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Abstract
Liquid metals and magnetic fields are used in many technical applications such as metallurgy,
crystal growth and nuclear fusion reactors. When an electrically conducting fluid moves in a
magnetic environment, electric currents and electromagnetic forces are generated that affect
velocity and pressure losses in the flow. These magnetohydrodynamic (MHD) interactions have
to be investigated to optimize the engineering processes. The characteristics of MHD flows
depend on the geometrical configuration, the strength of the applied magnetic field, the
electrical properties of fluid and structural materials and the thermal conditions. In the so-called
blankets for fusion reactors, where liquid metals are used to breed the plasma fuel component
tritium and to extract the generated heat, magneto-convective flows play a crucial role in
determining heat and mass transfer. Therefore, the availability of numerical codes to simulate
this type of flow is mandatory and their validation is a necessary step to guarantee the reliability
of the results. For that reason, a benchmark problem has been defined to simulate liquid metal
flows in a horizontal rectangular duct heated from below and exposed to a non-uniform
magnetic field. Results obtained by five research groups using different codes are compared.

Keywords: fusion blankets, liquid metals, magneto-convection, benchmark,
code-to-code comparison
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1. Introduction

The use of liquid metals such as lead-lithium (PbLi) is a
promising option for breeding blankets in future fusion power
plants, where the fuel component tritium is produced from the
interaction of high-energy fusion neutrons with the alloying
component lithium. The liquid metal serves also as a neutron
multiplier and its high thermal conductivity makes it an ideal
heat transfer medium. The hot fusion plasma is confined in
the vacuum vessel, away from the structural materials, by an
intense magnetic field. The drawback of using liquid metals in
a magnetic environment is the occurrence of magnetohydro-
dynamic (MHD) interactions between the moving electrically
conducting fluid and the strong applied magnetic field. These
result in high pressure drops, non-uniform flow patterns, sup-
pression of 3D turbulence, and degradation of heat transfer.

A reliable engineering design of fusion blankets requires
accurate prediction of MHD flows [1]. Numerical tools have
to prove their capability to simulate different types of flows
driven by pressure differences or buoyancy forces in fluid
domains that are electrically and thermally coupled by leak-
age currents and heat flux exchanged through conductive
walls. MHD simulations for fusion applications are particu-
larly challenging since, due to the strong imposed magnetic
field, the flow is dominated by electromagnetic forces. This
leads to the formation of extremely thin boundary layers or
internal viscous-inertial layers that require adequate mesh res-
olution. In addition, the numerical treatment of the governing
equations results in stiff systems of algebraic equations where
small initial uncertainties can be amplified leading to a lack of
convergence of the iterative methods or the occurrence of high
local numerical errors.

In recent years, significant progress has been made in the
numerical modeling of MHD flows in strong magnetic fields
through the use of advanced current-conservative schemes [2,
3] and the rapid development of high-performance comput-
ing, which provides the necessary computational resources.
Therefore, numerical methods have become the preferred tool
for MHD analysis of liquid metal flows in fusion applica-
tions. To ensure the reliability and accuracy of MHD codes
developed worldwide, Smolentsev et al [4] proposed a system-
atic verification and validation of the numerical tools presently
used by the fusion community for the analysis of liquid metal
flows. The latter authors suggested benchmark cases for a
number of MHD problems for which either exact or asymp-
totic analytical solutions exist (fully established steady-state
laminar flows), or where well documented experimental data
is available (3D flows in fringing magnetic fields, unstable
time-dependent flows and flows with heat transfer). Since
the publication of the latter reference, a number of magneto-
convective flows has been studied theoretically and experi-
mentally (see e.g. the comprehensive review paper by Zikanov
et al [5]) for fluids such as mercury, gallium, GaInSn, sodium,
sodium-potassium. However, experimental data obtained by
employing the fusion-relevant fluid PbLi is rare [6]. With the
aim of broadening the experimental data base for MHD heat
transfer problems with PbLi, new experimental campaigns
have been planned using the MaPLE facility at the Karlsruhe

Institute of Technology (KIT) [7] in both vertical and hori-
zontal channels under various thermal conditions. Results will
represent a valuable data base for validation of numerical
MHD codes.

In the meantime, while experiments are being prepared,
the present authors agreed on the continuation of an interna-
tional code-to-code benchmark activity [8] motivated by the
above-mentioned experiments. In the first part of the project,
the buoyancy-opposed MHD flow was studied in a long ver-
tical rectangular duct partially heated from a lateral wall. It was
found that all considered codes could predict well the key flow
features with moderate quantitative differences. Boundary
layer separation and local flow reversal were observed depend-
ing on magnetic field strength, imposed mean velocity and
wall heat flux.

The present work complements previous investigations
with a code-to-code comparison for heat transfer in PbLi flow
in a horizontal square channel heated from below. The sur-
face heat flux is applied on a portion of the lower wall of the
duct in a region where the imposed horizontal magnetic field
is uniform. We take also into account additional 3D effects
that occur at the entrance and exit of the magnet, where the
magnetic field varies between zero and a maximum value. The
present problem is of particular interest because fluid layers
heated from below develop an unstable density stratification,
which may lead to flow instability and promote vortical flow
near the heated wall, with implications for heat transfer.

In section 2, details about magnetic field distribution and
thermal boundary conditions are given. Governing equations,
scaling quantities, and dimensionless parameters characteriz-
ing the flow are defined in section 3. In section 4, the codes
involved in the study are described and differences in the simu-
lation set-ups are highlighted in order to facilitate the explana-
tion of possible discrepancies observed during the comparison
of the results discussed in section 5.

2. Problem description

We consider a liquid metal flow with mean velocity u0 in a
horizontal electrically and thermally conducting square duct,
which is inserted in a non-uniform magnetic field. Geometry
and reference coordinate system are shown in figure 1. The
thickness of the wall is tw = 2·10−3 m and the characteristic
size of the channel is a = 0.023 m, which is the duct half-
width in the direction of the applied magnetic field. The total
length of the duct used for the simulations depends on the
selected flow parameters and the given boundary conditions.
Dimensions and set-up of the problem correspond to the ones
of the experimental campaign that will be carried out in the
PbLi MaPLE facility at KIT [7].

A homogeneous heat flux q ′ ′ is applied to the outer surface
of the bottom wall of the channel for −0.3 m ⩽ x ⩽ 0.3 m,
as marked by the red arrows in figure 1. Contours of mag-
netic field strength are plotted on the middle plane y = 0.
For |x| < 0.4 m the magnetic field is constant, By = B0,
while for |x| > 0.4 m it varies rapidly and it tends to zero for
|x|> 1 m. The magnetic field can be mathematically expressed
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Figure 1. Geometry employed for simulation of
magneto-convective flows in a square duct with electrically and
thermally conducting wall. The thickness of the wall is indicated by
tw and the typical size of the duct by a. Coordinates are expressed in
meters. Contours of magnetic field strength By(x) are plotted on the
plane y = 0.

by equation (1) derived by fitting values measured when pre-
paring the experiments:

By (x) =
1
2
B0

[
1− tanh

(
|x| − 0.7315

0.1

)]
. (1)

3. Mathematical model and scaling quantities

The liquid metal magneto-convective flow is governed by the
momentum equation, where the inertia force balances pres-
sure, viscous, electromagnetic and buoyancy forces,

ρ0

(
∂

∂t
+u ·∇

)
u=−∇p+ ρ0ν∇2u+ j×B

− ρ0β (T−T0)g, (2)

and by mass conservation, ∇· u= 0. In equation (2) the vari-
ables u, p, j, B and T indicate velocity, pressure, current dens-
ity, magnetic field and temperature, and g is the acceleration
due to gravity. The thermophysical properties of PbLi are ρ0
(reference density), ν (kinematic viscosity), and β (thermal
expansion coefficient).

