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Abstract

In PbLi based breeding blanket concepts, tritium is produced inside the liquid metal and drag out of the reactor by
the liquid metal flow. However, undesired permeation through the channels and pipes walls occurs spontaneously
since tritium naturally diffuses in the opposite direction of the concentration gradient. This way tritium can reach the
blanket coolant circuit or even the exterior with an impact on the tritium self-sustainability and the safety of the plant.
Similarly to heat transfer processes, permeation through the walls in the interface between the flow and the steel is
mostly affected by the dynamics of the boundary layers. This is ruled by the electrical coupling between the moving
conductor and the conducting walls as a result of the Magnetohydrodynamics (MHD) interactions which dominate
the flow dynamics. In this work, the connection between the MHD forces and tritium transport is numerically studied
using the simulation platform ANSYS-Fluent. The velocity profiles of a PbLi test channel have been firstly computed
in a wide range of Hartmann numbers from 102 to 104. These velocity profiles are then applied to a 3D tritium transport
model developed with the customization capabilities of the same platform. A series of tritium transport simulations
are carried out considering different permeation regimes: surface-limited, diffusion-limited and intermediate regimes.
The development of the concentration boundary layers along the channel is studied in different permeation regimes,
magnetic fields and velocity fields. This has allowed correlating the Sherwood number (Sh) with the Hartmann (Ha),
Reynolds (Re) and permeation numbers (W).
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1. Introduction

Future fusion reactors by magnetic confinement will
include a breeding blanket system able to, among other
functions, regenerate the tritium burnt in the plasma.
The tritium generated in this system has to be dragged
out of the reactor for being processed, stored and even-
tually reinjected in the plasma. This way, the blanket
and the rest of the systems associated to the tritium fuel
cycle have to be designed to accomplish the so called
tritium self-sustainability of the plant. Tritium perme-
ation from the breeder to the blanket coolant loop or to
the environment can threaten this function. Moreover,
since tritium is a radioactive element, these losses can
compromise the safety of the installation.

Some of the most promising breeding blanket con-
cepts are based on a liquid alloy of Pb and Li that acts
as the breeder, the neutron multiplier, the tritium car-
rier and provides shielding. This is the case of three of
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the concepts developed within the framework of EU-
ROfusion [1] in the last years: the Helium Cooled
Lithium Lead (HCLL) [2], the Dual Coolant Lithium
Lead (DCLL) [3] and the Water Cooled Lithium Lead
(WCLL) [4]. The later has been selected also for the
Test Blankets Modules (TBM) program of ITER [5].
Therefore, a good understanding of the tritium trans-
port phenomena from the PbLi to the solid materials is
crucial for obtaining accurate predictions of the tritium
behavior.

Tritium transport models aims at estimating the tri-
tium permeation rates and inventories in the different
locations of the blanket and the rest the associated sys-
tems. In particular, system level models allow comput-
ing the global tritium dynamics and they are important
tools to evaluate the performance of any blanket con-
cept and design [6, 7]. However, system level mod-
els describe very big systems which means that they
have to introduce several assumptions and simplifica-
tions. These can lead to important uncertainties in the
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results as it has been observed in the sensitivity analyses
performed with these models [8, 9].

Some of the uncertainties come from the experimen-
tal dispersion of a specific material property (e.g. the
tritium solubility in Pbli [10]), others come from the
lack of technological developments and prototypes of
some parts of the system (e.g. the tritium extraction
techniques [11, 12]). There is also an important uncer-
tainty related to the simplifications of the multi-physical
phenomena involved in the transport processes. This
is the case of the tritium permeation through the MHD
boundary layers (BLs) in liquid metal channels which is
a process that is neglected on most system level analy-
ses.

The mass and heat transfer phenomena through the
BL have been studied in the past in hydrodynamic con-
ditions (e.g. [13, 14]). Nevertheless, in breeding blanket
applications the liquid metal dynamics is dominated by
the MHD forces. These modify both the thickness and
the shape of the velocity BLs and will have unavoidably
an important impact on tritium permeation through the
channel walls. Indeed, the effect of the magnetic field
has been already observed in heat transfer experiments
an analyses at relatively low intensities [15, 16].

Some of the past tritium transport models at system
level included the effect of diffusive BLs with simi-
lar thickness than the MHD velocity layers [8]. This
first approach most likely underestimates the perme-
ation rate since the mass BLs are expected to be sig-
nificantly thinner than the MHD ones. There are corre-
lations for estimating the mass transfer coefficient that
have been successfully applied to transport models in
subsystems out of the blanket [17]. However, these cor-
relations are not expected to be valid once the fluid dy-
namics is altered by the magnetic field.

In this paper, a comprehensive numerical study of the
mass transport phenomena through pure MHD BLs in
a test square-section channel is presented. The channel
is immersed in a constant magnetic field transversal to
the flow. A constant tritium concentration is imposed
at the inlet of the channel while perfect vacuum con-
ditions are applied to the external side of the channel
walls (figure 1). Part of the incoming tritium will per-
meate through the channel walls while the rest leaves
the system through the channel outlet.

Both MHD simulations and mass transfer simulations
have been conducted with the finite volume method
software ANSYS-Fluent. A total of 161 simulations
have been carried out to cover wide ranges of the Hart-
mann number (Ha), the Reynolds number (Re) and the
permeation number (W). The thickness and shape of
the mass BLs are analyzed and the averaged Sherwood

Figure 1: Test channel used for analyze the mass transfer phenomena

number (Sh) is obtained for each combination of param-
eters.

