
Vol.:(0123456789)1 3

Heat and Mass Transfer (2023) 59:2005–2021 
https://doi.org/10.1007/s00231-023-03350-2

ORIGINAL ARTICLE

Magneto‑convective flows around two differentially heated cylinders

C. Mistrangelo1  · L. Bühler1 · H‑J. Brinkmann1 · C. Courtessole1 · V. Klüber1 · C. Koehly1

Received: 16 June 2022 / Accepted: 13 February 2023 / Published online: 5 June 2023 
© Karlsruhe Institute of Technology, under exclusive licence to Springer-Verlag GmbH, DE 2023

Abstract
Numerical simulations have been carried out in support of an experimental campaign conducted in the MEKKA laboratory 
at KIT. The aim is investigating liquid metal heat transfer with an imposed magnetic field in a model geometry relevant for 
the study of water cooled lead lithium blankets for fusion reactors. In the breeding zone of this blanket concept, cooling pipes 
are immersed in the liquid metal in which convective motion occurs due to significant temperature gradients. The test-section 
features a rectangular box containing two horizontal cylinders kept at constant differential temperatures in order to establish a 
temperature gradient that drives the buoyant flow. A magnetic field B is applied parallel to gravity. The magneto-convective 
flow, which results from the presence of electromagnetic forces and temperature gradients in the fluid, is relatively complex, 
since the liquid metal has to move around the cylinders. For weak magnetic fields, a convective recirculation is fed by a jet-
like flow formed by the boundary layers that detach from the pipe walls and recombine behind the obstacles. For sufficiently 
strong B , the thermal field resembles that of a conductive regime with vertical isotherms and the fluid is nearly stagnant in 
most of the cavity except in layers parallel to magnetic field lines and tangent to the cylinders. The rate of convective heat 
transfer decreases with an increase of the magnetic field. Numerical simulations complement experimental results and give 
insight into phenomena that cannot be directly analyzed by means of measured quantities.

1 Introduction

In the frame of the European fusion research program coor-
dinated by EUROfusion, the European Consortium for 
Development of Fusion Energy, liquid metal blanket con-
cepts are developed, which will be experimentally tested 
in the International Thermonuclear Experimental Reactor 
(ITER). The latter represents the key experimental phase 
required to pass from the presently available research 
devices to a future DEMOnstration nuclear fusion power 
plant [1]. In these systems, the fusion reaction takes place in 
a very hot plasma, an ionized gas of two hydrogen isotopes 
deuterium D and tritium T, which is confined by a strong 
magnetic field to a toroidal geometry.

In the blanket, which is the structure that surrounds 
the fusion plasma, fast neutrons generated from the D-T 
fusion reaction are absorbed by a lithium-containing 

liquid metal alloy, breeding the fuel component tritium 
and releasing their kinetic energy in form of volumetric 
heating. In the water-cooled lead lithium (WCLL) blanket 
concept, currently under investigation in the EUROfu-
sion research activities [2], the heat is removed by a large 
number of cooling tubes immersed in the liquid metal 
flowing in the breeding units. The design of the WCLL 
test blanket module for ITER is shown in Fig. 1. The latter 
consists of modules stacked along the poloidal direction 
and fixed to a common back supporting structure hous-
ing the liquid metal feeding pipes. Liquid lead lithium, 
PbLi, serves as tritium breeder, neutron multiplier and 
heat carrier.

Since the liquid metal is electrically conducting, pressure 
driven or buoyant flows interact with the strong plasma-
confining magnetic field leading to the occurrence of 
induced electric currents and intense electromagnetic Lor-
entz forces, which affect pressure drop, flow distribution 
and heat transfer in the blanket. Such interaction between 
flow and magnetic field, so-called magnetohydrodynamics 
(MHD), has been attracting considerable attention in many 
areas of applied science.
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As a result of the design of the WCLL blanket cooling 
system, the liquid metal has to flow around cooling pipes 
following complex paths. Since the forced flow is relatively 
small and temperature gradients are large, it is expected that 
buoyancy dominates and determines the flow pattern as a 
result of a balance with electromagnetic Lorentz forces. The 
arrangement of cooling tubes plays a critical role to assess 
the blanket feasibility, since it has to ensure an efficient heat 
power removal from the liquid metal, avoiding the occur-
rence of local hot spots in the thermal field. The present 
paper sheds some light on magneto-convective heat trans-
fer around obstacles, such as the cooling pipes, and helps 
gaining insight in major flow phenomena, by predicting 3D 
circuits of electric currents and flow patterns.

Besides interest in fusion engineering, heat transfer in 
liquid metals exposed to a strong magnetic field constitutes 
a fundamental problem in magnetohydrodynamics. There 
exists a number of publications on forced and mixed 
convection in pipe and duct flows exposed to a magnetic 
field, e.g. [3–6], and on free or mixed convection in 
cylindrical or rectangular cavities [7–11]. A comprehensive 
list of references can be found in a recent review paper by 
Zikanov et al. [12]. Thermal convection with an imposed 
magnetic field is of great importance also in industrial 
applications such as metallurgy [13] or crystal growth of 
semiconductors [14, 15]. On the other hand, MHD heat 
transfer at immersed bodies, such as water-cooled pipes, 
has not attracted similar attention. Some studies have been 
carried out to investigate the influence of a heat-conducting 
solid obstruction in the shape of a baffle or a block on 
natural convection in an enclosure without magnetic field 
[16, 17]. In [18] two dimensional laminar free convection 
with a horizontal magnetic field in a cavity containing a 
square insulated block was studied. The side walls of 

the enclosure were insulated, and top and bottom walls 
differentially heated. Results showed that the presence of an 
insulated block contributes to the enhancement of the heat 
transfer rate depending on the block size and the strength 
of the magnetic field. Few publications are available for 
fully established buoyant MHD flow in long vertical [19] 
or horizontal [20] ducts in which a single coaxial fluid-
internal cylindrical obstacle is present. While buoyant flows 
in quite complex geometries, such as entire breeder units of a 
fusion blanket, have been studied for special cases [21, 22], a 
systematic investigation of MHD heat transfer at individual 
pipes is still missing.