Two source terms are present in equation (2), i.e. the elec-
tromagnetic Lorentz force, j × B, and the buoyancy term due
to density variations caused by temperature differences. The
latter is expressed using the Boussinesq approximation, i.e. it
is assumed that the dependence of density on temperature is
restricted to the buoyancy term. This assumption is valid as
long as we consider a small temperature range [9].

The current density j that determines with B the strength of
the Lorentz force is obtained from Ohm’s law

j= σ (−∇ϕ +u×B) . (3)

Currents are driven by the gradient of an electric poten-
tial ϕ and a flow-induced electric field u × B. The electric
potential is determined by solving a Poisson equation derived
from Ohm’s law by imposing charge conservation ∇·j = 0.
Equations are written according to the inductionless approx-
imation, which implies that the flow-induced magnetic field is
negligible compared to the imposed one.

The temperature in equation (2) is calculated solving the
energy balance equation:

ρcp

(
∂

∂t
+u ·∇

)
T=∇· (k∇T) . (4)

Table 1. Selected comparison cases. The magnetic field strength
(Ha) remains constant, while Re and Gr are different.

Ha Re Gr Ri

Case 1 235 3220 1.42·107 1.37
Case 2 235 1073 3.55·107 30.8

Equation (2) is used in the flow domain, while equations (3)
and (4) refer to the multi-material domains of PbLi and sur-
rounding stainless steel walls. In these equations, ρ is the dens-
ity, σ the electrical conductivity, cp the specific heat capacity,
and k the thermal conductivity. These properties are taken at
a reference temperature T0 = 300 ◦C for PbLi and stainless
steel according to [10, 11], respectively.

At the fluid-wall interface, continuity of wall normal cur-
rent jn = jnw, electric potential ϕ = ϕw, temperature T = Tw,
and heat flux q ′ ′ = q ′ ′

w is imposed. The external surface of
the duct is electrically insulating (∂nϕw = 0) and adiabatic
(∂nTw = 0), except for the heated area where the constant heat
flux is applied. Conditions at the entrance and exit of the chan-
nel are specified in table 4.

The flow is governed by three non-dimensional parameters,
i.e. Reynolds number Re, Hartmann number Ha, and Grashof
number Gr:

Re=
au0
ν

, Ha= B0a
√

σ

ρν
, Gr=

gβ∆Ta3

ν2
. (5)

The Reynolds number and the square of the Hartmann num-
ber quantify the ratios of inertia and electromagnetic forces to
the viscous forces, respectively. As alternative parameter the
interaction parameter can be defined as N = Ha2/Re, which
expresses the relative importance of electromagnetic and iner-
tia forces. The Grashof number gives a measure for the intens-
ity of buoyant forces with respect to the viscous forces. A
characteristic temperature difference ∆T is defined as ∆T=
q ′ ′a/k. Another useful parameter when dealing with thermal
convection problems is the Richardson number Ri = Gr/Re2

that represents the ratio of velocity scales associated with nat-
ural and forced convection in the flow.

For the present work, two cases have been simulated and
compared, as listed in table 1. The strength of the magnetic
field is kept constant (same Ha), while in Case 2 the velocity
u0 (Re) is reduced and the applied surface heat flux q ′ ′ (Gr) is
increased.

It should be noted that in Case 2 the Richardson number
Ri is larger than in Case 1 due to the smaller mean velocity.
Hence, it is expected that in Case 2 the forced convection is
much weaker. Moreover, the combined parameter Ri/N, which
gives a measure for the relative importance of buoyancy and
Lorentz forces [5], suggests for Case 1 (Ri/N = 0.0796) the
occurrence of weak magneto convective effects and for Case
2 (Ri/N= 0.596) amore complex interaction among buoyancy,
electromagnetic and inertia forces.
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Table 2. Numerical schemes used to discretize the equation terms: time-derivative ∂/∂t, convective term u·∇,∇p, ∇ϕ, and Laplacian ∇2.

Code ∂ /∂t u·∇ ∇p, ∇ϕ ∇2

FLUENT
CIEMAT

1st order
implicit

2nd order
upwind

Gauss Gauss

FLUENT
UK

2nd order
implicit

2nd order
upwind

LS

CFX Backward
Euler

Central TLI TLI

OF
ORNL

Forward
Euler

2nd order
TVD

central harmonic ϕ
others linear

OF
KIT

2nd order
backward

Central Gauss (p)
2nd LS (ϕ)

Gauss

COMSOL 2nd order
backward

Streamline
stabilization

Linear
elements

2nd order
elements

Table 3. Number of grid points along the three coordinates. ∆x/a indicates the normalized cell size in axial direction in the heated zone
(HZ), i.e. for |x|⩽ 0.3m, where for all simulations the mesh is uniform. The wall is indicated by W. Last column: numbers of points in
Hartmann (Ha) and side (Side) layers.

Code # x ∆x/a HZ # y #z CPU in layers

FLUENT
CIEMAT

unif. 165
(Case 1)
unif. 141
(Case 2)

0.58
(Case 1)
0.709
(Case 2)

60
60
W:10

60
60
W:10

36 Ha: 7
Side: 7

FLUENT
UK

non-unif.
287

0.217 86
W:13

86
W:13

120 Ha: 8
Side: 23

CFX unif. 450 0.22 192
W:16

74
W:16

432 Ha: 7
Side: 15

OF
ORNL

unif. 200
(Case 1)
unif. 230
(Case 2)

0.435 62
W:8

52
W:7

16 Ha: 7
Side: 14

OF
KIT

non-unif.
700

0.065 96
W:10

86
W:10

512 Ha: 8
Side: 16

COMSOL 300 0.261 60
W:10

60
W:10

32 Ha: 8
Side: 12

4. Numerical codes

In the following, the codes used to obtain the results discussed
in section 5 are briefly described in order to highlight the dif-
ferences in the set-up of the simulations, which could lead to
discrepancies during the comparison. In the brackets, close to
the names of the codes, it is indicated how we refer to the
corresponding data in the legend of the figures presented in
section 5 when the same code is used by different research
groups.

Apart from the software COMSOL, which is a finite-
element-based solver [12, 13], the other codes employed
for the present study adopt a finite-volume method to
solve the governing equations. All codes work on a hexa-
hedral structured mesh, with points clustered towards
the walls.