2. MHD computations

From the MHD point of view, the problem is treated
using a fully developed flow approximation. This kind
of MHD fully developed models have been used in
fusion applications [18, 19]. Since the MHD forces
strongly suppress the inertial effects and buoyancy
forces, this approximation is expected to be valid in
some straight channels of the breeding blanket. In-
deed, the MHD flows remain laminar even at the high
Reynolds numbers that can be found in the blanket
channels. This laminarization is observed when Re .
250Ha [20]. The square of the Hartmann number (Ha)
represents the ratio between Lorentz and viscous forces:

Ha := aB0

√
σ

η
(1)

Where a is the characteristic length of the problem,
B0 is the applied magnetic field, σ is the conductivity of
PbLi and η its dynamic viscosity.

The fully developed approximation reduces the orig-
inal system of 6 equations and 6 variables (the three
components of the velocity field and the three compo-
nents of the induction magnetic field) to a system of 2
equations and 2 variables:

η
(
∂xxu + ∂yyu

)
− ∂z p +

B0

µ
∂yBi = 0 (2)

µ−1
(
∂x

(
σ−1∂xBi

)
+ ∂y

(
σ−1∂yBi

))
+ B0∂yu = 0 (3)

The computational problem is written in terms of the
axial velocity (u) and the induced magnetic field (Bi)
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Figure 2: Fully developed MHD velocity profile in a square section
channel with conductive walls

which lays parallel to the flow (z coordinate). In fully
developed flows, the pressure gradient (∂z p) is constant.

The system of equations (2)-(3) has been solved nu-
merically using the platform ANSYS-Fluent. A verifi-
cation exercise of this kind of fully developed models
in Fluent has been carried out using Shercliff and Hunt
analytical solutions [19]. Besides, there have been val-
idations works of the MHD Fluent solver against ex-
periments [21] and a successful benchmarking activity
against another 4 codes [22].

The numerical solution for the fully developed MHD
flow with conductive walls is well known. The Lorentz
forces produce a flat core flow while two different kinds
of BLs are developed (figure 2). On the one hand, the so
called Hartmann BLs have a similar shape than the hy-
drodynamic layers but much thinner. On the other hand,
thin high velocity jets are developed in the so called side
BL. The thickness of the BLs and the intensity of the jet
depend on value of Ha. The Hartmann BL thickness
is of the order of a/Ha while the side BL thickness is
of the order of a/

√
Ha. The computed MHD BLs are

exposed in figure 3 and figure 4 for different values of
Ha. The flow is presented normalized by the average
velocity u0.

The intensity of the side jets depends not only on
Ha but also on the product on the wall thickness (tw)
and the wall conductivity (σw). More precisely, this
influence is determined by the wall conductivity ratio
(Cw = σwtw/σa) which is typically of the order of 10−2

taking into account the conductivities of PbLi [23] and
the wall steel.

Figure 3: Normalized velocity profile at the side BL for different Ha

Figure 4: Normalized velocity profiles at the Hartmann BL for differ-
ent Ha

Since the shape and the thickness of both kinds of lay-
ers are very different between each other, it is expected
that the mass transfer through the Hartmann walls and
the side walls would be different as well (even when
the wall surfaces and thicknesses are the same). As a
consequence, tritium permeation through the Hartmann
and Side layers has to be analyzed independently. This
means that two different mass transfer coefficients (and
Sherwood numbers) are defined for this problem: one
for the Hartmann layers and one for the side layers.

3. Mass transfer model

The fully developed MHD velocity profiles (u(x, y, z))
are used as an input for mass transfer simulations. The
tritium transport problem is described by the mass con-
tinuity equation:

∂tc + ∂i(uic − D∂ic) = S (4)

Where c(x, y) is the tritium concentration field, D is
the diffusivity constant of the medium and S are the pos-
sible sink and sources. In the test channel analyzed,
no volumetric sources or sinks have been considered
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(S = 0). The steady state is reached when the temporal
term of the equation banishes.

Equation (4) is valid in both the solid and fluid do-
mains. In the former one, the advection term is zero
(u = 0). Differently from the heat transfer problems, the
concentration field is not a continuous function across
the interface fluid/solid. In agreement with Sieverts’
law, there is a discontinuity in the concentration field
that is given by the tritium solubility (Ks) at both sides
of the interface:

(
cw

Ks

)
solid

=

(
cw

Ks

)
f luid

(5)

−Dsolid∂ncw = −D f luid∂ncw (6)

Where cw refers to the value of the concentration field
at the internal side of the wall. The discontinuity (5) is
a consequence of the equalization of the partial pres-
sure at both sides of the interface. The tritium flux
(Ji = −D∂ic) is logically continuous across the inter-
face which ensures mass conservation. The concentra-
tion discontinuity can be treated numerically imposing
internal boundary conditions. This can be done in Flu-
ent using the so called User Defined Functions (UDFs)
in a similar manner that was performed in [24]. How-
ever, in this work an alternative approach has been em-
ployed based in the following change of variable:

ψ :=


c

K solid
sw

xi∈solid

c
K f luid

sw
xi∈ f luid

(7)

Where K solid
sw and K f luid

sw are the solubility at the solid-
fluid interface evaluated at the solid and fluid sides, re-
spectively. Therefore, the new scalar field (ψ) is defined
differently when it is evaluated in the solid or fluid do-
mains. It has units of Pa0.5 and it is continuous across
the interface fluid-solid by definition. The tritium flux
can be written in terms of the new scalar as follows:

Ji = −D∂i(Kswψ) = −D(Ksw∂iψ + ψ∂iKsw) (8)

The change of variables is useful when ψ∂iKsw �

Ksw∂iψ. This is verified when the wall solubility
changes little, both in the solid and fluid sides. In the
channel studied in this work this condition is fulfilled
since constant average properties have been assumed
(∂iKsw = 0).