Therefore, the present work aims at investigating MHD 
phenomena and related buoyant heat transfer at fluid-internal 
cylindrical obstacles for various strengths of the magnetic 
field and applied temperature differences. The flow in a 
geometry featuring a box containing two parallel differen-
tially heated horizontal cylinders is analyzed by 2D and 3D 
numerical simulations and the heat transfer rate is quantified 
in terms of the non-dimensional Nusselt number. Results are 
verified by comparison with experimental data.

2  Definition of the problem

For systematic investigation of liquid metal heat transfer 
in strong magnetic fields, a generic model problem has 
been defined as shown in Fig. 2. Here, the geometry with 
coordinate system and dimensions is displayed, as used for 
the numerical study. A magnetic field B is imposed in y - 
direction opposite to gravity. Walls perpendicular to the 
applied magnetic field and colored in blue are called Hart-
mann walls, while those parallel to B at z = ±100 mm are 
named side walls. The walls at x = ±100 mm are referred 

Fig. 1  Design of a WCLL test 
blanket module for ITER; view 
on the cooling pipes in the 
breeding zones. The so-called 
first wall faces the fusion plasma
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to as end-walls. Two differentially heated isothermal pipes 
aligned with the x - direction penetrate the end-walls and 
have an external diameter of 22 mm . It is known that the 
presence of an applied uniform magnetic field gives rise to 
induced electrical currents and Lorentz forces that extend 
flow structures along B direction [23], where the flow 
becomes invariant if the imposed magnetic field is suf-
ficiently strong. Significant velocity gradients remain in 
regions close to walls perpendicular to the magnetic field, 
called Hartmann layers (H), where viscous forces still play 
an important role. Gradients of flow variables occur also 
in the B-parallel side layers (S) that form both along side 
and end-walls, and in a zone around the tangents to the pipe 
walls (P1 and P2), as displayed schematically in Fig. 2b.

The selected geometrical configuration corresponds to 
the one used in an experimental campaign carried out in 
the liquid metal laboratory MEKKA at KIT in which the 
eutectic liquid metal alloy GaInSn is used as model fluid. A 
detailed description of the test-section can be found in [24].

Figure 3 shows an isometric view of the design of the 
experiment. It consists of a leak-tight rectangular box made 

of electrically insulating PEEK. Two parallel copper pipes 
are inserted in the container. The outer surface of the pipes 
has been coated with a 2�m thin silicon carbide layer, which 
ensures a good thermal conductivity and provides sufficient 
protection against corrosion attack. It also prohibits induced 
currents from closing into the pipes, avoiding thermoelec-
tric effects between pipe walls and liquid metal. A tempera-
ture gradient that drives the buoyant flow is realized in the 
experiments by setting a temperature difference between the 
two copper pipes immersed in the liquid metal. One tube is 
heated, while the other pipe is cooled to serve as heat sink. 
The pipes are maintained at constant temperatures T1 < T2 
during the experiments. The described set-up permits estab-
lishing well defined boundary conditions, as required when 
performing numerical calculations that will be compared 
with experimental data.

The dimensions of the box, 200 × 100 × 200 mm3 (see 
Fig. 2), are such that, after applying thermal insulation on 
all external walls, the test-section fits in the gap of the large 
dipole magnet available in the MEKKA laboratory [25]. The 
magnetic field is quite uniform, with deviations smaller than 
1% within a region of 800 × 168 × 480 mm3 . The maximum 
strength of the magnetic field is 2.1T.

During the experiments temperature is recorded on the 
walls of the container and inside the fluid. The tempera-
ture distribution in the box has been carefully monitored in 
order to define the thermo-physical properties of the fluid, 
and a very precise data acquisition system has been used to 
record temperatures and to quantify the heat transfer. All 
temperatures are measured with respect to a 75-channel ice-
point reference system (Kaye K170) accurate to 0.02 ◦C . 
Thermoelectric voltages are recorded with a resolution of 
1�V (Beckhoff KL3312) ensuring that the temperatures are 
measured with an accuracy of 0.05 ◦C on all the channels. 
Figure 4 shows the four lines along which the temperature 
has been recorded and compared with numerical simula-
tions. Data has been taken along the vertical y - direction in 
the middle of the test-section at z = 0 , both on the end-wall 
at x = 100 mm (EW2) and at x = xP = −6.5 mm where the 
tips of the thermocouples on the central probe rod (CP) are 

Fig. 2  a Geometry used for 
simulations of 3D magneto-
convective flow. Dimensions 
are given in mm . b Side layers 
(S) and Hartmann layers (H) are 
schematically indicated together 
with internal layers tangent 
to the pipe walls (P1 and P2). 
Parallel layers form also along 
the end-walls

Fig. 3  Design of the experimental test-section. The rectangular box 
contains two parallel differentially heated pipes and it is equipped 
with a large number of thermocouples. In the center of the box a tem-
perature probe is inserted, which is shown in the subplot on the right. 
It consists of 11 equidistantly distributed thermocouples type T (Cu-
CuNi), fixed and sealed with a flange on the top of the box
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positioned. Temperature has been recorded also at x = xP 
on a side wall (SW) along y and on the top wall (TW) of the 
test-section along the z - direction.

The experimental procedure consists in setting a constant 
temperature difference between the pipes and recording all 
temperature signals, once the thermal steady state is reached, 
for different values of the applied magnetic field. A detailed 
description of the experimental procedure and results is pub-
lished in a companion paper [26].

3  Governing equations and characteristic 
parameters

We analyze liquid metal flows exposed to an externally 
applied uniform magnetic field B = Bŷ (see Fig. 2). The 
flow is driven by buoyancy forces due to temperature 
variations between heated and cooled pipes. The viscous 
incompressible flow is described by equations for balance 
of momentum, conservation of mass, and currents are cal-
culated by means of Ohm’s law

Here v , j , B and � denote velocity, current density, applied 
magnetic field, and electric potential. In Eq. (1) p is the 
deviation of pressure from isothermal hydrostatic conditions 
at the reference temperature T0 = (T2 + T1)∕2 and g = −gŷ 
stands for the gravitational acceleration. It is assumed and 
verified during the analysis that the magnetic Reynolds 
number, expressing the ratio of advection to diffusion of 
magnetic field, is very small, Rem = 𝜇𝜎u0L ≪ 1 , where u0 is 
a typical velocity and L a characteristic size of the problem. 
This implies that the flow-induced magnetic field can be 
neglected compared to the externally imposed magnetic 
field and the latter remains undisturbed by the flow. The 