Numerical schemes for discretization of the terms in the
equations, boundary conditions applied at inlet and outlet of
the computational domain, and the number of points used to
resolve the different regions in the channel are summarized in
tables 2–4. The thickness of the boundary layers that develop
along walls perpendicular and parallel to the magnetic field
is defined according to δHa = aHa−1 and δSide = aHa−1/2,
respectively. The former is called Hartmann layer, and the lat-
ter is named side layer.
ANSYS CFX [14] The finite-difference equations are solved

iteratively using a multigrid solver accelerated by the use
of the incomplete factorization technique [15]. For discret-
ization of gradients and Laplacian, a trilinear interpolation
(TLI) with finite-element geometric shape function is applied.
Local quantities (velocity, electric potential, current dens-
ity, temperature) are monitored at 53 locations to assess
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convergence of the transient run. Internal convergence cri-
teria are set as a minimum of 2 loops, RMS residual lower
than 5·10−5. Adaptive time step size is used during the run
with ∆t = 1.5·10−2 s being the final value for both cases.
Computations are performed on ENEA CRESCO6 cluster
using 432 CPUs Intel(R) Xeon(R) Platinum 8160 2.10 GHz.
ANSYS FLUENT (FLUENT_CIEMAT) The standard

pressure-based solver with PISO as pressure-velocity coup-
ling scheme is employed. Time advancement is based on a
first order implicit scheme with a time-step size of 10 ms
for Case 1 and 1 ms for Case 2. In both cases ten itera-
tions per time-step were required. Additional buffer zones of
5% of the channel’s length at the inlet and 5% (Case 1) or
10% (Case 2) in the outlet region were added compared to
the original duct geometry. The simulations were run at the
Turgalium cluster operated by CETA-Ciemat with 36-core
nodes. Depending on the case, simulations run for 24 h to
2 week wall-clock time. This is due to both a difference in the
time-step size and longer simulation time required in Case 2
to obtain good time averages due to the oscillating nature of
the flow.
ANSYS FLUENT (FLUENT_UK) A pressure-based

coupled solver was utilized, incorporating second-order
approximations for the pressure gradient. This upwind scheme
necessitates cell-centered values for each cell and cell-
centered gradients in the upstream cell. To evaluate these
gradients, the least squares (LS) cell-based scheme was
applied.
COMSOL [12, 16] A customized COMSOL model is used.

The finite-volume equations are linearized with the Newton-
Raphson method. The PARDISO direct solver is used to solve
the linearized equations for pressure and velocity. For the
temperature, a GMRES solver is employed combined with
smoothed aggregation AMG method. For the electric poten-
tial, the conjugate gradient solver was chosen, with algebraic
multigrid method. Simulations are performed on the fusion-
comsol server at ORNL. Each case occupied 32 cores. The
time interval was set to 0.05 s with a total physical time
of 300s.
OpenFOAM Both research groups using this software

employ a customized MHD solver in which the pressure—
velocity coupling is based on the PISO algorithm. The
pre-conditioned gradient algebraic solver is used for pres-
sure, while the pre-conditioned bi-conjugate gradient solver
for velocity and temperature. The solvers are developed by
using two different version of OpenFOAM: foam-extend-4.0
(OF_KIT) and foam-extend-3.2 (OF_ORNL).
OpenFOAM (OF_ORNL) [17] for discretization of con-

vective terms the Van Leer total variation diminishing (TVD)
scheme is used. The electric potential equation is solved using
a conjugate gradient method together with the Cholesky pre-
conditioner. The simulations ran for up to 500 s for Case 1
and 600 s for Case 2, each requiring approximately 2 weeks
of computational time.

The additional cells in Case 2 are due to an extension of the
domain by 15% of the channel length. Additionally, artificial
viscosity was applied in the last 20% of the channel to avoid
backflow from the outlet.

OpenFOAM (OF_KIT) [18] The electric potential equation
is solved using the preconditioned bi-conjugate gradient
method with Cholesky preconditioner. Simulations have been
carried out on the Japan Fusion Reactor Simulator 1 (JFRS-1)
with up to 512 CPU for the finest mesh (Processors: 2 × 20
cores Intel Xeon Gold 6148 2.4 GHz). Adaptive time step is
employed with a final ∆t = 0.01 s for the coarsest mesh and
0.004s for the finest grid. Three different mesh refinements
have been used.

5. Discussion of the numerical results

It has been agreed that the comparison will focusmainly on the
region that starts where the magnetic field begins to increase
at the entrance of the magnet, i.e. at x = −1 m. It is expected
that the inlet boundary conditions, which are applied further
upstream, will not significantly affect the results for x⩾−1m.

Concerning the outlet boundary conditions, it seems that
an advective outflow condition, combined with a longer outlet
channel, yields reasonable results. However, limitations in the
definition of boundary conditions in commercial codes, may
result in unphysical flow behavior at the outlet. An alternat-
ive to the advective condition when not available, is the use of
an extended outlet duct, even longer than what has been used
by other codes, or of an artificial high viscosity close to the
exit (see table 4). As expected, the different inlet and outlet
boundary conditions lead to dissimilarities among data com-
puted with the different codes. Therefore, hereafter when dis-
cussing the results, deviations that can be directly ascribed to
the boundary conditions are not always explicitly mentioned
except if interesting general conclusions can be derived.

During the comparison of the results, data is distinguished
by the reference names defined in section 4. When plotting
profiles of variables along the transverse direction z, the wall
is marked by a grey field to better visualize the fluid-solid
interface.

5.1. Main characteristics of the investigated flow

The main features of the studied magneto-convective flow for
Case 1 (see table 1) are briefly described by considering time-
averaged quantities in order to better explain the problem that
we are dealing with. The full characterization of the flow also
in terms of time-dependent phenomena will be derived in the
section dedicated to the comparison of results obtained by dif-
ferent codes.

In figure 2 contours of time-averaged temperature are plot-
ted on the fluid-wall interface at y = z=−0.023 m. For better
visualization of the velocity distribution and electric currents
(shown in figure 3), the channel is displayed so that the grav-
itational field g is horizontal. The region on which the surface
heat flux q ′ ′ is applied is marked by red arrows and clearly
visible on the plane z = −0.023 m, which is aligned with
the magnetic field and named side or parallel wall. Here con-
tours of temperature are shown. On the wall perpendicular to
the imposed magnetic field, called Hartmann wall, it can be
seen how the thermal layer grows when moving downstream.
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Table 4. Boundary conditions (BCs) at inlet and outlet of the computational domain. FDF indicates the fully developed hydrodynamic
profile (viscous laminar or turbulent), (∗) for Case 2 artificial high viscosity in last 0.2 m, (∗∗) backflow allowed at exit. Missing BCs could
not be provided by users.