In this circumstances, the flux of the new scalar can
be defined as a continuous function across the wall in-
terface whose diffusivity is defined as: Φ = Ksw · D.
The property Φ can be identified with the material per-
meability.

ψw |solid = ψw | f luid (9)
−D · Ksw∂nψw |solid = −D · Ksw∂nψw | f luid (10)

Finally, the evolution equation of the scalar field in
the steady state can be derived from the continuity equa-
tion:

∂i(Ksw · uiψ − Ksw · D∂iψ) = 0 (11)

This equation is solved for the steady-state situation
using the customization capabilities of Fluent. It is pos-
sible to define what it is called a User Defined Scalar
(UDS) which evolves following a generic convection-
diffusion equation [25]. The different terms of the equa-
tions can be defined as desired. In this case, the diffu-
sivity term is given by D ·Ksw while the convection term
is given by the field Ksw · ui.

This way the problem can be solved without introduc-
ing internal boundary conditions. The change of vari-
ables (7) is reverted at the end of the simulation.

The final piece of the model is the boundary condition
at the external side of the channel wall (Je). In this kind
of interface, dissociation and recombination processes
of molecules take place [26]:

Je = 2(σk1 pT 2 − σk2c2
e) (12)

Where k1 and k2 are the dissociation and recombi-
nation constants of the wall material, σ is the sticking
coefficient of the surface, pT 2 is the partial pressure of
molecules outside the channel and ce is the concentra-
tion at the external side of the wall. The factor 2 is
present because for each T2 molecule that dissociates
of recombines, 2 tritium atoms enter or leave the solid.

In the present analyses it is assumed that the dissoci-
ation flux is negligible in comparison with the recombi-
nation flux. This represents for example, a situation in
which there is a very big volume at the other side of the
channel. This can represent also a situation in which an
external flow (typically the coolant) removes the perme-
ated tritium rapidly. In both cases, the partial pressure
of molecules is expected to be close to zero.

After the change of variables, the recombination
boundary condition for the scalar field ψ depends on the
dissociation constant (K2

s := k1/k2):
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Je = −2σk2K2
sψ

2
e = −2σk1ψ

2
e (13)

Condition (13) is included in the Fluent model using
a dedicated UDF. A verification exercise of the imple-
mentation of the recombination boundary condition can
be found in [27].

A scheme of the mathematical model solved in this
work in the fluid and solid domains is exposed in fig-
ure 5.

Figure 5: Scheme of the mathematical model solved for the scalar
field ψ with a sketch of the solution for the ψ field (red curve) and
tritium concentration field (blue curve)

4. Mass boundary layers

The velocity BLs produce variation in the advective
term of the mass continuity equation (ui∂ic) which are
responsible of the mass BLs formation. When perform-
ing 1D transport analyses, it is useful to simplify the
transport through the BL by linearizing the flux normal
to the wall [17]:

J = Kt(c0 − cw) (14)

The flux depends only on the difference between the
concentration at the core (c0) of the flow and the con-
centration at the interface with the wall (cw). The pro-
portionality constant is called the mass transfer coeffi-
cient. If the mass transport in the system is dominated
by diffusion the mass transport coefficient tends to the
diffusivity over the characteristic length (Kt → D/a). If
the advection effects are not negligible, the mass trans-
fer coefficient is higher. The ratio between the advective
mass transfer and diffusion mass transfer is given by the
Sherwood number (Sh):

Sh :=
Kt · a

D
(15)

The total permeation phenomenon is not only af-
fected by the transport in the liquid metal but also by
the permeation through the solid walls. This is heavily
affected by the permeation regime of the system. This
regime is determined by the relative weight of the sur-
face phenomena with respect to the diffusion through
the solid bulk.

The steady state flux through a rectangular mem-
brane, with thickness t, constant concentration c at one
side of it and recombination boundary condition at the
other (equation (13) with p = 0), can be written as fol-
lows [27]:

J = D
c
t

1 +
1 −
√

1 + 8W
4W

 (16)

W =
σk2ct

D
(17)

W is a dimensionless number that has the same con-
ceptual meaning than the permeation number originally
defined for membranes between two gases [28]. When
W � 1 the surface processes are much slower than
the diffusion through the membrane and the system is
in surface-limited regime. In the other limiting case,
when W � 1 the diffusion processes are much slower
than the surface ones which can be assumed as instanta-
neous (diffusion-limited regime). Only in the later lim-
iting case, the mass transport phenomenon is analogous
to heat transfer.