(1)
�0

(

�

�t
+ v ⋅ ∇

)

v = −∇p + �0�∇
2v − �0�(T − T0)g + j × B,

(2)∇ ⋅ v = 0, � = �(−∇� + v × B).

physical properties of the fluid, such as the reference 
density �0 , the kinematic viscosity � , the volumetric thermal 
expansion coefficient � , the electric conductivity � and the 
magnetic permeability � , are considered constant and taken 
from reference [27]. Density changes due to temperature 
variations in the liquid metal, which give rise to convective 
motions, are described by the Boussinesq approximation in 
the buoyancy term in Eq. (1) so that � = �0

[

1 − �(T − T0)
]

.
The electric potential � is determined by a Poisson equa-

tion obtained by combining Ohm’s law (2) and the condition 
for charge conservation ∇ ⋅ j = 0:

The distribution of temperature T in the fluid is given by 
the energy balance equation

where cp is the specific heat of the fluid at constant pressure 
and k the thermal conductivity.

As kinematic boundary condition at the walls the no-slip 
condition, v = 0 , is applied. All walls including the ones of 
the pipes, which are covered by a ceramic coating, are elec-
trically insulating, ��w∕�n = 0 , the ones of the rectangular 
box are adiabatic, �T∕�n = 0 , while the pipes are kept at 
constant differential temperatures T1 and T2 . These boundary 
conditions have been chosen according to the set-up of the 
experiments performed in the MEKKA laboratory at KIT 
(see Section 2).

The flow is characterized by two dimensionless numbers 
that describe the ratios of forces acting on the flowing liquid 
metal. The non-dimensional parameters are the Hartmann 
number, Ha and the Grashof number, Gr:

The former one gives a non-dimensional measure for 
the strength B of the imposed magnetic field and its square 

(3)∇
2� = ∇ ⋅ (v × B).

(4)�0cp

(

�T

�t
+ (v ⋅ ∇)T

)

− k∇2T = 0,

(5)Ha = BL

√

�

�0�
, Gr =

g�ΔTL3

�2
.

Fig. 4  Design of the experi-
mental test-section. Positions of 
thermocouples on an end-wall 
(EW2), on the Hartmann top 
wall (TW), on a side wall (SW), 
and along the central probe (CP)
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quantifies the relative importance of electromagnetic and 
viscous forces. The Grashof number represents the ratio of 
buoyancy to viscous forces and it is proportional to a typi-
cal temperature difference ΔT  , which is defined in the pre-
sent problem as half of the temperature difference between 
the pipes, ΔT =

(

T2 − T1
)

∕2 . The quantity L, known as 
Hartmann length, is taken as half of the dimension of the 
test-section measured along magnetic field direction, i.e. 
L = 50 mm . For the magneto-convective flow under inves-
tigation, a velocity scale u0 = �0g�ΔT∕�B

2 can be obtained 
as a result of a balance between buoyant and electromag-
netic forces. With this definition the Reynolds number 
Re = u0L∕� , which expresses the ratio between inertial and 
viscous forces, is equivalent to Gr∕Ha2.

The liquid metal used for the experiments has a low 
Prandtl number, Pr = ��cp∕k = 0.029 . It means that thermal 
diffusion dominates over the viscous momentum transport.

The heat transfer in the established convective flow is 
quantified in terms of the Nusselt number

where the heat transfer coefficient h determines the average 
heat flux at the surfaces of the pipes, i.e. q = hΔT  . Since 
q and ΔT  are known from simulations or experiments, the 
determination of h and Nu is straightforward.

4  Numerical results

4.1  Numerical procedure

Equations (1)-(4) have been implemented in the open 
source code OpenFOAM. A cell-centered (collocated) 
finite volume method is used to discretize the equations. A 
segregated solver is employed and for the coupling between 
pressure and velocity the Pressure-Implicit with Splitting of 
Operators (PISO) algorithm available in OpenFOAM is used. 
The solution of pressure and velocity equations is obtained 
by using preconditioned conjugate and bi-conjugate gradient 
solvers, respectively. The Poisson equation for the electric 
potential is solved with an algebraic multigrid method. The 
Lorentz force is treated explicitly and defined at cell-centers. 
Required centroid currents are obtained by interpolation from 
the face current fluxes in divergence form by using the vector 
identity j = ∇ ⋅ (jr) , where r is the distance vector [28, 29], 
in order to avoid spurious contributions to the Lorentz force 
introduced by discretisation errors. This current conservative 
interpolation procedure is crucial for accurate numerical 
predictions of MHD flows under strong magnetic fields. For 
discretisation of convective terms, the standard Gaussian 
finite volume integration is employed, together with a second 

(6)Nu =
hL

k
,

order skewness-corrected interpolation scheme required when 
using non-orthogonal meshes, as considered in the present 
work.

Accurate simulations of MHD flows require a proper 
resolution of the thin boundary layers that form along all 
walls and of internal layers that develop along magnetic field  
lines caused by the presence of geometrical or electrical 
discontinuities. In the problem under investigation internal 
layers form tangent to the pipes and parallel to the magnetic 
field (see Fig. 2b). We can distinguish between two types 
of wall shear layers: the Hartmann layers, which occur at 
walls where B has a perpendicular component, and the side 
layers (or parallel layers), which emerge at walls parallel to 
the magnetic field. The thickness of these layers reduces 
by increasing the intensity of the magnetic field and can be 
expressed in terms of the Hartmann number Ha (5). The typi-
cal thickness of the Hartmann layers is of O(Ha−1 ), while that 
of side layers scales as O(Ha−1∕2 ). Analysis of fully devel-
oped MHD flows in square channels showed that, in order to 
predict accurately velocity distribution and pressure gradient 
in a duct, at least 7 points are necessary in the Hartmann 
layers and 20 nodes in the side layers [30]. For the present 
simulations two topologically different meshes have been 
used. For small and moderate Hartmann numbers, a struc-
tured grid has been employed with points clustered near the 
walls and around the lines tangent to the pipes and aligned 
with B in order to resolve boundary and internal layers. With 
the purpose of reducing the total number of computational 
cells for simulations of flows under intense magnetic fields 
and to optimize the mesh size for 3D calculations, a hybrid 
grid with local refinement has been generated, characterized 
by geometry-aligned prism layers near the walls of box and 
pipes, a regular core mesh and an unstructured region to join 
the different grid portions. Three dimensional simulations 
needed up to 6 ⋅106 cells in the geometry and have been per-
formed on the supercomputers JFRS - 1 at IFERC - CSC  
and on Marconi - CINECA by using 240 CPUs.