Code Inlet Outlet Duct length (m)

FLUENT
CIEMAT

FDF laminar
∂xp = 0
∂xϕ = 0
T = 300 ◦C

u
∗/∗∗

p = 0
∂xϕ = 0
∂xT = 0

2.2 (Case 1)
2.3 (Case 2)

FLUENT
UK

∂xu = 0
p = 0
∂xϕ = 0
T = 300 ◦C

ṁ = const
∂xϕ = 0

3

CFX u = const
∂xϕ = 0
T = 300 ◦C

u: opening
∗∗

pmean = 0
∂xϕ = 0
T = Tbout

(energy balance)

2 .25

OF ORNL u = const
∂xp = 0
∂xϕ = 0
T = 300 ◦C

∂xu = 0
∗

p = 0
∂xϕ = 0
∂xT = 0

2.0 (Case 1)
2.3 (Case 2)

OF KIT FDF turbulent
∂xp = 0
ϕ = 0
T = 300 ◦C

∂tu+ u∂xu= 0
p = 0
ϕ = 0
∂xT = 0

3

COMSOL u = const
∂xϕ = 0
T = 300 ◦C

∂xu = 0
p = 0
∂xϕ = 0
∂xT = 0

2.5

Figure 2. Results for the flow at Ha = 235 (B0 = 0.5 T),
Gr = 1.42·107 (q′′ = 4 W cm−2), Re = 3220 (u0 = 0.03 m s−1)
(Case 1). Contours of time-averaged temperature are plotted on the
fluid-wall interfaces at z = −0.023 m and y = −0.023 m. Profiles of
velocity are displayed on various cross-sectional planes. The
distribution of the magnetic field is sketched below the figure and
the imposed surface heat flux q′′ is marked by red arrows.

Velocity profiles are displayed at various axial positions and
colored by the magnitude of the time-averaged velocity. When
the incoming hydrodynamic flow enters the magnetic field
(x = −1 m), induced electromagnetic Lorentz forces brake
the flow in the duct core and lead to the formation of the so-
called M-shaped MHD velocity profiles, as typical in electric-
ally conducting ducts. The latter is characterized by a uniform
core and increased velocity in the boundary layers along the
parallel walls. By approaching the exit of the magnet, the elec-
tromagnetic forces become weaker and they cannot sustain

Figure 3. Results for the flow at Ha = 235, Gr = 1.42·107 and
Re = 3220 (Case 1). Contours of electric potential on the external
surface of the wall at z = −0.025 m and on the fluid-wall interface
y = −0.023 m. Electric current loops are plotted only in half of the
duct for y > 0 for better visualization.

any longer the high velocity jets in the boundary regions that
gradually disappear.

The motion of the electrically conducting PbLi in the
imposed magnetic field induces electric currents in the liquid
metal. In figure 3, current loops are plotted showing that in the
central part of the duct, where the magnetic field is constant
(|x|< 0.4m), the current induced in the fluid closes through the
wall moving preferentially in cross-sectional yz planes. At the
entrance and exit of the magnet, gradients of electric potential
arise, as visible on the planes y=−0.023 m and z=−0.025 m
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Figure 4. Contours of instantaneous velocity on the plane y = 0.

where contours of time-averaged potential are displayed. The
axial component of potential gradient drives axial electric cur-
rents that lead to the formation of 3D paths (e.g. black and
red lines). The xy view in figure 3(b) shows well the transition
3D(x < −0.4 m) → 2D(|x|< 0.4 m) → 3D(x > 0.4 m) in the
current distribution along the x direction with the progressive
formation of an axial current component in regions of fringing
magnetic field.

5.2. Code-to–code comparison: case 1

In the following, the characteristics of the flow of Case 1 are
presented through the comparison of data obtained with the
different codes. In this case, the relatively high velocity of the
forced flow and the low value of the applied surface heat flux
does not result in appreciable mixed convection effects and the
flow retains mostly an isothermal-like MHD character.

In figure 4 contours of instantaneous velocity are plotted on
the middle plane y = 0 perpendicular to the magnetic field. It
should be mentioned that, in order to permit a reasonable visu-
alization of the long computational domain, the cross-section
of the geometry has been scaled by a factor 2.5 in y and z direc-
tion. For simulations that use a longer computational domain,
an additional portion of the exit part of the duct is shown in
order to appreciate the transition fromMHD to hydrodynamic
flow. The expected formation of two high-velocity jets in the
boundary layers along the side walls and the reduction of the
velocity in the middle of the duct is clearly visible when the
flow enters the magnetic field (cf figure 2). In the middle
section of the duct a good agreement is found among results
obtained by different codes, while those in the inlet and outlet
parts exhibit some variation depending on the boundary con-
ditions used. Data from FLUENT_UK present a smaller core
velocity.

Contours of instantaneous temperature on the plane y = 0
are displayed in figure 5. The development of the thermal
layer is well predicted by all the codes. The temperature dis-
tribution develops slowly in the channel. The flow maintains
a laminar regime under the influence of the electromagnetic
forces that reduce the heat transfer intensity. Buoyancy forces
are weak and do not lead to any significant mixing. Close to
x = 1 m, a residual thermal stratification is still present in the

Figure 5. Contours of instantaneous temperature on the plane y= 0.

Figure 6. Time-averaged temperature along the axis of the duct at
y = z = 0.

fluid between the upper (z > 0) and lower (z < 0) halves of
the duct.

The time-averaged temperature is plotted in figure 6 along
the duct axis at y = z = 0. Results fit well together apart at
the outlet due to different exit conditions and lengths of the
computational domain (table 4). The only data that deviates
significantly from the others (orange line) is probably a res-
ult of a not fully converged solution and, as a consequence, a
too short range of time to obtain statistically converged time-
averaged data. In a large portion of the computational domain
(−0.75 m < x < 0.8 m), the results exhibit a good agreement.

In figure 7 the time-averaged axial velocity is plotted as
a function of the coordinate x. The central velocity initially
grows, attempting to reach the value expected in a fully estab-
lished hydrodynamic flow. At x≈−0.85 m the velocity starts
decreasing due to the occurrence of significant electromag-
netic forces. Simultaneously the velocity in the parallel lay-
ers begins increasing leading to the formation of the MHDM-
shaped profile (see figure 2). The core velocity remains almost
constant for −0.4 m < x < 0.6 m. In the outlet section, the
maximum velocity shifts progressively towards the center of
the duct, while approaching a time-dependent hydrodynamic
regime.

The axial distribution of the time-averaged pressure is dis-
played in figure 8 along the axis of the channel for y = z = 0.
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Figure 7. Time-averaged axial velocity along the axis of the duct at
y = z = 0.

Figure 8. Time-averaged pressure along the axis of the channel at
y = z = 0.

The hydrodynamic pressure gradient at the entrance and exit
is negligible compared to the one in the magnet. Here, when
the magnetic field becomes constant, the pressure varies lin-
early indicating that the flow reaches fully developed condi-
tions. The uniform pressure gradient, ∂p/∂x = −0.0855, fits
well with the one predicted by the analytical solution for a fully
developed isothermal MHD flow in a duct with electrically
conducting walls, ∂p/∂x|FDF = −0.0863, despite the presence
of buoyant forces for |x|< 0.3m. All simulations show quite
good agreement apart from those of FLUENT_UK, indicating
the shortcoming of the latter simulation. The reason of such
discrepancy with the other data cannot be explained by the
code itself, since results from FLUENT_CIEMAT well repro-
duce the flow features.

