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Abstract

DEMO reactor is projected as a technological demonstrator and a component test reactor for several key systems such
as the breeding blanket. The dual coolant lithium lead (DCLL) is one promising breeding blanket candidate that performs
the functions of shielding, part of the cooling and breeding with the same liquid metal fluid. PbLi is also in charge of
transporting the bred tritium to the Tritium Extraction System. Structural cooling of the blanket walls is performed
by pressurized helium flow which also transfers heat to the balance of plant. Keeping a proper distribution of thermal
loads between the two coolants is a key aspect to reach a plant high efficiency. The thermal power transferred from
the liquid metal to the helium channels depends on the flow regime. While liquid metal flows under the magnetic field,
the magnetohydrodynamic (MHD) phenomena will occur, influencing the flow regime and the velocity profile. The heat is
volumetrically deposited in the liquid metal coolant due to the interaction between the highly energetic neutrons originated
in the plasma and the coolant. The heat deposition profile is roughly exponential causing temperature differences across
the same channel cross section. Temperature gradients induce buoyant effects altering the expected MHD profile and
affecting the heat transfer rate from the liquid metal to the surrounding walls cooled with helium. It is of utmost interest
to identify the effects of the main flow parameters on the heat transfer coefficient under such complex conditions. The work
studies computationally a domain consisting of a liquid region and a surrounding solid region electrically and thermally
coupled using latest EU DCLL design characteristics. A fully developed flow is assumed where buoyancy is modelled
under the Boussinesq approximation. Joule effect has been considered negligible compared to the neutron deposition. The
influence of the buoyant MHD phenomena to the heat transfer coefficient is analysed parametrically with a CFD solver
implemented in OpenFOAM®. The parameters investigated here are the Reynolds, Hartmann and Grashof numbers, the
Grashof ratio, and the wall conductance ratio (cw).
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1. Introduction

The breeding blanket (BB) will be a key component of
Tokamak type fusion nuclear power plants. Dual-coolant
lead-lithium (DCLL) is one of the BB designs considered
within EU DEMO project as advanced blankets [1] [2]. In
DCLL, pressurized He will cool the structure while the liq-
uid metal (LM) will perform the following three functions:
extract the volumetric heat deposited in the breeding chan-
nels (cooling), breed the tritium from the neutron-lithium
interaction, and shield the tokamak’s magnetic coils from
the neutron radiation.

The CIEMAT laboratory is in charge of the EU-DCLL
design and its latest proposal consists of a single-module
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segment (SMS) allowing the PbLi to reach high tempera-
tures (above 550◦C), enhancing the balance of plant (BOP)
efficiency. Details on the latest design can be found on [3]
and [4].

One of the features of such new design is that PbLi
will flow upwards in all the channels in the BB, prevent-
ing the buoyant MHD reverse flow phenomena expected in
rear channels of the multi-module segment previously pro-
posed [5]. This feature will contribute to vanish recirculat-
ing zones where the fluid can become stagnant and tritium
and temperature can build up. This contributes, therefore,
to a stabilization of the flow streamlines along the chan-
nels: vortexes will only be expected when buoyant or iner-
tial forces overcome viscous forces on the MHD side layer
next to the first wall. The walls containing the PbLi fluid
are expected to be made of a ceramic insulating material,
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Figure 1: Single-module segment PbLi twelve channels cross-section. Ar-
rows refer to the helium coolant flow [3]

avoiding the electric coupling between fluid and surround-
ing structure.

Figure 1 shows the twelve PbLi channels on a SMS. The
red (right) part corresponds to the first wall.

The PbLi flow regime can be classified as mixed con-
vective flow, combining the forced and natural convection
due to buoyancy. The different ratios between forces affect-
ing the fluid (inertial, characterized by the Reynolds num-
ber, buoyant, characterized by the Grashof number, and
magnetic, characterized by the Hartmann number) will de-
termine the flow velocity profile, and will determine too
whether the flow is fully-developed (with straight stream-
lines) or vortexes are to be expected.

The understanding of the flow velocity profile is of most
importance since it has the greatest influence on heat, mass
and momentum transport phenomena.

In 1997, Ji et. al. [6] presented their study on the influ-
ence of the turbulence damping by the MHD phenomena on
the heat transfer in a heated horizontal circular pipe with
a uniform external magnetic field. The study presents an
empirical correlation for the averaged Nusselt number as a
function of the Peclet and Hartmann numbers.

Barleon et. al. in 2000 [7] studied experimentally the
heat transport phenomena in rectangular channels with
one heated wall for insulating and conducting walls. Mor-
ley et. al., the same year [8] reviewed previous works on
the influence of the M-shaped jets on the temperature dis-
tribution.