Numerical simulations have been performed to predict 
the MHD convective flow in the test-section described 
in Section  2 and to compare the results with measured 
quantities. In the following, for a given magnetic field B and 
a defined temperature difference ΔT  , transient numerical 
simulations are performed until steady state solutions are 
obtained or until time-dependent solutions reach converged 
statistics. Then, the heat transfer in the model geometry is 
analyzed in terms of the Nusselt number. First, we discuss 
results obtained by 2D simulations, namely by assuming 
that the rectangular box is infinitely long in x - direction and 
the end-walls do not affect the flow. We assume that fully 
developed thermal and hydraulic conditions are reached at 
sufficient distance from the end-walls. In a successive step, 
we perform 3D calculations considering the real axial size 
of the test-section and we investigate the closing path of the 
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induced axial currents and the distribution of the electric 
potential at the parallel end-walls at x = ±100 mm (see 
Fig. 2).

4.2  Fully developed flow

In this section, we analyze fully developed MHD buoyant 
flows, like the one expected, at least in a certain range of 
parameters, at some distance from the end-walls and in par-
ticular on the symmetry plane x = 0 . A parametric study has  
been carried out to investigate the influence of the mag-
netic field strength and the applied temperature difference 
between the pipes on flow distribution and heat transfer in 
the model geometry. Because of the assumption of fully 
established thermal and hydraulic conditions along x, i.e. 
�∕�x = 0 , the electric potential becomes constant and equal 
to the reference potential �ref = 0. When there are no poten-
tial differences in the fluid, results do not depend on the wall 
conductance, since potential differences are already equal-
ized in the fluid and there will be no currents exchanged 
with the walls, independent of their conductivity. Therefore, 
2D results shown in the following apply for any wall conduc-
tivity at sufficient distance from the end-walls.

In Fig. 5 contours of temperature (top), velocity mag-
nitude (middle) and axial current density (bottom) are 
plotted for axially fully developed magneto-convective 
flows at Gr = 2.5 ⋅ 107 , i.e. for a temperature difference 
ΔT = 17.34 K , and for four Hartmann numbers. For Ha < 40 

( B < 0.015 T ) time-dependent flow patterns appear triggered 
by the increased buoyancy effects. The unstable flow is char-
acterized by a large-scale recirculation formed by the fluid 
that moves upwards in the boundary layers around the warm 
pipe. The layers detach from the tube and merge again at 
some distance behind the cylinder while flowing towards 
the upper wall of the box. The ascending thermal plume 
impinges against the cavity top wall and turns downwards, 
flowing towards the low-temperature pipe. The cold bound-
ary layer flow detaches from the cylinder and recombines to 
feed the region near the bottom of the container. An example 
of time-dependent flow is shown in Fig. 6, where instantane-
ous contours of velocity magnitude (a), temperature (b), vor-
ticity in logarithmic color scale (c) and axial current density 
(d) are displayed for axially developed magneto-convective 
flow at Gr = 2.5 ⋅ 107 and Ha = 25.

For the flow at Ha = 50 , shown in Fig. 5, small devia-
tions between instantaneous and time-averaged variable 
values are observable and the temperature field is stratified 
so that isotherms are almost horizontal. The flow pattern is 
similar to the one described above for the unstable flow with 
a large convective motion sustained by the detached bound-
ary layers that form around the pipes. By further increas-
ing the Hartmann number, the flow becomes stationary and 
temperature contours tilt progressively such that isotherms 
tend to become vertical, as in a pure conduction case, since 
convection is damped by more intense Lorentz forces. The 
velocity distribution becomes regular and well organized. 

Fig. 5  Axially fully developed MHD convective flow at Gr = 2.5 ⋅ 107 
( ΔT = 17.34 K ) and four Hartmann numbers, Ha = 50 (a), 250 (b), 

500 (c), 1000 (d). Contours of temperature (top), velocity magnitude 
(middle) and axial current density (bottom) are plotted. White lines are 
velocity streamlines
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The flow is characterized by two convective cells located 
between side walls and pipes and a central, almost square, 
convective cell between the tubes. The highest velocities are 
found in internal layers tangent to the pipe walls and aligned 
with the magnetic field direction. By rising the magnetic 
field, while keeping ΔT  constant, temperature and velocity 
distributions become more symmetric with respect to the 
vertical mid-plane z = 0 , the maximum velocity magnitude 
decreases and the thickness of the layers becomes smaller 
(see Fig. 5 (middle)). This is due to the fact that the inten-
sity of braking electromagnetic forces becomes much larger 
than the buoyant forces. For large Ha the convective motion 
weakens and in the region between tubes and side walls at 
z = ±100 mm the motion is strongly damped. For the flow 
at Ha = 50 depicted in Fig. 5a, the maximum velocity is 
23.5 mm/s , while at Ha = 1000 the maximum velocity is 
only about 1.74 mm/s.

In these 2D simulations, it is assumed that the rectangu-
lar box is long enough for the flow to reach fully developed 
thermal and hydraulic conditions, so that no axial electric 
potential difference builds up and electric currents induced 
in the liquid metal only flow in axial direction. Contours 
of axial current density jx = −uzB , which is induced by the 

interaction between the applied magnetic field and the trans-
verse velocity component uz , are depicted in Fig. 5 on the 
bottom.

In Fig. 7, temperature and velocity fields are shown 
for the flows at a smaller Grashof number, Gr = 5 ⋅ 106 
( ΔT = 3.475 K ), and four Hartmann numbers. The com-
parison of these contours with those depicted in Fig. 5 
for the flows at Gr = 2.5 ⋅ 107 shows that, when the tem-
perature difference is smaller, a vertical orientation of the 
isotherms is reached already when a weaker magnetic field 
is applied (cf. Figs. 7d and 5d, which have a similar tem-
perature distribution).

