IPS positioned in the
second concentric ring of the core (around the central spallation target) and dedicated tomaterial
testing and experimental irradiation with fast neutron fluxes of innovative fuel pins fuelled e.g.,
with Am-MOX fuel. In particular, here I refer to the hottest Am-MOX pin identified as the pin
placed in the harshest position (in terms of boundary conditions and temperature) within the
fuel assembly and characterized by an integral power produced of 9012 W.

3 NUMERICAL SETUP

3.1 Geometric description of the coolant domain

Figure 2 reports a sketch of the hexagonal rod bundle of the IPS sub-assembly character-
ized by a pitch-to-diameter ratio of 1.28 and a pin active height equal to 650 mm. The analysis
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was carried out on the interior coolant sub-channel without considering the presence of the pin
wire-wrapper and preserving the original flow passage area, 12.5 mm2, with a mass flow rate
of 0.24 kg s−1. Due to the symmetry only 1/3 sub-channel is considered as computational do-
main, with an hydraulic diameter of 4.86 mm. The mesh generation process was handled with
ANSYS Workbench 2023 R1. After a grid independence study, performed using the coolant
temperature as reference output, the finer mesh (mesh number four in Table 1 with fully re-
solved grid) has been selected for the analysis in this work in order to have a good resolution of
the boundary layer. The total length of the meshed channel corresponds to the pin active height
plus an additional non-heated zone of 100 mm at the bottom, in order to obtain a hydraulically
developed flow (Figure 3), and an additional buffer zone of 100mm at the top in order to prevent
outlet boundary inconsistencies.
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Figure 2: Sketch of the IPS sub-assembly and the zoom on the interior sub-channel with the
considered computational domain highlighted in blue (left and center). On the right, the coarser
(top) and the finer (bottom) meshes of the coolant domain adopted for the grid independence
study are shown (Table 1).

Table 1: Main characteristics of the discrete grids employed for the mesh independency study.
The mesh 4 is the one selected for the analysis performed in this work.

Hexaedral Aspect Max non- Max Average axial Wall
elements ratio orthogonality skewness y+ elements layers

Mesh 1 29’400 45.96 26 0.73 40 300 0
Mesh 2 60’000 32.92 27 0.75 30 300 0
Mesh 3 240’000 65.98 28 0.77 9 300 0
Mesh 4 405’000 743.73 29 0.78 ∼ 1 300 3

3.2 Governing equations and numerical methods

Under the assumption of incompressible fluid, the dynamics of the LBE flow is described
by the Navier-Stokes equations coupled with the energy equation under the Boussinesq1 ap-
proximation for density:

∂u
∂t

+ (u · ∇)u−∇ · (ν∇u) = −1

ρ
∇p− gβ(T − Tref )

∇ · u = 0

∂T

∂t
+ u · (∇T ) = −∇ · (−α∇T )

(1)

1 It assumes that density variations are linear with temperature and play a role only in the buoyancy term.
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where u is the velocity vector, ν is the kinematic viscosity of the fluid, p is the pressure, g is the
gravity acceleration, β is the thermal expansion coefficient of the fluid, T is the fluid temperature,
Tref is the reference temperature and α is the thermal diffusivity of the fluid.

The RANS approach attempts to directly solve the mean flow properties by employing
a Reynolds decompositions of each flow variable ϕ (x, t) into its mean component ϕ̄ (x, t) and
associated turbulent fluctuations ϕ′ (x, t) which describe the chaotic behaviour of the flow. The
scalar ϕ quantity denotes the individual velocity components, ui with i = x, y, z, the pressure
and the temperature. By substituting this decomposition into Equation 1 and averaging over
time, the Unstable Reynolds-average Navier-Stokes (URANS) equations are obtained:

∂u
∂t

+ (u · ∇)u−∇ · (ν∇u) = −1

ρ
∇p− gβ(T − Tref )−∇ · (u′u′)

∇ · u = 0

∂T

∂t
+ u · (∇T ) = −∇ · (−α∇T )−∇ · (u′T ′)

(2)

with 9 additional terms represented by the Reynolds stress tensor −u′u′ and the turbulent heat
transfer−u′T ′, corresponding to the mean effects of turbulence transfer of momentum and tem-
perature, respectively. In order to close the problem it is possible to rely on different turbulence
models available for URANS. In the current study, the linear eddy viscosity models k − ε [8]
and k − ω SST (Shear-Stress Transport model) [9], based on the turbulent viscosity hypoth-
esis introduced by Boussinesq, the non-linear eddy viscosity model Shih quadratic k − ε [10]
which relates the turbulent stresses algebraically to the rate of strain and includes higher order
quadratic terms, and the Reynolds Stress transport Model (RSM) of Speziale, Sarkar and Gatski
(SSG) [11] based on transport equations for all components of the Reynolds stress tensor using
differential transport equations, are considered.