Let us consider now the distribution of the temperature
along the transverse direction z at different axial positions in
order to understand how the thermal layer develops when the
flow moves downstream along the heated wall. In figure 9,
T̄(y= 0,z) is plotted at x = −0.3 m where the heating on the
external surface starts. The thin thermal layer at this position
is due to the conjugate heat flux in the wall. In a large part
of the duct cross-section, the temperature is still equal to the
entrance value of 300 ◦C. The deviation of the OF_ORNL and

Figure 9. Time-averaged temperature plotted along the transverse
direction z, at y = 0 and x = −0.3 m.

Figure 10. Time-averaged temperature plotted along the transverse
direction z, at y = 0 and x = 0.

FLUENT_CIEMAT results derive probably from the insuffi-
cient resolution in axial direction that is lower than for the
other simulations (see table 3).

When the fluid moves downstream, the liquid metal warms
up and the thickness of the thermal layer increases, as visible
in figure 10, in which the time-averaged temperature is plot-
ted in the middle of the heated zone at x= 0. The development
of the thermal layer can be seen also by considering profiles
at various axial positions as displayed in figure 11. By mov-
ing downstream, the temperature at the fluid-wall interface
increases and the layer becomes thicker. When the heat flux at
the external wall ends at x= 0.3m, the temperature at the liquid
metal-solid interface starts reducing and the temperature dis-
tribution across the channel height becomes more homogen-
eous. The temperature on the opposite side wall at z= 0.023 m
starts increasing at about x= 0 and becomes larger and larger.
Grid sensitivity studies highlighted the significant influence of
the axial resolution on the temperature distribution especially
near x=−0.3 m, where the heat is first applied, and at the exit
of the magnet where small time-dependent structures appear.

In figures 12 and 13 the distribution of time-averaged axial
velocity is plotted along the transverse z direction, on the
middle plane at y = 0, at two axial positions, x = −0.3 m
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Figure 11. Time-averaged temperature in the fluid plotted along the
transverse coordinate z, at y = 0 and various axial positions
(OF_KIT). The curves for x = 0 and x = 1 m are the same as shown
in figures 10 and 11. In the legend the coordinate x is given in
meters.

and x = 0. The velocity profile is characterized by a uniform
core and high-velocity jets in the layers along walls parallel to
the magnetic field, as expected for isothermal MHD flows in
electrically conducting ducts. In the center of the heated zone
at x = 0 (figure 13) the only effect of convection is a slight
asymmetry of the velocity profile. Most of the codes that yield
accurate results predict a minimally increased maximum velo-
city in the jet close to the heated wall (z = −0.023 m). The
red symbols indicate the analytical solution that agrees pretty
well with results obtained by FLUENT_CIEMAT, OF_KIT,
OF_ORNL and COMSOL. Two sets of data deviate from the
analytical solution. For FLUENT_UK an explanation could be
a lack of convergence of the solution. This conclusion is sup-
ported also by the comparison of other quantities. In case of
CFX, the reason could be related to numerical diffusion rather
than inadequate mesh density or too short computational time,
since most of the flow features are accurately predicted by this
code. Up to about x= 0.5 m the velocity profiles resemble the
analytical solution as in figure 13. Further downstream, while
the strength of the magnetic field becomes smaller, the max-
imum velocity reduces and the thickness of the parallel layers
increases, since the velocity profile evolves towards a hydro-
dynamic distribution.

The transition from hydrodynamic toMHD conditions with
the rise of the velocity in the side layer is visible in figure 14
where contours of instantaneous velocity are plotted on the
plane at z= 0.022 m close to the side wall. Results obtained by
OF_KIT show the unstable flow at the entrance and exit of the
magnet. For |x|< 0.4m, the Lorentz force is dominant since the
field has reached its maximum value B0. The flow in the core
region retains an almost uniform value until x= 0.6 m. Results
in figures 4 and 14 confirm previous observations according to
which buoyancy forces in Case 1 do not significantly modify
the flow compared with an isothermal MHD flow.

As observed at the beginning of this section, when describ-
ing the main general features of the magneto-convective flow
under study, due to the spatial variation of the magnetic field,

Figure 12. Time-averaged axial velocity along the z coordinate at
y = 0 and x = −0.3 m.

Figure 13. Time-averaged axial velocity along z at y = 0 and x = 0.

Figure 14. Contours of instantaneous velocity on the plane
z = 0.022 m indicating the jet in the parallel layer.

axial gradients of the electric potential ∂ϕ/∂x ̸= 0 arise for
|x| > 0.45 m till the magnetic field vanishes. The axial distri-
bution of the time-averaged ϕ is displayed in figure 15 along
the warm side wall at z = −0.023 m. On the opposite paral-
lel wall at z = 0.023 m the potential distribution is almost the
same, apart from the reversed sign, with very small deviations
where the heat is applied to the external surface. Hence, the
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Figure 15. Time-averaged electric potential along the axial
coordinate x at y = 0, at the side wall at z = −0.023.

Figure 16. Time-averaged electric potential along the transverse
coordinate z, at x,y = 0.

total transverse potential difference ϕ(x,y= 0, z= 0.023 m)—
ϕ(x,y = 0, z = −0.023 m) that establishes between the side
walls has an analogous distribution as the curve in figure 15
with a nearly double maximum value. The latter remains con-
stant in the region of uniform magnetic field, where the flow
is almost fully established (compare figures 7 and 8). Most of
the data fits well together.

The transverse profile of the electric potential in the middle
of the duct (x = y = 0) is plotted in figure 16 showing the
expected MHD distribution with a linear profile in the core
and non-linear contribution close to the walls. While most
of the data agree quite well, slight deviation is observed for
FLUENT_UK, as in previous figures.

As a measure of the average temperature in the duct, we
calculate the mean bulk temperature according to

T̄b (x) =

´
A
ūT̄dA
´
A
ūdA

. (6)

In figure 17, the bulk temperature is plotted along the axial
coordinate x. In the region in which the constant surface heat

Figure 17. Bulk temperature Tb along the coordinate x.

flux is applied, T̄b increases linearly from the inlet temperature
T i = 300 ◦C to the exit value of about Te = 310 ◦C.

Discrepancies and non-physical behavior are observable in
the FLUENT_UK data probably due to both a not fully con-
verged solution and issues at the outlet owing to the applied
boundary conditions.

The convective heat transfer in the flow can be quantified
by defining a heat transfer coefficient h and a Nusselt number
Nu, which gives a non-dimensional measure for the intensity
of the convective heat transport close to the heated wall:

h= q ′ ′/(T̄w (x,y= 0,z=−0.023)− T̄b (x)) ,

Nu= h
L
k
,

(7)

where q ′ ′ is the imposed surface heat flux, T̄w is the time-
averaged temperature at the fluid-wall interface on the middle
plane of the duct (y = 0, z = −0.023 m) and T̄b(x) is the bulk
temperature defined by equation (6).