The intensity of the convective heat transfer can be 
quantified by the dimensionless Nusselt number Nu, 
defined in Eq. (6). Its variation as a function of the Gra-
shof number Gr is shown in Fig. 8 for different Hartmann 
numbers Ha. The Nusselt number is normalized by the 
one obtained for the flow at Gr = 0 in which the heat is 
transferred exclusively by conduction. It should be noted 
that, with the definition of the Nusselt number according 
to Eq. (6), Nu(Gr = 0) = Nu0 ≠ 1 . A comparison of the 
curves given for various Ha indicates that stronger electro-
magnetic forces, which are induced when the intensity of 
the magnetic field becomes larger, reduce the heat transfer. 

Fig. 6  Instantaneous contours of velocity magnitude (a), temperature (b), vorticity in logarithmic color scale (c) and axial current density (d) 
are displayed for the axially fully developed magneto-convective flow at Gr = 2.5 ⋅ 107 and Ha = 25. White paths in (a) are velocity streamlines
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As a result, for constant Gr, i.e. constant temperature dif-
ference between the pipes, Nu reduces significantly by 
increasing Ha.

4.3  Three dimensional flow

Three dimensional numerical simulations have been per-
formed considering the real geometry of the test-section 
with finite axial length as used for experiments. The aim 
is on the one hand, to verify the possible limitations of the 
assumption of fully developed flow at a certain distance 
from the end-walls, as assumed for the 2D simulations, 
on the other hand, to provide a complete description of 
the phenomena involved by allowing current closure along 
end-walls. Moreover, numerical results complement exper-
imental data and facilitate their interpretation. Dimen-
sions of the geometry are given in Fig. 2. It is expected 

that at the ends of the container in the parallel layers near 
x = ±100 mm , 3D MHD phenomena occur that produce 
significant electric potential gradients.

In the following we consider first the magneto-
convective f low at a constant Hartmann number 
Ha = 500 , where a temperature difference ΔT = 17.4 K 
( Gr = 2.5 ⋅ 107 ) is applied. In Fig.  9, the temperature 
distribution is plotted on the upper Hartmann wall, on 
the horizontal symmetry plane y = 0 (a), and on two yz 
planes at axial locations, xEW2 and xP , corresponding to 
the end-wall of the box (EW2) at x = 100 mm and to the 
position of the tips of the thermocouples (CP) on the 
central temperature probe, respectively (b). In regions 
close to the end-walls the temperature varies along the 
axial direction. On the two yz end-walls a different tem-
perature distribution is present compared to the one on 
the middle plane at x = 0 as a result of an increased 
convective heat transfer near these vertical planes. This 
is caused by higher velocities in the boundary layers 
that develop at walls parallel to the magnetic field, as 
displayed in Fig. 10, where 3D contours of the velocity 
distribution in the box are plotted on various planes. As 
already observed in the case of the 2D flow, internal 
layers are also present, which extend along the magnetic 
field direction, tangent to the pipes.

Contours of electric potential in the box are depicted in 
Fig. 11a. Significant potential differences arise near the end-
walls of the geometry. Potential gradients drive currents in 
the adjacent boundary layers, which provide a closing path 
for the axial currents induced in the core flow.

Typical current streamlines are drawn in Fig. 11b. They 
are obtained by seeding tracers from points located in the 
parallel boundary layers both near the walls at x = ±100 mm 
and close to the side walls at z = ±100 mm . The 3D 

Fig. 7  Axially fully developed MHD convective flow at Gr = 5 ⋅ 106 ( ΔT = 3.475 K ) and four Hartmann numbers, Ha = 50 (a), 100 (b), 250 
(c), 500 (d). Contours of temperature (top) and velocity magnitude (bottom) are plotted. White lines are velocity streamlines

Fig. 8  Nusselt number Nu normalized by the one at Gr = 0 , Nu0, as a 
function of the Grashof number Gr for different Hartmann numbers Ha 
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distribution of currents close to the end-walls of the test-
section is clearly visible. Axial currents induced in the core 
flow close inside the side layers (green lines) and along the 
end-wall layers (red lines). Current streamlines displayed in 
blue originate from the middle core between the pipes. On 
the side walls at z = ±100 mm the topology of the electric 
current field is characterized by the presence of a saddle 
point at x = 0 , as indicated by the green streamlines in the 
adjacent parallel boundary layer.

The influence of an increasing magnetic field on the 
flow at Gr = 2.5 ⋅ 107 is shown in Figs. 12 and 13. In the 
former one, the flow at Ha = 100 is described. Contours 
of temperature on the symmetry plane at x = 0 (a) show 
that the isotherms are almost horizontal, as typical for a 
flow in which buoyancy forces dominate over the electro-
magnetic ones. A similar flow topology has been observed 

when assuming fully developed conditions in axial direc-
tion for weak magnetic fields, as shown e.g. in Fig. 5a. At 
the considered parameters, the flow features a large central 
convective cell, formed by the boundary layers at the pipe 
wall that detach and merge again behind the tube. Smaller 
recirculations with weaker convective motion are present 
between pipes and lateral side walls. The largest velocity 
is localized in internal and boundary layers, tangent to the 

Fig. 9  Flow at Ha = 500 , Gr = 2.5 ⋅ 107 . Temperature distributions 
on planes perpendicular to the magnetic field, at y = 0 (middle plane) 
and on the top Hartmann wall, TW (a), and on two yz planes (b). The 
coordinate xEW2 indicates the end-wall of the box at x = 100 mm and 

xP the position of the tips of the thermocouples mounted on the cen-
tral temperature probe, CP (Fig. 3). Along the dashed lines SW (side 
wall), EW2 (end-wall), CP (center probe) and TW (top wall) numeri-
cal and experimental data are compared later (see Fig. 4)

Fig. 10  Velocity distribution in the test-section for the flow at Ha =500 
with an imposed temperature difference ΔT = 17.4 K ( Gr = 2.5 ⋅ 107 ). 
The occurrence of internal layers tangent to the tubes can be seen in 
the figure, together with the increased velocity in the parallel boundary 
layers near the end-wall at x = 100 mm . Only half of the geometry is 
displayed in the figure

Fig. 11  Contours of electric potential in the test-section (a) and cur-
rent streamlines (b) for the flow at Ha = 500 and Gr = 2.5 ⋅ 107
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pipes and at the end-walls, respectively. This is visualized 
by velocity contours in Fig. 12(a, b). It can be observed that 
near the end-wall the intense convective motion leads to a 
detachment of the jet-like flow in the parallel layer and the 
formation of a swirling stream. This is also visible in the 
contours of current density on the plane at y = −10 mm in 
Fig. 12d, as marked by the red circle.