In the finite-volume open-source codeOpenFOAM6.0, the system of equations 2 is solved
by using the segregate PISO (Pressure Implicit with Splitting of Operators) method. The Euler
scheme is adopted for the transient simulation. The convection terms are discretized by Gauss
Upwind scheme and the diffusion term is solved by Gauss linear uncorrected scheme.

3.3 Properties and conditions of the LBE working fluid

In the present work, temperature-dependent dynamic viscosity, thermal conductivity and
specific heat of LBE are adopted referring to [12]. The density is considered constant with
respect to temperature and equal to 10’427 kg m−3. A constant turbulent Prandtl number of
LBE equal to 1.63 is considered, evaluated from the correlation proposed by [13]. The initial
and boundary conditions are reported in Table 2. The inlet mass flow rate is set by MYRRHA
design to 0.08 kg s−1 with an inlet temperature equal to 220°C. The Reynolds and Prandtl
numbers at the inlet correspond to 41’000 and 0.031, respectively. For the outlet boundary
condition the model uses an outflow condition (zero velocity gradient and fixed pressure value).
Here Reynolds and Prandtl numbers reach the values of 56’000 and 0.019, respectively. At the
wall (cladding outer surface), a thermal flux profile is imposed on the basis of the data provided
by SCK CEN within the PATRICIA Project [14]. On the other domain walls, symmetric boundary
conditions are exerted (Figure 2) as in [15].

4 NUMERICAL RESULTS

This section discusses the results obtained with the URANS turbulence models adopted
in OpenFOAM for the numerical setup shown in previous paragraphs. In the first part, the dis-
cussion concerns the key thermal-hydraulic parameters predicted by the different turbulence

2 φ is an arbitrary variable that refers to turbulent kinetic energy, dissipation rate and specific dissipation rate.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 11–14, 2023



409.5

Table 2: Initial and boundary conditions of the OpenFOAM simulations.

Inlet Outlet Wall
Velocity flow rate 0.08 kg s−1 Zero-gradient No-slip

and density 10′427 kg m−3 u = 0
Temperature Fixed value T = 220°C Adiabatic ∂T/∂n = 0 Sinusoidal gradient
Pressure Zero-gradient Fixed value p = 0 bar Zero-gradient
Turbulence Free-stream values Outflow: ∂φ/∂n = 0 Low-Reynolds

Backflow: φ · n = 02 number approach

models, such as the sub-channel temperature field, velocity field, pressure drops, and Nus-
selt number. In the second part, qualitatively comparison of the flow domain cross sections is
performed, in order to assess the discrepancy between isotropic (k − ε and k − ω SST) and
anisotropic (Shih quadratic k − ε and SSG) turbulence models.

4.1 Model comparison

Figure 3 demonstrates that the minimum sub-channel length required to obtain a fully
developed velocity field with LBE as working fluid correspond to 100mm, as stated in 3.1.

From the comparison of the cladding outer temperature evaluated with the turbulence
models in Figure 4, only slight deviations emerge. The maximum differences is attested to be
of 3°C between SSG and Shih quadratic k − ε models. The safety limit of 400°C imposed on
the coolant temperature during MYRRHA normal operation, to avoid excessive outer cladding
corrosion, is respected in all the considered simulation cases. The slight discrepancies between
the heat transfer mechanism evaluated by the different URANS models is also visible in Figure
5. Moreover, comparable trends can be observed between the Nusselt number obtained from
the computational results and the Ushakov correlation (Table 3), while slightly higher values are
predicted by the k − ε and the Shih Quadratic k − ε models3. The strong changes in Nusselt
number observed near the inlet can be attributed to the development of temperature field along
the length of the sub-channel, as also attested in [16].