In 2002 Tagawa et. al. [9] numerically analyzed the 2D
buoyant MHD flow in an infinite vertical channel with a
temperature gradient perpendicular to the magnetic field.
In 2003, Authié et. al. [10] analyzed the 3D buoyant MHD
flow in a vertical limited enclosure, and showed experimen-
tal results.

In 2008 [11] and in 2009 [12] the UCLA group obtained
interesting results regarding the establishment of the quasi-
two-dimensional (Q2D) flow regime in vertical buoyant chan-
nels, such as DCLL’s. In this case the 2D domain was a ver-

tical plane, perpendicular to the magnetic field, using the
Q2D formulation proposed in [13].

Several studies have analyzed the temperature distri-
bution in a vertical channel flow without considering the
buoyancy phenomena. Some examples were used to study
the influence of the Flow Channel Insert in DCLL BB [14]
[15] [16]. A recent relevant work developed at PPPL cal-
culated the non-buoyant heat transport at DCLL blanket
with a magnetic vector potential approach, and included
the helium flow influence on such heat transport. [17]

In an internal EUROfusion report [18], two 3D magneto-
convective cases were analyzed. They shared the Reynolds
(Re = 5000) and Hartmann (Ha = 120) dimensionless num-
bers but they differ in the Grashof number. On the one
hand, the Gr = 108 reproduced one of the cases analyzed
in [11]. The 3D analysis showed, as the authors in [11]
stated, that the Q2D model underpredicted the onset of in-
stabilities. On the other hand, a case with Gr = 3 ·106 was
calculated, and results showed a fully developed condition.
Although the fully developed condition is only obtained un-
der certain ranges of dimensionless ratios that are yet not
fully known, the latter result gives grounds for the use of
the fully developed hypothesis in a 2D magneto-convective
model using similar dimensionless numbers.

Recently, in 2020, an outstanding work in UCLA re-
garding the buoyant 3D MHD flow phenomena and its nu-
merical simulation using their HIMAG code was published
[19]. Similarly to [18], it showed that the range of selected
dimensionless numbers determine the flow regime. The
work investigated the influence of Gr, Ha and Re on the
velocity profile, the turbulence intensity and the departure
from Q2D turbulence regime.

According to the referenced works, three methods may
be used to study computationally the buoyant MHD flow
behaviour. One is the 3D buoyant code, which is the most
precise but also the most expensive in terms of computa-
tional resources, what justifies that the presented studies
are far from the DCLL conditions (Ha ∼ 104 and Gr ∼ 1012),
what corresponds to a Lykoudis number of Ly= Ha2/Gr0.5 ∼
102. The Lykoudis number is commonly used to measure
the ratio of the Lorentz forces over the buoyant forces. An-
other method is the use of Q2D codes, that may represent
the 2D vorticity generated by the combination of buoyancy
and magnetic fields. This method is very useful since it
is computationally affordable but gives no information in
the plane perpendicular to the flow direction and therefore
the Hartmann boundary layer is not simulated. The last
method is to use a 2D fully developed buoyant MHD code.
This method is as affordable as the Q2D, gives very detailed
information of the distribution of temperatures in the plane
perpendicular to the flow direction, but is not capable to re-
produce any instability at all, since the flow direction is
forced to be fully-developed. Using a fully-developed model
for flow regimes where the flow is of 3D nature would yield
nonphysical results.

The work presented here analyzes the heat transfer phe-
nomena based on the co-planar distribution of temperature
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using a 2D magneto-convective fully-developed code.
This work is divided in four parts as follows: the first

one is devoted to describe the characteristics of the fully
developed flow model that will be used to study the heat
transport in a DCLL front central channel; the second part
will present the results of the benchmark case used to test
the fully-developed buoyant MHD code; the third part will
explain the work done on the optimization of the code per-
formance and its results; and the fourth part explains the
application of the optimized code to the DCLL channel model
(described in the first part) and a sensitivity analysis per-
formed with different dimensionless numbers.

In the sensitivity analysis, the influence of some dimen-
sionless parameters (from now on ‘variables’) in heat trans-
port has been studied through the analysis of some ‘pa-
rameters of interest’. The selected dimensionless param-
eters (variables) have been Hartmann number, Reynolds
number, Grashof number, Grashof ratio and wall conduc-
tance ratio (cw). The selected ‘parameters of interest’, that
have been chosen because of their significance on the breed-
ing blanket performance, are: Nusselt number, maximum
dimensionless vorticity, maximum dimensionless velocity,
maximum temperature in the fluid and in the surrounding
wall, maximum thermal gradient on the wall and dimen-
sionless pressure drop.