In Fig. 13 for the flows at Gr = 2.5 ⋅ 107 and two Hart-
mann numbers, Ha = 750 (a) and Ha = 2000 (b), contours 
of velocity magnitude are plotted on horizontal and vertical 
middle planes of the box at y = 0 and z = 0 , and contours of 
temperature on the plane x = 0 (top). On the bottom row of 
the figure, contours of electric potential are displayed. Results 
are shown only in one half of the box. For flows exposed 
to stronger magnetic fields, the convective heat transport is 
mainly confined in the parallel boundary layers along the 
end-walls of the container and in the fluid layers tangential 
to the pipes and aligned with the magnetic field. In the rest 
of the box the velocity is very small. By comparing tempera-
ture contours on the plane x = 0 for the smallest ( Ha = 100 ) 
and the largest ( Ha = 2000) Hartmann numbers considered 
in Figs. 12 and 13, it can be seen that the temperature dis-
tribution evolves in such a way that initially horizontal iso-
therms become vertical when electromagnetic forces grow. 
At Ha = 2000 the heat is transferred mainly by conduction. 

Contours of potential depicted in Fig. 13 (bottom) indicate 
that by increasing the intensity of the imposed magnetic 
field, potential gradients occur mostly in parallel layers at the 
end-walls.

4.4  Heat transfer and comparison between 2D 
and 3D simulations

The rate of heat transfer between pipes and liquid metal, 
expressed in nondimensional form by the Nusselt number  
(6) evaluated at the cylinder walls, is plotted in Fig. 14 as a 
function of the combined parameter Gr∕Ha2 , which quanti-
fies the relative importance of buoyancy and electromagnetic 
forces. Results obtained by assuming fully developed ther-
mal and hydraulic conditions along x (2D simulations) and 
from 3D calculations considering the real geometry of the 
test-section are compared with the Nusselt numbers meas-
ured in the experimental campaign. Simulations have been 
performed for 4 ⋅ 106 < Gr < 5 ⋅ 107 and 25 < Ha < 2000.

When the Nusselt number increases it indicates that the 
convective heat transfer becomes more preponderant over 
the purely conductive one for which the Nusselt number was 
calculated to be Nu0 = 1.339 . This asymptotic value is indi-
cated in the figure by the black dashed line. This conduction-
dominated regime is found to occur for Gr∕Ha2 ≲ 15 in 2D 

Fig. 12  MHD convective flows at Gr = 2.5 ⋅ 107 and Ha = 100 dis-
played in half of the geometry. a 3D contours of velocity magnitude 
on the horizontal ( y = 0 ) and vertical ( z = 0 ) planes and contours of 

temperature on the plane x = 0. b Contours of velocity magnitude on 
the planes y = −10 mm and x= 0. c Iso-surfaces of electric potential. 
d Contours of current density on the planes y = −10 mm and x = 0
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simulations, while in 3D calculations for Gr∕Ha2 ≲ 2.5 .  
The larger threshold value observed when assuming fully 
developed flow conditions in 2D simulations is explained by 
the fact that a significant fraction of the total heat exchanged 
related to the convective motion near the end-walls is not 
taken into account by the 2D model. This is also the reason 

why 3D simulations predict higher Nusselt numbers than 
the 2D calculations.

In general there is a reasonable agreement between 3D 
simulations and experimental results. Both sets of data 
exhibit a similar scaling law, i.e. the heat transfer increases 
with analogous trend, in the range 20 < Gr∕Ha2 < 500 . 
An attempt to define a scaling law for the Nusselt num-
ber as a function of Gr∕Ha2 is presented in the companion 
paper about experiments [26]. Due to scattering in experi-
mental data and possible heat losses to the ambient during 
the experiments that cannot be taken into account in the 
simulations, it is however difficult to find a general law that 
describes both measured and calculated values.

For Gr∕Ha2 > 500 the deviation between numerical and 
experimental results increases. One possible explanation 
could be that in this regime characterized by intense convec-
tive heat transfer (large Gr), the heat losses over walls in the 
experiments may be not negligible. It can also be observed 
that in the conductive regime, the Nusselt number predicted 
by numerical simulations and measured experimentally is of 
the same order of magnitude, with deviations smaller than 
10%, which is within the experimental uncertainty.

In order to visualize graphically the convective heat trans-
port, contours of uz ⋅ (T − T0) normalized by u0 ⋅ ΔT are plot-
ted in Fig. 15 on the vertical middle plane of the box at z = 0 
for Gr = 2.5 ⋅ 107 and two Hartmann numbers, Ha = 100 

Fig. 13  MHD convective flows at Gr = 2.5 ⋅ 107 and two Hartmann num-
bers, Ha = 750 (a), 2000 (b). Results are shown in half geometry. On the 
top, contours of velocity magnitude are plotted on horizontal ( y = 0 ) and 

vertical ( z = 0 ) middle planes and contours of temperature on the plane 
x = 0 . On the bottom, contours of electric potential are visualized
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Fig. 14  Comparison of the Nusselt number measured in the experi-
ments (stars) and the values calculated by means of 3D (circles) and 
2D (rhombus) simulations. The black dashed line indicates the Nus-
selt number for Gr = 0 , i.e. in case of pure conduction, Nu0 = 1.339
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(a) and Ha = 2000 (b). Results show clearly that the larg-
est convective heat transport occurs in the parallel layer at 
the end-wall of the box, where a jet-like velocity profile is 
present (see Figs. 12a and 13b). As the strength of the mag-
netic filed increases from B = 0.0504 T, i.e. Ha = 100 , to 
B = 1.008 T , i.e. Ha = 2000 , the thickness �s ∼ Ha −1∕2 of 
the side layer decreases and the maximum intensity of the 
heat transported in the boundary region becomes two orders 
of magnitude larger.