In the channel studied in this work, it is of interest to
relate the permeation regime of the channel wall with
the concentration scale in the PbLi. For this reason, the
ratio between the fluid and solid solubilities has been
introduced in the definition of the permeation number.
The core concentration has been taken as the concen-
tration scale in the PbLi instead of the interface con-
centration since it is the variable that could normally be
measured and controlled.

W :=
σk2c0tw

D
Ks solid

Ks f luid
(18)

Since the velocity BL formation depends on the in-
ertial, viscous and MHD effects, the Sherwood number
must depend on the Reynolds and Hartmann numbers.
Moreover, the permeation regime modifies the bound-
ary condition in the external side of the wall. Therefore,
Sh is expected to depend also on W.
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It is worth noting that the mass transfer coefficient
and the boundary layer thickness are closely related.
The higher the mass transfer coefficient is, the thin-
ner the BL. Inside the channel the BL thickness would
grow with the axial coordinate. Moreover, this thick-
ness would also vary crosswise since the velocity pro-
file also does. Therefore, both the BL thickness and the
mass transfer coefficient present a spatial dependence
(Kt(x, y, z)).

Due to this dependency, it is sometimes convenient to
define average mass transfer coefficients at the surface
of interest (Ω):

〈Kt〉 =

∫
Ω

Ktds∫
Ω

ds
=

1
A

∫
Ω

Jn

c0 − cw
ds (19)

Where A is the area of the surface. In this paper, aver-
age mass transfer coefficients have been computed using
the numerical values of fluxes and concentrations in the
interfaces PbLi/wall. These are used to compute 〈Sh〉
for each kind of interface and to find the dependency on
Re, Ha and W. The first 5 characteristic lengths of the
channel have not been included in the averaging in order
to avoid edge effects.

Since the Hartmann and side BLs have different
thicknesses and shapes, two kinds of Sherwood num-
bers have been defined in this system: The side Sher-
wood number denoted by 〈Sh〉side and the Hartmann
one, denoted by 〈Sh〉Ha.

5. Computational results

The analyses performed consider a broad range of Re,
Ha and W numbers. These are selected to include rel-
evant conditions for PbLi based breeding blanket ap-
plications: Re ∈ [5 · 102, 105] , Ha ∈ [102, 104] and
W ∈ [10−3, 103].

The thickness of the BLs and their development from
the inlet of the channel towards the outlet depends on the
conditions imposed (Ha, Re and W). Quantitatively, the
differences between the different cases can be notorious.
However, the results are qualitatively similar. In every
case, two different kinds of mass BLs are formed as a
result of the differences between the velocity BLs: The
side mass BLs and the Hartmann mass BLs.

Considering for example a scenario with Re = 104,
Ha = 103 and W = 103 (diffusion-limited regime), fig-
ure 6 depicts the concentration field in the channel walls
(liquid metal side). The shape of the concentration con-
tours is different for the Hartmann and side walls. In

Figure 6: Concentration field in the wall of the channel (fluid side) for
Re = 104, Ha = 103 and W = 103

both cases the concentration falls with the axial coordi-
nate (z) but at a different rate. Moreover, the contours
have a different dependence with the cross-sectional co-
ordinates (x, y). On the one hand, the flat velocity profile
next to the Hartmann layers, produces also a uniform
concentration profile along the direction perpendicular
to the magnetic field (x). On the other hand, at the side
mass BLs the concentration exhibits a curvature along
the direction parallel to the magnetic field (y). This is a
consequence of the shape of the velocity jet at the side
BLs (figure 2).

A clearer picture can be obtained when plotting the
concentration along lines perpendicular to the channel
walls and across the BLs. This view is exposed in fig-
ure 7 and figure 8 for a case with Re = 103, Ha = 5 ·103

and W = 1 (intermediate permeation regime). The dis-
continuity in the concentration introduced by the solu-
bility ratio can be clearly observed. In this work, this
ratio is set to 1.217 which is the ratio between the tri-
tium solubilities of EUROFER steel [29] and PbLi [30]
at 350 oC.

In this paper, the thickness of the BLs (δ) have been
defined as the thickness for which the concentration has
dropped 10% of the concentration difference between
the core concentration (c0) and the concentration at the
wall (cw = c(x = a)):

[c(x = δ) − cw] = 0.9 · [c0 − cw] (20)

Figure 9 and figure 10 depict the shape of the bound-
ary layers at three different axial locations. The BLs
thickness present a decelerated growth along the flow
direction. In the corners of the channels the shape of the
two kinds of mass BLs are combined creating interme-
diate forms.

In this case, the layers are relatively thin, around 1%
or 2% of the characteristic length of the problem. This
would imply relatively high mass transfer coefficients
(and Sh). For smaller Re, the BL thickness is close to
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Figure 7: Concentration profile along a central line perpendicular to
the side wall (y = 0) at different axial positions (Re = 103, Ha =

5 · 103, W = 1)

Figure 8: Concentration profile along a central line perpendicular to
the Hartmann wall (x = 0) at different axial positions (Re = 103,
Ha = 5 · 103, W = 1)

the 8% of the characteristic length. Figure 11 expose
the axial dependency of the BL thickness. In this case,
the mass Hartmann BL is thicker than the side one but
this is not true in every condition as it is shown in the
following sections.

6. The effect of the Reynolds number

In this work, 5 different values of Re have been con-
sidered: Re = 5 · 102, 103, 5 · 103, 104, 5 · 104 and 105.
The high values of Re are characteristic of the feeding
and collecting manifolds and pipes of fusion breeding
blankets.