The way the sensitivity analysis has been designed es-
tablishes a work methodology to capture the influences of
the variables over the parameters of interest. The next step
in the research line will be to understand the flow regimes
associated to certain ranges of such variables. It will clar-
ify, under which of those ranges, the 2D fully developed ap-
proach may be used. Finally, in future works, the method-
ology used in the present report will be applied closer to the
limits where the 2D fully-developed assumption is valid.

2. Description of the fully developed model

The studied channel is a vertical enclosure with ceramic
walls with negligible electrical conductivity according to
the latest CIEMAT DCLL design [3]. The model represents
a central front channel of the SMS shown in Figure 1. The
dimensions can be seen in Figure 2, as well as the direc-
tions of the magnetic field (B), the flow (U), and the heat
flux (QW ). There is also a volumetric exponential heat gen-
eration (QG) as shown in the figure. The domain has been
halved and the symmetry plane is shown with a discon-
tinuous line. Symmetry in the plane perpendicular to the
magnetic field direction is a consequence of the symmet-
ric electric currents and velocities seen in previous calcula-
tions [20]. The red region is the ceramic wall and the blue
is the lead-lithium liquid flow.

The plasma is further in the right side of the figure,
but between the plasma and the DCLL channel there is an
EUROFER wall with internal helium cooling channels that
will effectively extract heat from the lead-lithium channel
(QW ). This helium cooling of the first wall is considered to
remove any direct surface heating by the plasma as well

as to extract some heat generated inside the liquid domain.
The heat flux QW only applies to one side since the domain
corresponds to a central front channel of the SMS.

The flow is considered to be buoyant and fully-developed,
therefore a 2D set of equations has been considered and
only the velocity component perpendicular to the channel
cross-section has non-zero value. The induced magnetic
field is considered negligible compared to the externally ap-
plied magnetic field from the tokamak coils (low magnetic
Reynolds number).

The set of equations applied for this study are the Na-
vier-Stokes equations coupled to the Maxwell equations.
The flow is considered incompressible and the buoyancy is
modeled in the momentum equation using the Boussinesq
hypothesis. The current density conservative scheme [21]
suits perfectly with the low magnetic Reynolds number of
the case, which justifies the use of the inductionless approx-
imation and the so-called φ-formulation, i.e.:

∇·v= 0 (1)
∂v
∂t

+ (v ·∇)v=−∇p
ρ

+ν∇2v+ j×B
ρ

+βθg (2)

∇2φ=∇· (v×B) (3)

j=σm(−∇φ+v×B) (4)

∂θ

∂t
+∇· (vθ)=α∇2θ+Sth (5)

where v is fluid velocity, t time, p pressure, ν kinematic
viscosity of the fluid (ν = µ/ρ), j electric current density, φ
electric potential, σm electric conductivity of the fluid, B
external magnetic field, β the Boussinesq thermal expan-
sion coefficient, θ is the co-planar temperature difference
between each cell temperature Ti and the average temper-
ature of the bulk in the 2D domain (Tb) so that θ = Ti −Tb,
g is the gravity acceleration constant, α = kth/(ρ · Cp) is
thermal diffusivity, kth is thermal conductivity and Cp is
specific heat.

The studied fluid is PbLi and its relevant physical prop-
erties can be retrieved from Mas de les Valls [22] evaluated
at 400◦C, and from a more recent work from Martelli et. al.
[23]. The wall material is silicon carbide (SiC) as proposed
in [3]. Although most properties are temperature depen-
dent, they have been considered constant since the analy-
sis corresponds to a fluid cross-sectional plane. They are
shown in Table 1.

PbLi SiC [3]

ρ (kg ·m−3) 9720 [22] 3100
σ (S ·m−1) 7.63 ·105 [22] depends on cw
µ (Pa · s) 1.49 ·10−3 [22] -
Cp (J · (kg ·K)−1) 189 [22] 670
κ (W · (m ·K)−1) 22.36 [23] 125
β (K−1) 0.00012 [23] -

Table 1: Physical properties of the materials
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Figure 2: Studied domain: half channel cross-section. Blue region is PbLi and red region is ceramic wall

The momentum balance is affected by the temperature
difference in the plane only through the buoyant term. The
source term Sth is linked to the volumetric heat deposi-
tion coming from the neutron flux, and will be explained
later. The Joule dissipation by the electric currents have
been omitted as it is considered negligible compared to the
neutron deposition heat source [24].

All these equations are solved for the liquid region. Only
Equations 3, 4 and 5 are solved also for the solid region,
considering the physical properties of the solid wall. A de-
tailed derivation of this set of equations and the PISO-like
solution procedure using a finite volume approach can be
found on Mas de les Valls [20] and on Ni et al. [21]. The
code was named φ-MHDFoam.