In order to assess the predicting capabilities of 2D sim-
ulations, i.e. the validity of the assumption of fully devel-
oped thermal and hydraulic conditions, we compare the 
distribution of the transported convective heat as obtained 
by 3D and 2D simulations. In Fig. 16 the normalized con-
vective heat uzT  is plotted for the flows at Gr = 2.5 ⋅ 107 
and two Hartmann numbers, Ha = 500 (a), 1000 (b), on the 
plane z = 0 both as 3D contours (left) and as profiles along 
the normalized vertical direction y∗ at various axial posi-
tions (right). Results are compared with data from fully 
developed flows (2D). For sufficient distance from the 
end-wall, which depends on the characteristic flow param-
eters, the profile of the convective heat flux calculated by 
3D simulations approaches the 2D distribution. For the 
flow at Ha = 1000 in the parallel layers at the end-walls 
the magnitude of uzT  is more than 30 times larger than the 
value near x = 0 and the one in the 2D solution.

It can be concluded that the assumption of fully devel-
oped thermal and hydraulic conditions leads to an accurate 
description of the flow only at sufficient distance from 
the end-walls. While reasonably predicting the main flow 
features at x = 0 , such as the magnitude of convective heat 
transfer, the number of convective cells and the forma-
tion of internal tangent layers at large magnetic field, the 
2D model underestimates considerably the transported 

convective heat in the entire geometry, since it does not 
take into account the occurrence of jet-like high velocity 
regions near the end-walls of the box, which provide a 
significant additional convective transport.

Another flow feature that cannot be described by 2D sim-
ulations is illustrated in Fig. 17, where the vertical velocity 
component v is plotted on the middle plane y = 0 along the z 
direction at an axial position close to the zy symmetry plane, 
as obtained both by 3D (solid lines) and 2D (dashed lines) 
simulations. The velocity profile between the pipes, which 
exhibits two counter flowing jets similarly to the flow in a 
differentially heated cavity [31], is well described also by 
assuming fully developed conditions. Instead, an additional 
vertical motion is predicted by 3D simulations in the bound-
ary layers at the lateral walls at z = ±100 mm . This can be 
explained by the plot on the bottom left of the figure, which 
displays examples of velocity streamlines seeded in the par-
allel layers at the end-wall. The ascending and descending 
velocity that are not predicted by 2D simulations represent 
the closing path in the lateral parallel layers of those stream-
lines. As a result of the additional circulation near the side 
walls, a slightly lower temperature at the lateral wall is pre-
dicted by 3D simulations. For instance for Ha = 500 a dif-
ference of about 4 degrees is observed.

5  Comparison between simulations 
and experiments

Results from 3D numerical simulations are compared in 
the following with experimental data. The latter has been 
obtained in a campaign performed in the MEKKA facility 
at KIT as described briefly in Section 2. Details about the 

Fig. 15  Contours of the 
scaled convective heat 
uzT = uz ⋅ (T − T0)∕(u0 ⋅ ΔT) 
on the plane z = 0 for flows 
at Gr = 2.5 ⋅ 107 and two 
Hartmann numbers, Ha = 100 
(a) and Ha = 2000 (b). The 
coordinates x and y have been 
normalized by L = 50 mm
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experiments and more comprehensive sets of recorded data 
can be found in [26].

Temperature has been measured at many positions during 
the experiments (see Section 2 and Fig. 4). For recording 
the vertical distribution in the center of the test-section, a 
temperature probe with 11 thermocouples equidistantly dis-
tributed over the height of the box has been used, as shown 
in Fig. 3. In addition, the temperature on the walls of the 
test-section has been monitored at more than 50 positions 
to obtain an overview of the temperature distribution and to 
estimate the amount of transferred heat.

Experiments have been performed by keeping the mean 
temperature T̄ = T0 = (T1 + T2)∕2 constant and as close as 
possible to the ambient temperature in the magnet ( 30 ◦C ), 
while adjusting the differential temperatures between the 
pipes to establish desired Grashof numbers Gr. Simulations 
have been carried out by following the same procedure. 
Some of the results are presented in nondimensional nota-
tion where the dimensionless temperature T∗ is defined as

Fig. 16  Flows at Gr = 2.5 ⋅ 107 
and two Hartmann numbers, 
Ha = 500 (a) and Ha = 1000 
(b). Contours on the plane 
z = 0 (left) and profiles along y∗ 
(right) of the scaled convective 
heat uz ⋅ (T − T0)∕(u0 ⋅ ΔT) . 
The coordinates have been 
normalized by L = 50 mm

Fig. 17  Vertical velocity plotted along the z coordinate at y = 0 , close 
to the symmetry plane for the flows at Gr = 2.5 ⋅ 107 and two Hart-
mann numbers Ha = 500, 2000. Solid lines indicate results from 3D 
simulations and dashed lines those obtained under the assumption of 
fully established thermal and hydraulic conditions (2D). The picture 
on the bottom left displays examples of velocity streamlines showing 
the convective motion in the layers at the side walls of the box (end- 
and lateral walls)
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In Fig. 18 numerical (solid lines) and experimental (sym-
bols) results are compared on the end-wall of the test-section  
for the MHD flows at Ha = 500 (a) and Ha = 750 (b) 
and three Grashof numbers Gr = 5 ⋅ 106 ( ΔT = 3.475 K ), 
1.5 ⋅ 107 ( ΔT = 10.424 K), 2.5 ⋅ 107 ( ΔT = 17.4 K). A good 
agreement is observed for all sets of data. When the Grashof 
number is small, numerical results and experiments fit bet-
ter together, since all temperatures come closer to the ambi-
ent value and parasitic heat exchange with the environment 
reduces in the experiments.