In the cases considered in the analyses, Re remains
below the limit Re < 250Ha. For Re below the limit, the
Hartmann boundary layers are expected to be fully lam-
inarized [20]. However in some breeding blanket ap-
plications, a quasi-2-dimensional (Q2D) turbulence be-
havior can arise in the side BLs for Re values below the

Figure 9: Cross-section shape of the mass side BLs at different axial
positions for Re = 104 Ha = 103 and W = 103

Figure 10: Cross-section shape of the mass Hartmann Bls at different
axial positions for Re = 104 Ha = 103 and W = 103

Figure 11: Mass BL thickness at the center of the Hartmann and side
walls. (Re = 104, Ha = 103 and W = 103)

limit, specially when buoyancy effects are considered.
This means that some cylindrical vortical structures can
appear aligned with the magnetic field close to the side
BLs. The magnetic field tends to suppress those struc-
tures quite effectively as well [31] but their appearance
depends also on the strength of the buoyancy interaction
(Grashof number).

The effect of Q2D turbulence and other instabilities in
the side layers cannot be reproduced with a fully devel-
oped velocity profile and their influence on mass trans-
fer is not included in the present analyses. The insta-
bilities and Q2D vortexes are expected to increase the
mass transfer in comparison with the fully laminarized
solution.

The effect of changing Re is different for the side and
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Hartmann BLs. This can be observed in figure 12 and
figure 13. These depict the development of the BLs
along two curves placed at the central part of the side
wall (y = 0) and at the central part of the Hartmann wall
(x = 0), respectively. Results correspond to a diffusion-
limited regime situation (W = 103).

Figure 12: Central side mass BL for Ha = W = 103

Figure 13: Central Hartmann mass BL for Ha = W = 103

As expected, the higher the Re is the thinner the Bls
are. In this scenario, the Hartmann BLs grow in thick-
ness faster than the side BLs. This means that the per-
meation through the side BLs is higher than through
the Hartmann layer. However, this statement cannot be
generalized for every conditions. For example, the dif-
ference between both kinds of layers mitigates at high
Re where both become quite thin and comparable (spe-
cially for moderate Ha).

The effect of the Re cannot be separated easily from
the effect of the magnetic field. This coupling is a conse-
quence of the shape of the MHD profiles which creates
BLs very different from the hydrodynamic ones. Fig-
ure 14 depicts 〈Sh〉 computed for the Hartmann and side
BLs at different Ha and Re in surface-limited regime
(W = 10−3).

In general, both the Ha and the Re enhance mass
transfer through the BLs since they strengthen the effect
of advection. Due to the formation of the high veloc-
ity jets (figure 3), the mass transfer through side BLs is
boosted by the increase of the magnetic field. In con-
trast, an increase of Re has a comparable effect on the
permeation through the Hartmann and side BLs. These

qualitative statements are found valid for every perme-
ation regime.

For all values of Ha and W considered in this work,
the same kind of dependence of 〈Sh〉 on Re is obtained.
The usual power function fits accurately the results of
simulations. However, the parameters of the fittings de-
pend importantly on the specific Ha and W considered.
Therefore, it is possible to write the first piece of a com-
plete correlation as follows:

〈Sh〉Ha/side ' Sh0(Ha,W) · Reα(Ha,W) (21)

Naturally, the functions Sh0(Ha,W) and α(Ha,W)
have two different versions, one for the Hartmann BLs
and one for the side ones. The range of the obtained ex-
ponents are a consequence of the laminarization of the
flow. Indeed, the exponents are contained in between
1/3 and 1/2 which are in agreement with classical cor-
relations of heat transfer in laminar flows that predict
an exponent of 1/3 [32]. In fact, the simulation with
the conditions closer to laminar heat transfer conditions
(Ha = 102 and W = 103) presents exponents close to
1/3: αHa ' 0.39, αside ' 0.36. In every simulation, the
results are far from the predictions of the correlations
for turbulent flows which consider exponents between
0.8 and 0.95 [13, 33, 34].

7. The effect of the Hartmann number

In the previous section it is mentioned that an increase
of the external magnetic field enhances the mass trans-
fer phenomena. This is caused by two different effects.
Firstly, the magnetic field drastically reduces the thick-
ness of the velocity BLs. This introduces a reduction of
the mass BLs thickness with the corresponding increase
of the permeation rate. This effect is dominant in the
Hartmann BLs and it is particularly notorious when go-
ing from small Ha to moderate Ha. However, since the
thickness of the Hartmann BL scales with Ha−1, it does
not change significantly once Ha is high. This satura-
tion can be well observed in figure 15: Increasing the
magnetic field produces an increase of the permeation
(represented by the concentration slope in the solid) but
this effect saturates when reaching high Hartmann num-
bers (Ha > 103).

The second effect is caused by the velocity jet pro-
duced by the MHD interaction. Having high veloc-
ity regions located very close to the permeation surface
boosts the mass transfer via advection. This effect is
expected to be dominant at high Ha since the velocity
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Figure 14: 〈Sh〉 as a function of Re for different Ha in surface-limited regime (W = 10−3)

Figure 15: Concentration profile across a central line perpendicular
to the Hartmann wall (x = 0) at the axial position z/L = 0.75 for
different values of Ha. The conditions are Re = 104 and diffusion-
limited regime (W = 103)

jets are more intense the higher Ha is (figure 3). There-
fore, an advection dominant mass transfer (i.e. high Sh)
through the side BLs is expected at high Ha. The en-
hancement of the permeation through the side BLs due
to the magnetic field can be observed in figure 16.