The dimensionless numbers (the problem variables) that
describe the case are five: the Hartmann number (Ha =
Bb

√
σm/µ), the Reynolds number (Re = ρvDh/µ), the wall

conductance ratio (cw = σwtw/σmb), the Grashof number
(Gr = gβ∆Ta3/ν2), and the Grashof ratio (GrR = QW /QG).
Parameters σw and tw correspond to wall electric conduc-
tivity and wall thickness, a is half width of the channel in
the heat flux radial direction, b is half width of the channel
in the magnetic field direction and Dh is the hydraulic di-
ameter. QW stands for the heat flux through the outer wall
(first wall).

The temperature difference ∆T is originated by QG , a
non-uniform (exponential) volumetric heating only of the
liquid metal caused by neutron flux interaction as described
in [25]. The wall region is considered to have no volumetric
heating. By convention, the Gr number definition deter-
mines the ∆T, and it is used to size the mean volumetric
heat generation with q = k ·∆T/a2. Total heat generation is
QG = q ·V . The heat deposition is modeled as an exponen-
tial profile shape, then QG = ∫

V q0 · e−mz · dV . Finding q0
allows to find the source term:

Sth = S0 ·e−m·z (6)

where S0 = q0/(ρ ·Cp). z = 0 corresponds to the center of the
channel width in the z direction as shown in Figure 2.

The numerical strategy is to compute a cyclic inlet and
outlet boundary condition for the velocity, the θ and the
electric potential fields with one node in the flow direction.
The velocity at walls is zero and the non-slip condition has
been imposed. The flow rate is maintained according to
the desired Re number, characterized by the mean cross-
sectional velocity U , by adjusting the source pressure gra-
dient term. The magnetic field B is fixed and imposed ac-
cording to the Ha number and applies to all domain. Exter-
nal walls are electrically insulated, thus, the electric poten-
tial field has zero gradient boundary condition. The electric
potential extends throughout all the domain, i.e. the wall
and the fluid regions are electrically coupled guaranteeing
the conservation of normal current and electric potential
at the solid/fluid interface. The thermal gradient in the
flow direction is computed using a domain energy balance
so that ∂θ/∂x =Q/(ṁ ·Cp ·L), with Q the net heat absorbed
by the domain, L the length of the domain (in x direction)
and ṁ the mass flow rate. The boundary condition for all
walls is adiabatic, except for the wall on the right hand side,
next to the first wall, where a fixed gradient is imposed by
the Grashof ratio (GrR).

The set of Equations 1 to 5 have been modified to calcu-
late a fully developed flow by imposing a fixed flow rate
through a uniform pressure gradient source term in the
flow direction. The electric and thermal equations have
been prepared to be solved through different regions, al-
lowing fluid-solid interaction at the boundaries. The imple-
mentation was done over the OpenFOAM CFD package as
detailed in Mas de les Valls [20].

The mesh used in all cases was hexahedral. The num-



Suarez et al. / Fusion Engineering and Design 00 (2021) 1–12 5

ber of nodes in each boundary has been set according to
the recommendations found on the detailed report by Mis-
trangelo [26] on the mesh refinement requirements. All
meshes have 8 nodes on Ha boundary layer (δh = 2b/Ha)
and 30 nodes on the side boundary layers (δs = 3b/Ha0.5).
The cell growing criteria has been set so that the cell to
cell expansion ratio is 1.05 maximum. A detail of the mesh
used for cases with Ha = 3000 can be seen in Figure 3.

Figure 3: Detail of the mesh on the top right corner for Ha = 3000 cases.
The white line represents the boundary between fluid and wall

Selected discretization schemes were central differenc-
ing, of second order, and the steady state was considered
reached when (ψi−ψi−1)/(ψi−1·∆t)< 10−6s−1, with the vari-
able of interest ψ being the maximum temperature in the
fluid and ∆t the time-step size.

Before detailing the characteristics of the studied cases
and the parameters of interest, the code has been validated
with a benchmark case. The benchmark case has been used
to optimize the solver for buoyant MHD cases, and the re-
sult of such optimization is also shown.

3. Code Validation

Although the multi-material electric and thermal cou-
pling had already been validated in [15], the buoyant fully-
developed MHD code still required its own validation. The
selected benchmark case has been Tagawa’s and Authié’s
work [9], a single-material case (without wall coupling).
This formal analysis investigates the flow profile resultant
in an infinite vertical channel without any pressure gra-
dient, where a conducting fluid is affected by a magnetic
field perpendicular to the channel direction and by a tem-
perature gradient perpendicular to the former two direc-
tions (magnetic field and channel). This benchmark case
resembles the configuration of the MHD flow phenomena
expected in a vertical channel of the DCLL blanket, and
can be seen in Figure 4. The flow is initially at rest, but
once the thermal gradient is applied it buoys up in the re-
gion next to the hot wall and it falls down in the region next
to the cold wall. The thermal gradient, ∆T, is set so that on

the hot wall the temperature is fixed at +∆T/2 and on the
cold wall at −∆T/2. ∆T is obtained using the reference Gr
number.