It should be noted the main characteristic of liquid metals, namely that the thermal bound-
ary layer, highlighted in Figure 6, is thicker than that of the hydraulic boundary layer, highlighted
in Figure 3. Consequently a larger domain length is needed to obtain a fully developed temper-
ature profile than that of the velocity profile.

In Table 4 the output values of some thermal-hydraulic parameters are collected. The
pressure drops predicted by the various models are similar. The number of iterations required
to obtain a converged solution is also reported. The numerical solutions were considered to be
converged when the initial residuals decrease by five orders of magnitude and reach a value
that do not change by performing more iterations.

Table 3: Selected literature correlations for LBE heat transfer and hexagonal lattice, where x is
the pitch-to-diameter ratio.

Reference Correlations Range
Ushakov et al. [17] Nu = 7.55x− 20x−13 + 0.041x−2Pe(0.56+0.19x)4 1 ≤ Pe ≤ 4000

1.3 ≤ x ≤ 2.0

Subbotin et al. [18] Nu = 0.58
(
2
√
3x2/π − 1

)0.55
Pe0.45 80 ≤ Pe ≤ 4000

1.1 ≤ x ≤ 1.5

3 The Peclet number experiences in the MYRRHA IPS sub-channel ranges from 1283 (inlet) to 1081 (outlet).
4 The extended formula able to cover the range 1.0 ≤ x ≤ 2.0 is considered in this work but not reported here.
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Figure 3: Velocity development along the
length of the sub-channel. Results obtained
with the k−ω SST turbulence model. In grey,
the extension of the hydraulic boundary layer
is highlighted.

inlet outlet

Figure 4: Comparison of the cladding outer
temperature evaluated with different turbu-
lence models.

inlet outlet

Figure 5: Comparison of the Nusselt number
evaluated with different turbulence models
and with the empirical correlations for LBE
reported in Table 3 along the length of the
sub-channel.

Figure 6: Radial temperature profile evalu-
ated at midplane of the sub-channel for the
different URANS models. In grey, the exten-
sion of the thermal boundary layer is high-
lighted.

Table 4: Turbulence model prediction of the mean eddy kinematic viscosity and eddy thermal
diffusivity, and the total pressure drops (gravitational and frictional). The number of iterations
required is also reported.

νT (10−5 m2

s ) αT (10−5 m2

s ) Total pressure drops (bar) Iterations
k − ε 1.06 0.65 1.85 13’000
k − ω SST 0.90 0.55 1.22 12’000
Shih Quadratic k − ε 1.70 1.05 1.80 15’000
SSG 1.16 0.71 1.65 14’000
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4.2 Secondary flow pattern comparison

In Figure 7 it is possible to see that both the k − ε and the k − ω SST model are not able
to predict the secondary flow formation on either side of the domain cross section, whereas the
Shih quadratic k− ε and the SSG models provide this capability as already shown in [19]. This
is due to the ability of these models to account for anisotropic effects. The highest velocity of
secondary motion is predicted by SSG Reynolds stress model and is around 1.63% of the mean
axial velocity. Contrary to what concluded in [15], the influence of flow anisotropy do not have
a strong impact on heat transport (Figure 4, 5 and 6).

! − # ! − $ SST Shih quadratic ! − # SSG

y

x
z

Figure 7: Secondary flow vectors on the cross-sectional midplane of the sub-channel predicted
by the isotropic (k−ε and k−ω SST) and anisotropic (Shih quadratic k−ε and SSG) turbulence
models.

5 CONCLUSIONS

The aim of this work is to provide detailed insight into the physics of the LBE flow and
the associated heat transfer in the interior sub-channel of the MYRRHA IPS sub-assembly dur-
ing normal operation by performing different URANS simulations in the OpenFOAM 6.0 fluid
dynamics software. The comparison of the applied turbulence models revealed that, while the
heat transfer mechanism is similar, the anisotropic type models (Shih quadratic k− ε and SSG)
clearly emerge as the higher-accuracy models to predict secondary flow pattern. A better pre-
diction of these coherent structures would allow for a more accurate understanding of mixing
between flows in neighbouring sub-channels.

The analysis carried out in this work has also been done with the perspective of enhance
the predictive capabilities of the fuel performance code TRANSURANUS [20] by providing more
specific and reliable thermal-hydraulics boundary conditions (e.g., cladding outer temperature
and pressure drops), to support the design optimization and safety assessment of the MYRRHA
fuel pin thermo-mechanical behaviour.
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