The differences between both kind of BLs and the ef-
fects that dominates the permeation through them affect
the mass BL thicknesses as exposed in figure 17 and
figure 18. On the one hand, the thickness of the mass
Hartmann BL scales with ∼Ha−1 exactly as the velocity
BL. On the other hand, the thickness of the mass side
BL scales with ∼Ha−0.14 which is different than the ve-
locity one (Ha−0.5). This difference is due to the velocity

Figure 16: Concentration profile across a central line perpendicular to
the side wall (y = 0) at the axial position z/L = 0.75 for different val-
ues of Ha. The conditions are Re = 104 and diffusion-limited regime
(W = 103)

jet whose intensity increases the mass transfer through
the side BL.

The saturation of the mass Hartmann layer thickness
is also present in the dependence of 〈Sh〉Ha on Ha. Re-
sults in diffusion-limited regime (W = 103) are exposed
in figure 19. This dependence is in qualitative agree-
ment with previous heat transfer calculations of laminar
flows in insulated pipes [35].

Complementary, figure 20 depicts the dependence of
〈Sh〉side on Ha. In this case, 〈Sh〉 increases faster but
there is also a saturation effect at high Ha. This sat-
uration is significantly slower than in the Hartmann
BLs. As a consequence, the permeation rates are higher
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Figure 17: Side mass boundary layer thickness as function of the axial
position in the central part of the wall (y = 0). The conditions are
Re = 104 and diffusion-limited regime (W = 103)

Figure 18: Harmnann mass boundary layer thickness as function of
the axial position in the central part of the wall (x = 0). The conditions
are Re = 104 and diffusion-limited regime (W = 103)

Figure 19: Average Sherwood number in the Hartmann BL for differ-
ent Re as function of Ha (W = 103)

through the side BLs except when Ha is small.

Figure 20: Average Sherwood number in the side BL for different Re
as function of Ha (W = 103)

With the aim of finding a correlation for the Sher-
wood number (〈Sh〉 = f (Re,Ha,W)), the results of the
simulations at different Ha have been used for find-
ing a fitting for the functions Sh0(Ha,W) and α(Ha,W)
present in equation (21). As obtained in [15] for heat
transfer in pipes under magnetic field, it was found that
rational expressions provide good fittings for both kind
of functions:

Sh0(Ha,W)Ha/side '
K(W) + b(W) · Ha

1 + c · Ha
(22)

α(Ha,W)Ha/side '
κ(W) + β(W) · Ha

1 + γ · Ha
(23)

In the limiting case of Ha → 0, the side and Hart-
mann BLs tend to regular hydrodynamic BLs. There-
fore, the following constraint has to be maintained:

〈Sh〉side (Re,Ha=0,W) =

= 〈Sh〉Ha (Re,Ha=0,W) (24)

As a result, during the fitting process it has been im-
posed that: KHa = Kside and κHa = κside. Figure 21
and figure 22 depict the functions Sh0 and α in surface
and diffusion-limited regimes, respectively. The sym-
bols represent the numerical data while the solid lines
represent the rational function (22) and (23). The do-
main has been extended far from the numerical cases to
observe the limit cases when Ha→0 and when Ha→∞.

The coefficients of the rational functions (22) and
(23) depend on the permeation number W. The
strongest dependence is found to be in K(W). However,
a weaker dependence is also found in the coefficients:
κ, b and β. The variations in the denominator coeffi-
cients: c and γ with W are found to be small. There-
fore, the same values are proposed for every permeation
regime. These are exposed in table 1.

Table 1: Constant parameters of the functions (22) and (23)

Hartmann BL Side BL

c 1.24 · 10−3 3.49 · 10−4

γ 2.04 · 10−3 4.68 · 10−4

8. The effect of the permeation number

The permeation phenomenon across the channel
walls is determined by the permeation regime. In this

10



Figure 21: Sh0 (21) as a function of Ha for surface-limited (W =

10−3) and diffusion-limited regime (W = 103). Symbols represent the
numerical results while solid lines corresponds to the rational fittings
found

Figure 22: α (21) as a function of Ha for surface-limited (W = 10−3)
and diffusion-limited regime (W = 103). Symbols represent the nu-
merical results while solid lines corresponds to the rational fittings
found

paper, 7 values of the permeation parameter have been
considered: W = 10−3, 10−2, 10−1, 100, 101, 102 and
103. Since the permeation through the wall and through
the BLs are affected by the external boundary condition,
it is expected that the permeation regime will have some
influence on the mass BLs formation.

In figure 23 it can be noticed the influence of W not
only on the concentration profile across the channel wall
but also across the side BL. The closer the system is to
the diffusion-limited scenario the highest the concentra-
tion drop (c0 − cw) in the BL is.

In relative terms, surface-limited scenarios present
the highest permeation flux and they will also present
the highest mass transfer coefficient through the BL.
However, in order to reach surface-limited regimes the
core concentration (c0) is usually very small. As a
consequence, the absolute fluxes are much higher in
diffusion-limited scenarios than in surface-limited sce-
narios.