Figure 4: Configuration of the benchmark case [9]

Recirculation effects are not considered since it is an
ideal infinite vertical enclosure, and whatever recirculation
effect has been dumped far from the studied region. The
enclosure is squared-shaped of side l=0.15 cm, that will be
used as characteristic length for the relevant dimensionless
numbers: Hartmann number and Grashof number. The
velocity is normalized by ν/l.

The obtained dimensional velocity profile can be seen
in Figure 5, and normalized Umax with the obtained errors
are shown in Table 2. The error magnitude for different Ha
number shows a successful code validation.

4. Code Optimization

The benchmark case has been used to measure the code
optimization results. It consisted in:

1. Reduction from three nodes in the flow direction (old
code) to only one (new code).

2. Arrange the code structure to be able to solve the case
in parallel.

3. Increase the time-step size until right before the on-
set of magnetic Courant-Friedrichs-Levy (CFL) nu-
merical related instabilities take place, taking advan-
tage of the steady state condition. This time-step size
constraint is carefully explained in [20].

The new code uses one row (i.e. one cell in the flow
direction) while the old one uses three. The cells per row
have been ∼ 7500 for the Ha = 100 case, ∼ 23000 for the
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Figure 5: Velocity field result (m/s) for Ha = 100 and Gr = 104

Ha = 500 case and ∼ 54000 for the Ha = 2000 case. Table 2
shows the benchmark results.

The strategy to increase the time step size before the
onset of instabilities is outlined in the following lines. The
algorithm used in the benchmark cases monitors the evo-
lution of the variation of the maximum velocity in the do-
main, such as ψi

U = (U i
max −U i−1

max)/U i−1
max, being U i

max the
latest time step maximum velocity, and U i−1

max the maxi-
mum velocity at the previous time step. In case the al-
gorithm finds out that ψi

U < ψi−1
U the time step size is in-

creased by 0.5% (small enough to avoid numerical insta-
bilities and large enough to provide the code performance
improvement) and in any other case the time step size is de-
creased by 0.5%. A comparison of the evolution of Umax, ψU
and ∆t (time step size) is shown in Figure 6. In the figure, it
can be observed that both solvers start the simulation with
the same time step size, which corresponds to a maximum
Courant number in the domain (C+D+L as defined in [20])
of 1. The solver stops the benchmark simulation after 1000
iterations with ψU < 10−8.

The code optimization has been encouraging and suc-
cessful. Calculation times have been dramatically reduced
while the accuracy of the solver is very high. The Ha =
2000 case has deliberately not been calculated with the old
code due to its unaffordable simulation time. Table 3 shows
the strong scaling efficiency (sse = t1/(N ·tN )) for the bench-
mark case. t1 stands for the calculation time with one pro-
cessor, and tN the calculation time with N parallel proces-
sors. The sse value for Ha = 2000 is very low, and although
it has been revised, the reason remains unknown.

Ha Umax Error(%)
Time old

code (min)
Time new
code (min)

100 16.55 0.72 2098 4.3
500 4.11 0.97 16413 140
2000 1.13 0.28 - 1119

Table 2: Benchmark and code optimization results

Ha Cores
Time new
code (min)

Strong scaling
efficiency

100 1 4.3 -
100 2 2.2 97.7%
500 1 140 -
500 2 73.5 95.2%
2000 1 1119 -
2000 3 676.1 56%
2000 6 376.1 67.9%

Table 3: New code parallel scaling efficiency

5. Application of the optimized code to a fully devel-
oped model of the DCLL blanket with sensitivity
study

The selected set of values for the dimensionless vari-
ables in this study is presented in Table 4. The variables
have been selected because, according to the provided ref-
erences in Section 1 [18], they guarantee the fulfilment of
the fully-developed assumption: the flow direction can only
be perpendicular to the plane of study.

In case of the Hartmann number (∼ 3000), it has been
bounded by the available computational resources.

The selection of the Reynolds number is limited by the
fully-developed laminar flow regime assumption. Accord-
ing to [27], for Re < 65·Ha1/2 (corresponding to Re <∼ 3500)
the Q2D turbulent instabilities are suppressed.