In figure 18 the Nusselt numberNu is plotted along the axial
coordinate x. At x = −0.3 m, at the beginning of the heated
zone, the bulk temperature and the one at the fluid-wall inter-
face start increasing, the latter much faster than the former one
(as shown later in figure 38). The growth rate of the wall tem-
perature reduces by moving downstream. The convective heat
transport close to the side wall is larger than in the duct cen-
ter due to the presence of the high-velocity jets in the bound-
ary layer (see e.g. figure 12). It can be observed that when
approaching x = 0.3m the Nusselt number tends to an asymp-
totic valueNu→ 2.45, indicating that the flowmay near a fully
developed state at the end of the heated section.

Due to the presence of buoyancy forces a secondary flow in
the transverse yz direction occurs. In order to better character-
ize the flow regime in terms of flow mixing and to understand
the impact on the main flow of the onset of the secondary flow,
the normalized mean kinetic energy of the latter one is cal-
culated. It quantifies the transverse circulation and is defined
according to [19] as

Ēt (x) =
1
Au20

ˆ (
ū2y + ū2z

)
dA. (8)
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Figure 18. Nusselt number, defined according to equation (7),
plotted along the axial coordinate x.

Figure 19. Kinetic energy Ēt of the transverse flow (uy, uz) plotted
along the axial coordinate x. COMSOL data is not shown due to
large discrepancy caused by problems in the evaluation of
equation (8).

In equation (8), A is the area of the duct cross-section, ūy
and ūz are the time-averaged velocity components in a plane
perpendicular to the main axial stream. The mean velocity u0
is used to scale the velocity.

In figure 19 the mean normalized transverse kinetic energy
Ēt is plotted along the axial coordinate. Within the uniform
region of the magnetic field, when B(x) ≈ B0, the transverse
flow and its kinetic energy are very small, which confirms
the weak effects of the buoyant forces. The transverse kin-
etic energy, which starts increasing at the edge of the heated
region, reaches a maximum and then decreases monotonically
till x = 0.3m where the surface heat flux vanishes. In the cen-
ter of the duct, at x = 0, a very weak transverse circulation
with velocity of the order of 10−4 m s−1 caused by convec-
tion can be identified, which is characterized by two counter-
rotating cells, as shown in figure 20 (left) by white streamlines
together with contours of the magnitude of the transverse velo-
city ut. The normalized kinetic energy of the recirculation in

Figure 20. (Left) Contours and streamlines of transverse plane
circulation ut, and (right) contours of temperature on the
cross-sectional plane x = 0 (OF-KIT).

this plane is of the order of 10−6. This type of additional cir-
culation, whose rotation axis is perpendicular to the imposed
magnetic field, tends to be suppressed by the electromagnetic
forces. A detailed description of this secondary motion for dif-
ferent flow parameters can be found in [19] for a channel with
electrically insulating walls and a uniform imposed magnetic
field. This transverse recirculation does not significantly affect
the streamwise velocity profile, which resembles the one of an
isothermal MHD flow, as already observed.

At the entry and exit of the magnet, at |x|≈ 0.75m, all codes
show increased transverse motion, caused by 3D effects in the
fringing magnetic field, where the flow is pushed by strong
Lorentz forces towards the parallel layers and to the middle
of the duct, respectively. The rapid increase in transverse flow
close to x=−1 m is apparently an artifact caused by entrance
conditions and by the finite length of the simulation domain,
which starts at x = −1 m for most of the calculations. When
the computational domain is extended upstream, this singu-
lar behavior at x = −1 m is not present as can be seen from
the OF_KIT and FLUENT_UK results, where the intensity of
the hydrodynamic turbulent entry flow is first damped by the
increasing magnetic field, before the strong 3D MHD effects
reshape the flow near x≈−0.75 m, as observed above. Similar
unphysical artifacts are observed also at the exit of the duct, in
those simulations where a backflow occurs near the outlet.

Figure 20 on the right shows temperature contours plotted
on the plane x= 0. The reduced temperature in the center of the
heated wall results from an increased heat transfer due to the
parabolic shape of the jet in the parallel layer (see figure 2), but
may also be partly caused by the weak secondary transverse
convective transport.

Conclusions for case 1
Considering the results presented in figures 4–20, it can be
concluded that the main flow features of Case 1 are well pre-
dicted by almost all the codes.

There are some notable differences in the results obtained
by FLUENT_UK. Figures 8 and 12 show that the predicted
pressure gradient and the velocity profile in a cross section
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Figure 21. Contours of instantaneous velocity on the plane y = 0.

where the flow is almost fully developed do not agree with
other code predictions and with the analytical solution. The
deficiencies observed in the FLUENT_UK simulations, since
the computational domain appears to be well resolved by the
grid used, as shown in table 3, could be ascribed to a too short
computational time and the need to check more accurately the
convergence of the solution. As a consequence, also the time
interval on which the time-averaging is performed could be
too small.

Grid independence tests showed that the number of grid
points in axial direction plays a decisive role in the proper pre-
diction of the thickness of the thermal layer at the beginning
of the heated region (cf figure 9).

5.3. Code-to-code comparison: case 2

In this section, we compare the results obtained forCase 2 (see
table 1) in which the Grashof number has been increased and
the Reynolds number reduced compared to Case 1. Important
features of the flow can be seen by considering contour plots
of instantaneous velocity and temperature on the middle plane
of the duct at y = 0, as shown in figures 21 and 22, respect-
ively. As a result of the scaling of the cross-section by a
factor 2.5, perturbations look more elongated along z and nar-
rower in axial direction than in the unscaled contour plot.
However, flow characteristics remain unchanged. Simulations
with higher axial resolution (see table 3) reveal, as expected,
more details of the time-dependent flow.

Most of the simulations predict reasonably well the major
physical phenomena that characterize the flow at the entrance
of the magnet and of the heated zone. Remarkable differences
can be observed in CFX data, which predicts a stationary flow.
Significant perturbations in the stream are clearly visible for
0< x< 0.45m. The outcome fromCOMSOL clearly evidence
issues in the outlet boundary conditions and the occurrence of
a backflow. In general the comparison suggests that the quality
of time-averaging is different among the codes and that the
selection of the time-averaging interval can significantly affect
the data. Table 5 summarizes the time intervals used by each
code for calculating the time-averaged results in Case 2. The
averaging starts after the simulation reaches a steady state or
statistical convergence, so that the average is not influenced by
initial transient effects.

Figure 22. Contours of instantaneous temperature on the plane
y = 0.

Table 5. Time-averaging intervals used by the different codes.