Despite the very significant influence that W has on
the permeation flux, it is found that the influence on Sh
is significantly less important than either Ha or Re. This

Figure 23: Concentration profile along a central line perpendicular
to the side wall (y = 0) for different values of W (Re = 104 and
Ha = 103)

means that the permeation regime mostly changes the
concentration drop at the interface (c0−cw) but the effect
on the mass transfer coefficient is much more moderate.

Figure 24 depicts 〈Sh〉 as a function of W for two
different values of Ha. In both cases, 〈Sh〉 presents a
soft sigmoidal transition from the surface-limited to the
diffusion-limited scenario. It can be observed how the
effect of changing W is limited in comparison with the
strong effect of Ha in both the Hartmann and side BLs.

Figure 24: Sherwood number as a function of the permeation number
for two different values of Ha and Re = 104

The final pieces of the correlation (〈Sh〉 =

f (Re,Ha,W)), are the functions: K, κ, b and β. As men-
tioned in the previous section, the most important effect
of W on the global correlation is located in the function
K(W). Observing the behavior of figure 24 sigmoidal
functions have been tried for fitting the numerical re-
sults:

K(W) ' K0 +
δ

1 + ε ·W p (25)

The computational data fits very well the sigmoidal
function as it can be observed in figure 25.

The same kind of functions have been used also for
fitting κ, b and β. Only in the last case the sigmoidal
fitting is not as good as in the others but the variations
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Figure 25: Function K present in (22) and (23)

of β with W are much smaller. In fact, in the case of the
side layer, it is preferred to use a constant value instead
of a sigmoidal function for βside. The values of the co-
efficients coming from the fitting process are exposed in
table 2.

Table 2: Constant parameters of the functions (22) and (23)

K0 δ ε p

K 2.24 0.78 2.98 0.69
κ 0.36 −2.11 · 10−2 4.79 0.84
bHa 1.92 · 10−3 −5.20 · 10−4 0.01 −0.95
bside 2.73 · 10−3 8.83 · 10−4 2.73 0.98
βHa 1.10 · 10−3 −8.50 · 10−5 0.60 2.10
βside 1.78 · 10−4 0 0 0

With these coefficients, the correlations for both the
side and Hartmann BLs are complete. However, the
derivation of a general correlation valid in the whole do-
main of Re, Ha and W involves relatively complex func-
tions. During the fitting processes small deviations ap-
pear in some of the fitted functions at some parts of their
domains. At the end of the whole process these errors
sum up producing certain deviations between the Sher-
wood numbers obtained with the numerical data and
those obtained with the correlations. Figure 26 depicts
these deviations for different values of Re, Ha, W. The
highest obtained deviation is approximately 16% which
corresponds to the side BLs at low magnetic fields. In
the best cases scenario, the matching is very good with
deviation below 0.2%. In most of the cases, the devia-
tion is contained between 1% and 10%.

9. Conclusions

This work is a comprehensive numerical investiga-
tion of the tritium permeation phenomenon through the
MHD boundary layers of laminarized PbLi flows.

Fully developed MHD velocity profiles in conduct-
ing channels have been computed up to Ha = 104. The
different velocity profiles obtained have been used for
a series of steady state tritium transport computations.
Both steps have been carried on using the simulation
platform ANSYS-Fluent. The effect of changing the ve-
locity field (Re), the magnetic field (Ha) and the inlet
concentration field (W) has been studied.

The magnetic field is found to have a very signif-
icant influence on the developing of the mass BL. It
has been confirmed that the permeation process behaves
very differently across the two kind of MHD boundary
layers: the Hartmann layers and the side layers. The for-
mer ones are only affected by the layer thickness while
the later are also influenced by the presence of veloc-
ity jets. In general, the magnetic field importantly en-
hances the tritium permeation via the advection mech-
anism through the side BLs. However, it is important
noting that, if a volumetric tritium generation source is
considered inside the PbLi, the velocity jets will help re-
moving the tritium generated inside the side layer. This
effect should be studied in future developments.

Despite having a major impact on the permeation rate
through the channel walls, the permeation number af-
fects more weakly the mass transfer coefficients through
the BL. This means that the permeation number af-
fects tritium permeation rate primarily by changing the
concentration difference between the core concentration
(c0) and the concentration at fluid-solid interface (cw).

The averaged Sherwood number has been evaluated
using the fluxes and concentrations computed at the
channel walls interface. Except at very small Re and Ha,
the mass transfer is dominated by the advection mech-
anism. Indeed, 〈Sh〉 can reach values of the order of
102. As a result, significantly thin boundary layers are
developed in most of the studied cases.

A correlation between 〈Sh〉 and the other dimension-
less numbers has been found. Similarly to past cor-
relations derived for the Nusselt number, a power de-
pendence on Re and a rational dependence on Ha have
been found for the Sherwood number. In the case of
the dependence on W, a soft sigmoidal transition from
surface-limited regime to diffusion-limited regime has
been obtained. For this last dependence, there is no heat
transfer process analogous to surface recombination and
dissociation of molecules.