The selection of the Grashof number is associated with
the Lykoudis number Ly = Ha2/Gr0.5 [28], as well as with
the transition criterion from forced to mixed (or natural)
convection (Re2/Gr) as explained in [29]. The 3D case stud-
ied in [18] that showed a fully developed behaviour was de-
fined by Ly = 8.3 and Re2/Gr = 8.3. Raising the Ha up to
∼ 3000 enhances the stability associated to the Ly while de-
creasing the Re reduces the stability associated to the force
convection assessed by the Re2/Gr ratio. The selected max-
imum Gr number has been 107, which allows certain mixed
convection (Re2/Gr = 0.9) while it guarantees the magnetic
dumping with a Ly∼ 3 ·103.

In the latest DCLL design, the Re2/Gr ∼ 10−4 and the
Lykoudis number is ∼ 102. This suggests that the natural
convection will dominate the flow and also that the mag-
netic dumping will be high enough to stabilize it.

Although the latest DCLL design suggests a very small
heat flux in the front walls (GrR ∼ 0.001) this study uses
one order of magnitude higher to amplify the effect of the
wall of interest on the buoyant flow.
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Figure 6: Comparison of old code and new code for Ha = 100 and Gr = 104. Dimensionless maximum velocity (left), variation of the maximum velocity
(center) and time step size (right)

The lowest wall conductance ratio (cw) has been chosen
to be that of the SiC wall material, and the highest has
been chosen to be four orders of magnitude higher. As the
results will show, this four orders of magnitude had no ef-
fect on the flow behaviour as the wall still behaves as fully
insulating.

The combination of all possibilities gives 25 = 32 cases.

Ha Re Gr GrR cw

High value 3000 3600 1e7 0.02 1e-12
Low value 2400 3000 5e6 0.01 1e-16

Table 4: Selected set of dimensionless variables to generate the combina-
tion of cases

The Ha number determines the external magnetic field
intensity. The Re determines the averaged flow velocity.
The Gr determines the ∆T, and therefore the exponential
coefficients. The GrR determines the fixed θ gradient in
the right hand side wall boundary. Finally the cw deter-
mines the SiC wall electric conductivity.

The DCLL blanket configuration is somewhat different
from the benchmark. Besides the fact that it considers a
multi-material problem, the DCLL temperature gradient
is originated by a non-uniform volumetric heating caused
by the neutron flux interaction.

The parameters of interest analyzed in this work have
been:

(1) The Nusselt number, defined as Nu = h ·a/k with
h the heat transfer coefficient calculated as h = QW /(Abw ·
∆Tbw). ∆Tbw is defined as ∆Tbw = Tb −Tbw = θbw. Abw
is the area of the interface between bulk and wall in the
"wall of study", that can be seen in Figure 7. Tb is the
mean temperature in the bulk 2D plane, Tbw is the mean
temperature of the "wall of study" and Qbw is the heat flux
through the same surface (refer to Figure 7): Qbw = ∫

f k ·
∇θ f ·δA f . The area of each discretized face is A f and ∇θ f
is the temperature gradient in such face. Nusselt number
is dimensionless.

Figure 7: Wall of study

(2) The maximum vorticity throughout the fluid re-
gion has been normalized as ωmax = max(ω)/U . Maximum
vorticity, after normalization has units of m−1.

(3) The maximum velocity has been defined as the
maximum velocity magnitude throughout the fluid region
and later normalized as Umax = max(|v|)/U . Maximum ve-
locity after normalization is dimensionless.

(4) The maximum theta (θ) in the fluid region. It
has units of K or ◦C.

(5) The maximum theta (θ) in the wall region. It
has units of K or ◦C.

(6) The maximum theta gradient magnitude (|∇θ|)
in the wall region. It might be of interest for stress ana-
lysis. It has units of K /m or ◦C/m.

(7) The dimensionless pressure drop coefficient
(kp). It is defined as kp = (∂p/∂x)/(σ ·U ·B2), where ∂p/∂x
is the necessary explicit pressure gradient source term to
keep the desired U . The kp coefficient is dimensionless.

The 32-simulation runs took approximately 8 weeks to
finish running in 12 cores in parallel. The cases with Ha =
3000 had ∼ 150000 nodes in the fluid region and ∼ 122000
in the wall region. The cases with Ha = 2400 had ∼ 133000
and ∼ 107000 nodes in fluid and wall region respectively.

Each of the 32 simulations yielded a full 2D-solution of
the buoyant fully developed MHD flow. An example of one
velocity field can be observed in Figure 8, while Figure 9
shows the difference of dimensionless velocity profiles for
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Figure 8: Velocity profile (m/s) in the case with Ha = 3000, Re = 3000,
Gr = 1e7, GrR = 0.02 and cw = 1e−12

different Gr numbers. In Figure 10 the electric current
( j) vectors are shown over an electric potential field. The
buoyant phenomenon produces a deviation in the electric
current direction close to the first wall.