Code Time-averaging interval (s)

FLUENT_CIEMAT 60
FLUENT_UK 50
CFX 225
OF_ORNL 100
OF_KIT 450
COMSOL 50

In figures 23 and 24 the time-averaged axial velocity and
temperature are plotted as a function of the coordinate x along
the central line of the duct at y = z = 0. CFX results show
a different velocity profile in the heated zone and a steeper
increase in temperature along the axis compared to other sim-
ulations. The strong axial fluctuations of time-averaged res-
ults from OF_ORNL could be caused by numerical problems
as confirmed also by data in figure 28. This non-monotonic
behaviormight be related to the finite-difference scheme, com-
putational parameters, as well as to a relatively short time-
averaging interval, compared for instance to OF_KIT. Other
codes do not suggest that level of fluctuations, even with a
shorter time-averaging slot, but they could bemore dissipative.
Two codes, FLUENT_UK and OF_KIT, predict a clear local
maximum in the time-averaged velocity and temperature in the
range 0.075 m < x < 0.09 m. At this position a very intense
exchange of flow between the two side layers occurs and the
transverse velocity profile exhibits the strongest asymmetry.
This is shown in figure 25 where the time-averaged axial velo-
city is plotted along the x direction at y = 0 and along two
lines near the parallel walls at z = ±0.0215 m. The transverse
positions z = ±0.0215 m correspond to the location of the
maximum velocity in the side layers when the flow reaches
almost fully developed conditions (see figure 26). The green
curve at z= 0 is taken from figure 23 and inserted for compar-
ison. It can be noted that the velocity profile remains symmet-
ric in transverse direction till the flow approaches the begin-
ning of the heated wall at x = −0.3 m. The maximum value
reached by the velocity in the side jets well agrees with the
value of the analytical solution (compare figure 26). Behind
the end of the warm wall, at x = 0.33 m, the velocity in the
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Figure 23. Time-averaged axial velocity along the axis of the duct
at y = z = 0.

Figure 24. Time-averaged temperature along the axis of the duct at
y = z = 0.

Figure 25. Time-averaged axial velocity (OF_KIT) along the axis
of the duct at y = 0 and at z = ±0.0215 m. The green curve (at
z = 0) is inserted for comparison from figure 23.

side layer at z = −0.0215 m (red dashed line) has a local
minimum. This indicates the tendency for detachment of the
boundary layer from the wall and the ascending motion of the
high-temperature fluid towards the upper cold wall.

The symmetric fully developed velocity profile is shown in
figure 26 where the time-averaged velocity is plotted along the
transverse z coordinate at x=−0.3 m. Apart from the solution

Figure 26. Time-averaged axial velocity along the z coordinate at
x = −0.3 m and y = 0.

Figure 27. Time-averaged axial velocity along the z coordinate at
x = 0 and y = 0.

calculated by CFX, the other results reproduce in a good way
the analytical solution (symbols). The beginning of the heating
at the wall is evidenced by the slight asymmetry of the velo-
city profile. Further downstream, the occurrence of instabilit-
ies leads to a stronger asymmetry in the velocity distribution in
z direction, as displayed in figure 27 at x= 0. Buoyancy forces
favor a more intense circulation closer to the lower side of the
channel. Perturbations of the axial velocity occur in form of
rolls with the axis aligned with the magnetic field.

In order to better understand the characteristics of the flow
and to further check how the different codes predict its time-
dependent features, temperature, electric potential and pres-
sure are compared at various locations. Figures 28 and 29 illus-
trate the development of the thermal boundary layer in the
duct.

At x = −0.3m (figure 28), where the surface heat flux
starts, the thermal layer begins to form. Data from COMSOL
and OF_KIT fits well together, while most of the other solu-
tions exhibit some deviations. Temperature values obtained by
FLUENT_CIEMAT seem too large probably owing to a poor
axial resolution, while results predicted by OF_ORNL show
unphysical oscillations in the wall and in the fluid.

In the middle of the heated region at x= 0 all the codes pre-
dict properly the thicker thermal layer as shown in figure 29.
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Figure 28. Time-averaged temperature plotted along the transverse
direction z, at y = 0 and x=−0.3m.

Figure 29. Time-averaged temperature plotted along the transverse
direction z, at y = 0 and x = 0.

Close to the end of the heated region at x = 0.33 m the
boundary layer detaches from the heated wall transporting the
warm fluid to the upper side wall. By moving downstream,
for x > 0.45 m, due to the intense mixing caused by velocity
perturbations and secondary flow in transverse direction, the
temperature difference between top and bottom of the duct
reduces and the temperature attains rapidly a uniform distri-
bution (see figure 22). No residual stratification is observed,
as present instead in Case 1 (figure 5).

The increased heat flux on the wall does not significantly
affect the distribution of the time-averaged pressure, as shown
in figure 30, where p̄ is plotted along the middle line of the
duct. Instead, buoyancy forces have a noticeable impact on
the electric potential distribution. In figures 31 and 32, the
electric potential is plotted in the middle of the side walls
(y = 0) at z = ±0.023 m. Oscillations present in the curves
obtained by FLUENT are due to the fact that they show instant-
aneous potential, since this time-averaged quantity was not
available from the calculations. Along the heated portion of the
wall (figure 31) the potential magnitude is locally increased,
whereas on the opposite side wall (figure 32) it is slightly
reduced. In general, the agreement between simulations seems
acceptable.

Figure 30. Time-averaged pressure along the axis of the channel at
y = z = 0. Data from FLUENT_CIEMAT and CFX exhibited an
offset that has been removed.

Figure 31. Time-averaged electric potential along the axial
coordinate x at y = 0, at the side wall at z = −0.023 m.

Figure 32. Time-averaged electric potential along the axial
coordinate x at y = 0, at the side wall at z = 0.023 m.

Results obtained by COMSOL have been offset-corrected
by defining the reference potential in the center of the inlet.
However, it should be noted that, even if this offset seems
related to the unclear definition of the potential reference
point, it is remarkable that this does not happen for Case 1.
Deviations close to the exit of the duct are due to the already
observed issues with the outlet boundary conditions.
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Figure 33. Time-averaged electric potential along the transverse
coordinate z, at x,y = 0.

Figure 34. Bulk temperature T̄b along the coordinate x. OF_ORNL
and COMSOL predict unphysical fluctuations.

In figure 33 the time-averaged electric potential is plotted
along the transverse coordinate z in the middle of the duct at
x,y = 0. A good agreement is found among the codes. The
profile ϕ(z) resembles the one in a fully established flow up to
x=−0.3 m where the heat flux is applied. In the heated region
a deviation from this behavior is observed and the strongest
deformation of ϕ(z) is present at x = 0.1 m.

This special axial position is visible also in the distribution
of the bulk temperature in figure 34 (see equation (6)). Around
this location, most of the codes exhibit a small deviation from
the linear distribution.

An explanation for this peculiarity can be found in the axial
distribution of the kinetic energy of the transverse flow Ēt
shown in figure 35. At x = 0.1 m a sudden rise in Ēt occurs,
indicating a stronger secondary circulation and a change of
the structure of the convective cells. For −0.3 m < x < 0,
the latter feature two counter-rotating rolls similar to the ones
identified in Case 1 (figure 20). However, the velocity of the
transverse motion is almost one order of magnitude larger. The
highest contribution is given by the velocity component uz,
which creates a wavy streamline path. For 0 < x < 0.016 m
four cells appear in transverse cross sections as shown in
figure 36. Further downstream the topology of the secondary

Figure 35. Kinetic energy Ēt of the transverse flow (uy, uz) plotted
along the axial coordinate x.

Figure 36. (Left) Contours of transverse plane circulation ut and
streamlines, and (right) contours of temperature on the
cross-sectional plane x = 0.015 m (OF_KIT).

flowbecomesmore complexwith a shift of themaximumvelo-
city value to the center of the duct and a noticeable impact on
the temperature distribution. A detailed investigation of such
a structure is out of the purpose of this paper. However, it is
worth tomention that temperature fluctuations are present with
magnitude up to 30 degrees. Similar phenomena have been
found in [19]. The occurrence of these temperature perturba-
tions could play an important role in fusion blankets, since they
may cause strong thermal stresses in the structural material.