In Fig. 19 numerical and experimental data along the cen-
tral probe (CP) are compared for different Hartmann numbers 

T∗
=

T − T

ΔT
.

and Gr = 2.5 ⋅ 107 . A good agreement between 3D simula-
tions and experiments is also found here for nearly all investi-
gated Hartmann numbers. Some deviations occur for the mod-
erate Hartmann number Ha = 500 (green symbols and line), 
for which the largest temperature difference between top and 
bottom wall is observed. As already mentioned, unexpected 
parasitic heat losses in the experiments across the finite 
thermal insulation could be the reason for those discrepancies. 
Experimental data used for the comparison in Fig. 19 have 
been plotted by defining a reference temperature such that 
T∗

y∗ = 0
= 0.Fig. 18  Temperature profiles on the end-wall EW2 of the box ( x =

100 mm, z = 0 ). The position of the sample lines are marked in Fig. 4. 
Comparison between numerical results (solid lines) and experimental 
data (symbols) for the flow at Ha = 500 (a) and Ha = 750 (b) and 
three Grashof numbers
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Fig. 19  Dimensionless temperature profiles at the central probe (CP) 
near the middle of the test-section. Comparison between numerical 
results (solid lines) and experimental data (symbols) for the flow at 
Gr = 2.5 ⋅ 107 and different Hartmann numbers. The y coordinate has 
been normalized by L = 50 mm
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Fig. 20  Dimensionless temperature profiles on the side wall (SW) 
for −1⩽ y∗ ⩽ 1 and on the top wall (TW) for −2⩽ z∗ ⩽ 2 . Comparison 
between numerical results (solid lines) and experimental data (sym-
bols) for the flow at Gr = 5 ⋅ 106 and different Hartmann numbers. 
The y and z coordinates have been normalized by L = 50 mm
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In Figs. 20 and 21 profiles of normalized time-averaged tem-
perature are plotted along the side wall (SW) for −1⩽ y∗ ⩽ 1 
and on the top wall (TW) for −2⩽ z∗ ⩽ 2 for the flows at four 
Hartmann numbers, and two Grashof numbers Gr = 5 ⋅ 106 and 
Gr = 2.5 ⋅ 107 , respectively. The y and z coordinates have been 
normalized by L = 50 mm.

When the temperature difference between the pipes is mod-
erate, e.g. for Gr = 5 ⋅ 106 , the convective motion is very weak 
in particular if the magnetic field is intense (large Ha). As a 
consequence, the temperature field at x = xP , close to the mid-
dle plane, is similar for all the Hartmann numbers considered 
in Fig. 20 and it is characterized by isotherms that tend to align 
with the y - direction, as typical for pure conduction. This is 
shown by the quite uniform temperature distribution on the 
side wall ( −1 ⩽ y∗ ⩽ 1 ). As the Grashof number increases, the 
curves depart from each other, since the stronger convection 
affects the temperature distribution, as depicted in Fig. 21 for 
the flows at Gr = 2.5 ⋅ 107 and four Hartmann numbers. At 
Ha = 2000 , the temperature profiles on SW and TW are very 
similar for both Grashof numbers, since electromagnetic forces 
dominate and damp the convective motion.

6  Conclusions

In order to investigate fundamental aspects of magneto- 
convective flows relevant for WCLL blankets, numerical 
simulations have been performed for a model problem, where 
two isothermal parallel cylinders immersed in a box filled 
with liquid metal are kept at differential temperature T2 − T1 . 
A constant magnetic field is imposed perpendicular to the 
axes of the cylinders and parallel to gravity. The selected 

geometrical configuration corresponds to the one used 
for an experimental campaign carried out in the MEKKA 
laboratory at KIT [26]. Resulting flow patterns and heat 
transfer in the container are investigated depending on the 
driving buoyant force given in terms of the Grashof number 
Gr and the braking Lorentz force expressed by the Hartmann 
number Ha. Simulations have been performed for parameters 
in the range 4 ⋅ 106 < Gr < 5 ⋅ 107 and 50 < Ha < 2000 , at a 
Prandtl number Pr = 0.029.

Numerical results show that electromagnetic forces sig-
nificantly slow down the convective motion that results 
from the non-uniform thermal conditions caused by the 
imposed temperature difference between the cylinders. 
Under intense magnetic fields, the flow features a central, 
almost square convective cell bounded by the fluid layers, 
which develop parallel to the magnetic field and tangent to 
the pipes. In the rest of the container the fluid velocity is 
very small. Eventually, when Ha becomes large enough, 
the problem tends to an asymptotic solution where the heat 
transfer is completely dominated by conduction and the 
temperature field is characterized by vertical isotherms. On 
the other hand, when buoyancy forces become predominant, 
a thermal stratification with horizontal isotherms develops 
in the box such that the warm liquid metal is localized near 
the top wall and colder fluid on the bottom. This is due to 
an intense convective heat transport that promotes a more 
stable density stratification.

The intensity of convective heat transfer has been quanti-
fied by the Nusselt number, Nu. The competition between 
buoyancy forces promoting the convection and electromag-
netic forces suppressing the buoyant flow becomes evident 
by looking at the variation of Nu as a function of Gr and 
Ha. The Nusselt number has been calculated by perform-
ing both 2D and 3D numerical simulations and results have 
been compared with experimental data. The outcome clearly 
shows that the increased convective heat transfer near the 
end-walls of the box contributes significantly to the total 
transferred heat. Therefore, a pure 2D analysis cannot be 
used to accurately quantify the heat exchanged between 
pipes and fluid in a geometry of finite axial extension. While 
both 2D and 3D models describe well the main flow fea-
tures, such as velocity and temperature distribution and heat 
flux, in the middle of the test-section, the increased convec-
tive heat transfer in the boundary layers at the end-walls can 
be predicted only by full 3D analyses.

A good agreement has been found between 3D numerical 
results and experimental data when comparing temperature 
profiles at different locations on the surface of the box and 
inside the fluid. For large Gr some deviation is observed 
probably due to the increased heat losses in the experiments.

It should be mentioned that the heat transfer is affected 
not only by the characteristic flow parameters but also by 
the orientation of the magnetic field with respect to the 
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Fig. 21  Dimensionless temperature profiles on the side wall (SW) for 
−1⩽ y∗ ⩽ 1 and on the top wall (TW) for −2⩽ z∗ ⩽ 2 . Comparison 
between numerical (solid lines) and experimental (symbols) data for 
the flow at Gr = 2.5 ⋅ 107 and different Hartmann numbers. The y and 
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cavity walls [32, 33]. In the present work, we considered a 
magnetic field with a single component perpendicular to the 
cylinder axes, according to the B configuration present in the 
experiments. Since the magnetic field in a fusion blanket is 
more complex, the effects of magnetic field orientation on 
the analyzed flow should be investigated as well.

It has been also observed that the flow in the parallel layers 
at the end-walls may exhibit instabilities even if the flow in 
the middle of the box is stable. Depending on the flow condi-
tions, dynamic patterns appear triggered by increased buoy-
ancy effects. A complementary analysis of time-dependent 
flows is currently being performed and those results will be 
presented in a separate paper.
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