The purpose of the sensitivity analysis is to find out
the influence of the variables on the parameters of inter-
est. Such influence is represented as linear coefficients in
a polynomial equation for each of the parameters of inter-
est, and is also represented in the histogram figures with
normalized partial derivative as:

∂Parameter
∂V ariable

'
Param2−Param1

Param2
V ar2−V ar1

V ar2

(7)

where Paramx is the mean of the 16 values of a parame-
ter of interest characterized by the dimensionless variable
(V arx). The variations have been normalized because the
resultant gradients without normalization were different
by several orders of magnitude. For example GrR varia-
tion is of the same order of magnitude while the difference
in the cw is of the order of ∼ 1e−12. The expressions of
linear dependence for each parameter with respect to the
variables in the range of study will be shown in the follow-
ing discussion. The dependence is linear in this study since
only two values for each variable are considered. This does
not imply at all that the real relationship is linear. The
influence of cw has been removed from the polynomial ex-
pression since both wall electric conductivities result in the
same flow regime.

(1) Nusselt number is found to be fairly affected by
the four first variables. In Figure 12, the relative variation
of the Nusselt number is represented versus the relative
variation of the dimensionless variables.

A curious effect can be observed when analyzing the
Nusselt number results and the temperature distribution.
By definition Nu ∝ Qbw/θW . Although through the wall of
study heat goes out of the fluid domain (liquid next to the
wall is hotter than the solid wall), the mean wall tempera-
ture is higher than the mean fluid temperature. This can
be observed in Figure 11. This is why the Nusselt number
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Figure 9: Dimensionless velocity profile in the case with Ha = 2400, Re =
3000, GrR = 0.01 and cw = 1e−12 with different Gr numbers

Figure 10: Electric currents and electric potential fields in the case with
Ha = 3000, Re = 3000, Gr = 1e7, GrR = 0.02 and cw = 1e−12



Suarez et al. / Fusion Engineering and Design 00 (2021) 1–12 9

results are negative in all cases.

Figure 11: Temperature difference (θ in ◦C or K) distribution in the case
with Ha = 3000, Re = 3000, Gr = 1e7, GrR = 0.01 and cw = 1e−16

The linear relationship for the Nusselt number is:

Nu=−3.55 ·10−1 +2.05 ·10−5 ·Ha+1.57 ·10−5 ·Re

−6.98 ·10−9 ·Gr−5.91 ·GrR (8)

The most influencing factor in case of the Nusselt num-
ber is the Grashof ratio (GrR) variable. Nusselt value de-
creases (becomes more negative) as the Grashof ratio gets
higher, since QW increases in magnitude and θbw decreases.
The same negative tendency is observed for an increase in
the Grashof number.

Figure 12: Relative variation of the Nusselt number versus the relative
variation of each studied variable

(2) Maximum vorticity (see Figure 13) results in the
following expression:

ω= 1.74 ·103 +4.98 ·Ha−5.19 ·10−1 ·Re

+2.35 ·10−4 ·Gr−2.95 ·103 ·GrR (9)

It is mostly affected by variations in the Ha number, fol-
lowed by Gr and Re. The last one affects it negatively.

Maximum vorticity for 2D flows happens in the steepest ve-
locity gradients. It makes sense that higher Ha and higher
Gr enhance velocity gradients in the boundary layers. An
increase in Re increases inertia forces, and it tends to relo-
cate velocity in the central region, reducing the steepness
of the velocity gradients in the walls.

Figure 13: Relative variation of the normalized vorticity (m−1) versus the
relative variation of each studied variable

(3) Maximum velocity (Figure 14) results in the ex-
pression:

Umax = 1.33−5.37 ·10−5 ·Ha−4.11 ·10−5 ·Re

+1.87 ·10−8 ·Gr−2.51 ·10−1 ·GrR (10)

The tendency of the results is logical: increasing Ha
flattens the velocity profile and thus gets a lower maximum
velocity for a given Re. Increasing Re number decreases
maximum velocity. This can be realistic given that maxi-
mum velocity is normalized in these simulations and that
higher inertia forces can flatten the velocity profile when
relevant buoyant forces take place. Increasing Gr again in-
creases maximum velocity, which makes sense because the
higher the Gr, the more tilted the velocity profile is and the
hot side reaches a higher velocity.

Influences in the maximum temperature difference re-
sulted similar between (4) bulk and (5) wall (Figure 15),
being the GrR effect in the wall domain slightly more im-
portant than in the bulk. As expected, Gr number shows
the most notable effect in these parameters, and both Ha
and Re appear non-negligible in this aspect.