In figure 35 it can be observed that Ēt shows a peak at
x ∼= −0.78 m. This corresponds to the significant relocation
of the fluid from the center towards the walls of the duct when
the flow enters the magnetic field. This redistribution of the
fluid is due to the induction of electromagnetic forces. As a
result, the hydrodynamic velocity profile starts becoming flat,
the velocity reduces in the core and increases in the side layers
(see e.g. figure 21). The MHD flow develops then into a quasi
fully developed flow (figure 26) before reaching the heated
wall. Here at x = −0.3 m the kinetic energy increases again,
the transverse velocity profile becomes strongly asymmetric
(figure 27) with higher velocity at the heated wall. The largest
transverse kinetic energy is found at x ∼= 0.1 m, where intense
perturbations in temperature and velocity occur, as already
pointed out. A different behavior is observed in data from
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Figure 37. The Nusselt number, defined according to (7), is plotted
along the axial coordinate x.

Figure 38. Axial distribution of time-averaged temperature
(OF_KIT) at the heated wall (z = −0.023) and of bulk temperature
for Case 1 (dash lines) and Case 2 (solid lines).

CFX. It should be noted that both OF_ORNL and COMSOL
predict unphysical fluctuations in the bulk temperature and in
the kinetic energy. Such problems could derive from the way
in which equation (6) has been evaluated and from the time-
averaging of the velocity.

In order to quantify the heat transfer between the heated
wall and the liquid metal, the Nusselt number Nu is cal-
culated according to equation (7). In figure 37 Nu is plot-
ted along the axial direction in the heated zone. Compared
to Case 1 (figure 18) the Nusselt number is smaller for
−0.3 m ⩽ x ⩽ 0.1 m. The weaker forced flow leads to a smal-
ler convective heat transfer even if the surface heat flux is
increased. For x> 0.1 m perturbations in velocity and temper-
ature fields as well as a significant secondary motion in trans-
verse direction are present, which enhance the heat transfer in
the fluid. It can be observed that the resulting increased mix-
ing contributes to rapidly achieve a convergence between T̄w
and T̄b as displayed in figure 38 (solid lines). Case 1, in which
temperature stratification persists up to the outlet of the duct,
is shown for comparison (dash lines).

Conclusions for case 2
The comparison of results for Case 2 shows that almost
all codes can predict the general flow features but import-
ant differences occur when large perturbations develop. This
is especially evident in the transverse kinetic energy and in
the Nusselt number. The chosen outlet boundary condition
affects significantly the solution in the last portion of the
computational domain. In particular, large non-physical velo-
city values appear at the outlet. Even the use of artificial high
viscosity in an additional extended portion of the channel does
not solve this problem. Tests performed by using different
lengths of the computational domain and various mesh resol-
utions in the final part of the duct highlight how a sufficiently
long channel and a fine grid significantly help to prevent the
occurrence of this unphysical large velocity.

Another important conclusion that can be achieved by con-
sidering the data obtained by CFX is the significant impact of
numerical diffusion on the solution. In particular, this artificial
diffusion, which appears due to the discretization process of
the convective terms of the transport equations, has a smooth-
ing effect on flow instabilities.

6. Concluding remarks

In order to further validate codes used for the prediction of
MHD flows, as they occur in blankets for fusion reactors, a
benchmark project has been started to complement the one
described by Smolentsev et al [8]. The present comparison
of numerical results shows that most simulations were able to
predict major physical phenomena in both cases considered.
The agreement in the region of the magnetic field remains
reasonably good for flows that are stationary and laminar.
When flow separation occurs or when the flow becomes time-
dependent or turbulent, differences between simulations were
revealed. Those deviations may be related to numerical dif-
fusion, insufficient resolution of the computational domain,
or averaging over too short time intervals. It has been further
observed that entrance and exit conditions affect the results
even far away from these boundaries.

The performed code-to-code benchmark highlights the fact
that the available codes, both commercial and open-source,
can produce reliable data. However, some important user-
related choices may strongly affect the results.

General recommendations for rigorous validation of a
numerical code have been given e.g. in [20]. The compar-
ison among results from the six research teams, as described
in this paper, support the definition of those important bench-
mark rules. The latter represent also the required steps for an
accurate formulation of a code-to-code comparison and they
are here summarized:

• general description of physical problem being modeled
• definition of initial and boundary conditions, and any auxil-
iary needed conditions

• list of
o employed numerical algorithms and discretization
schemes for each term in the equations
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o assumptions used to formulate the mathematical model
• description of grid topology and number of points in
the computational domain (special requirements for MHD
boundary layers [4]).

Different methods are available to check the accuracy of the
numerical solution during the run (tolerances have to be prop-
erly specified):

• Follow the temporal evolution of:
o Residuals for velocity, pressure, temperature and electric
potential.

o Variable values in monitoring points. The latter should be
located in regions where strong gradients are expected.
Monitoring data is relevant for checking the establishment
of stationary conditions or converged statistics in turbu-
lent flow.

Data to be compared for a code-to-code benchmark should sat-
isfy the following requirements:

• using an optimal mesh resolution resulting from systematic
grid independence tests

• convergence of the solution being checked as described in
the previous paragraph

• in case of time-dependent flow, a sufficiently long time slot
has to be selected for collecting meaningful time-averaged
values.

Another important issue that has been raised during the bench-
mark is related to the definition of exit conditions at the out-
let of the duct. Most of the simulations show an unphysical
increased velocity at the outlet (see e.g. figures 21 and 23).
This artifact seems strictly related to the ‘outflow’ conditions.
Although a careful analysis of the influence of the exit condi-
tions is beyond the scope of this paper, a few comments should
be made. An ideal method would permit the outgoing stream
and any information carried with it to exit the computational
domain without adverse upstream effects, in order to avoid the
reflection of a wave into the computational domain. A com-
mon workaround for this problem is to employ a longer outlet
region, such that vortices generated upstream would be suffi-
ciently dissipated before reaching the exit. Hence, tests for the
selection of an optimal length of the domain and resolution of
the ‘outflow’ region are mandatory. They were carried out for
simulations performed by OF_KIT showing the drawbacks of
this practice: a significantly increased number of mesh points
associated with larger computational costs in terms of required
memory and CPUs. In case of commercial codes, limitations
have been pointed out concerning the proper explanation of
the mathematical expressions used as outlet boundary condi-
tions and the lack of flexibility in adapting those conditions to
the user needs.

From the point of view of the physical phenomena observed
in the investigated flow, the occurrence of temperature fluc-
tuations with magnitude of the order of 30 degrees or even
more could be of high relevance in fusion reactor blankets.

However, in order to understand possible implications of these
perturbations for applications in fusion technology, it is neces-
sary to consider specific blanket concepts with their complex
design, presence of volumetric heating, electromagnetic and
thermal coupling of adjacent fluid domains, as well as the
proper range of parameters.
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