The values Re, Ha and W considered in the analy-
ses are relevant for PbLi based fusion breeding blanket
applications. Nevertheless, breeding blankets are more
complex systems that the test channel analyzed in this
work. Real PbLi flows in breeding blankets can deviate
from the fully developed approximation considered. In-
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Figure 26: Deviation between the averaged Sherwood number computed with the numerical data and with the correlations

deed, mixed-convection effects, Q2D turbulence or iner-
tial effects are expected to be present in some locations
of the PbLi flow path, depending on the design specifics.
Those effects are in principle expected to increase the
mass transfer through the channel walls via advection.
In addition, some blanket designs present electrical in-
sulation components, such as flow channel inserts or
ceramic coatings [36]. In principle, those components
should reduce the permeation rate as the ceramics are
typically good permeation barriers. All these effects
should be added in future simulations in order to ana-
lyze their impact on tritium transfer.

Acknowledgments

This work has been carried out within the framework
of the EUROfusion Consortium and has received fund-
ing from the Euratom research and training programme
2014-2018 and 2019-2020 under grant agreement No
633053. The views and opinions expressed herein do

not necessarily reflect those of the European Commis-
sion.

This work was partially supported by the comput-
ing facilities of Extremadura Research Centre for Ad-
vanced Technologies (CETA-CIEMAT), funded by the
European Regional Development Fund (ERDF). CETA-
CIEMAT belongs to CIEMAT and the Government of
Spain.

References

[1] L. Boccaccini, G. Aiello, J. Aubert, C. Bachmann, T. Barrett,
A. Del Nevo, D. Demange, L. Forest, F. Hernandez, P. Noraji-
tra, G. Porempovic, D. Rapisarda, P. Sardain, M. Utili, L. Vala,
Objectives and status of EUROfusion DEMO blanket studies,
Fusion Engineering and Design 109-111 (2016) 1199 – 1206.
doi:https://doi.org/10.1016/j.fusengdes.2015.12.054.

[2] G. Aiello, J. Aubert, N. Jonqures, A. L. Puma,
A. Morin, G. Rampal, Development of the helium
cooled lithium lead blanket for DEMO, Fusion En-
gineering and Design 89 (7) (2014) 1444–1450.
doi:https://doi.org/10.1016/j.fusengdes.2013.12.036.

13



[3] D. Rapisarda, I. Fernandez, I. Palermo, M. Gonzalez,
C. Moreno, A. Ibarra, E. Mas de les Valls, Conceptual design
of the EU-DEMO dual coolant lithium lead equatorial module,
IEEE Transactions on Plasma Science 44 (9) (2016) 1603–1612.

[4] A. Del Nevo, P. Arena, G. Caruso, P. Chiovaro, P. Di Maio,
M. Eboli, F. Edemetti, N. Forgione, R. Forte, A. Froio,
F. Giannetti, G. Di Gironimo, K. Jiang, S. Liu, F. Moro,
R. Mozzillo, L. Savoldi, A. Tarallo, M. Tarantino, A. Tas-
sone, M. Utili, R. Villari, R. Zanino, E. Martelli, Re-
cent progress in developing a feasible and integrated con-
ceptual design of the WCLL BB in EUROfusion project,
Fusion Engineering and Design 146 (2019) 1805 – 1809.
doi:https://doi.org/10.1016/j.fusengdes.2019.03.040.

[5] J. Aubert, G. Aiello, D. Alonso, T. Batal, R. Boullon, S. Burles,
B. Cantone, F. Cismondi, A. Del Nevo, L. Maqueda, A. Morin,
E. Rodrguez, F. Rueda, M. Soldaini, J. Vallory, Design and pre-
liminary analyses of the new water cooled lithium lead TBM
for ITER, Fusion Engineering and Design 160 (2020) 111921.
doi:https://doi.org/10.1016/j.fusengdes.2020.111921.

[6] P. W. Humrickhouse, B. J. Merrill, Tritium as-
pects of the fusion nuclear science facility, Fu-
sion Engineering and Design 135 (2018) 302 – 313.
doi:https://doi.org/10.1016/j.fusengdes.2017.04.099.

[7] E. Carella, C. Moreno, F. R. Urgorri, D. Rapisarda, A. Ibarra,
Tritium modelling in HCPB breeder blanket at a system
level, Fusion Engineering and Design 124 (2017) 687–691.
doi:https://doi.org/10.1016/j.fusengdes.2017.01.051.

[8] F. R. Urgorri, C. Moreno, E. Carella, D. Rapisarda, I. Fernández-
Berceruelo, I. Palermo, A. Ibarra, Tritium transport model-
ing at system level for the EUROfusion dual coolant lithium-
lead breeding blanket, Nuclear Fusion 57 (11) (2017) 116045.
doi:https://doi.org/10.1088/1741-4326/aa7f9d.

[9] A. Santucci, A. Ciampichetti, D. Demange, F. Franza, S. Tosti,
Tritium migration in HCLL and WCLL blanket s: Impact of tri-
tium solubility in liquid Pb-17Li, IEEE Trans. Plasma Sci. 42 (4)
(2014) 1053–1057.

[10] S. Fukada, T. Terai, S. Konishi, K. Katayama, T. Chikada,
Y. Edao, T. Muroga, M. Shimada, B. Merrill, D. K.
Sze, Clarification of tritium behavior in PbLi blanket
system, Materials Transactions 54 (4) (2013) 425–429.
doi:https://doi.org/10.2320/matertrans.MG201203.

[11] B. Garcinuño, D. Rapisarda, R. Antunes, M. Utili, I. Fernández-
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