The linear relationship for the maximum temperature
difference in the bulk, θ, results in:

θ =−1.56 ·10−3 +5.71 ·10−7 ·Ha+4.98 ·10−7 ·Re

+6.39 ·10−10 ·Gr−1.22 ·10−2 ·GrR (11)

whereas the expression for the maximum temperature dif-
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Figure 14: Relative variation of the normalized maximum velocity versus
the relative variation of each studied variable

ference in the wall, θW , is:

θW =−1.50 ·10−3 +5.59 ·10−7 ·Ha+4.91 ·10−7 ·Re

+6.32 ·10−10 ·Gr−1.40 ·10−2 ·GrR (12)

(6) Maximum temperature gradient, ∇θW , results
in the expression:

∇θW =−1.42 ·10−2 +5.02 ·10−6 ·Ha+3.81 ·10−6 ·Re

+5.81 ·10−9 ·Gr−6.96 ·10−2 ·GrR (13)

It is also similar to the previous two parameters (see Figure
16), with the difference of a marginal higher influence of Re
with respect to Ha number.

Figure 15: Relative variations of the bulk temperature difference and the
wall temperature difference (◦C or K) versus the relative variation of each
studied variable

(7) Dimensionless pressure drop coefficient kp shows
a linear relationship such as:

kp = 1.56 ·10−3 −2.93 ·10−7 ·Ha−4.46 ·10−9 ·Re

+1.94 ·10−12 ·Gr−1.15 ·10−5 ·GrR (14)

Figure 16: Relative variation of the wall temperature gradient (◦C/m or
K /m) versus the relative variation of each studied variable

It is highly dependent on the Ha number as expected given
its tendency (1/Ha). The higher Ha number the lower the
kp value, as explained in [30] for insulating channels.

Figure 17: Relative variation of the dimensionless pressure drop versus
the relative variation of each studied variable

The sensitivity analysis, though limited to the range
of studied values, provides a useful insight on the order
of magnitude of the sensitivity of each of the parameters
of interests to the chosen dimensionless variables, helping
identify the most influencing among the latter.

The results indicate the negligible influence of the cw in
the range of values analyzed. They also indicate the very
high influence of the Gr number in all variables associated
with θ. Vorticity and dimensionless pressure drop is highly
affected by the Ha number. Nusselt number and maximum
velocity are influenced in a similar order of magnitude by
the differences studied in GrR, Ha, Re and Gr number.

An interesting result that may be open for debate is the
validity of the standard definition of the Nusselt number
in the type of cases studied in this work. The temperature
distribution shows a higher temperature on the wall of in-
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terest than the average temperature of the fluid. Since the
fluid next to the wall is hotter than the wall, it causes a
negative value of the Nusselt number. With the appropri-
ate set of variables, average temperature on the fluid and
on the wall may result on the same value, showing an in-
finite Nusselt number. The physical interpretation of such
result would be confusing.

The multi-material φ-MHDFoam code has demonstrated
to be a powerful tool to capture the fully-developed buoyant
MHD phenomenon. The method to generate the 32 cases of
interest for the parametric scan has been automated for
this work. Future access to HPC resources will easily al-
low to expand the number of simulations to run. With a
large number of simulations, results can be correlated and
further used by DCLL engineers in preliminary designs.

6. Conclusions

The buoyant fully developed φ-MHDFoam [20] has been
successfully validated with a benchmark case [9]. It has
been adapted to multi-region cases and has been applied
successfully to the latest EU-DCLL design proposal.

The code performance has been optimized and simu-
lations with the new code run orders of magnitude faster
while guaranteeing accuracy.

A sensitivity analysis has been carried out through a
set of 32 simulations in order to analyze the influence of
5 dimensionless variables (Ha, Re, Gr, GrR and cw) that
characterize the case on 7 parameters of interest (Nusselt
number, maximum vorticity, maximum velocity, maximum
temperature in the bulk and in the wall, maximum temper-
ature gradient in the solid wall and dimensionless pressure
drop coefficient (kp)).

The increase of Re and Ha tend to reduce the steepness
of the velocity profile and the vorticity, and reduce temper-
ature differences. Increasing the Gr enhances steepness in
the flow profile and in the temperature field. The conclu-
sions are aligned with the observations made in the recent
work by Rhodes et. at. [19]. The influence of the selected
variables over the temperature gradients of the ceramic
walls have been found out for the first time in a buoyant
MHD analysis.

The range of values in which the fully-developed as-
sumption applies is still uncertain. Future investigations
(currently under development in our group) will clarify un-
der which combination of dimensionless parameters the buoy-
ant MHD flow regime may be considered 2D and fully de-
veloped. In future works, the 2D fully-developed approach
will be applied for dimensionless parameters closer to the
limits of the validity of such assumption. This research line
will help to retrieve heat transfer correlations for system
design purposes.

More investigations are required in fully-developed and
3D flows to retrieve heat transfer correlations for system
design purposes.
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