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Code development for analysis of MHD pressure drop reduction
in a liquid metal blanket using insulation technique based

on a fully developed flow model
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Abstract

The paper presents details of a new numerical code for analysis of a fully developed MHD flow in a channel of a liquid metal
blanket using various insulation techniques. The code has specially been designed for channels with a “sandwich” structure
of several materials with different physical properties. The code includes a finite-volume formulation, automatically generated
Hartmann number sensitive meshes, and effective convergence acceleration technique. Tests performed atHa∼ 104 have showed
very good accuracy. As an illustration, two blanket flows have been considered: Pb–17Li flow in a channel with a silicon carbide
flow channel insert, and Li flow in a channel with insulating coating.
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. Introduction

High MHD pressure drop is a crucial point in almost
ll blanket concepts using liquid metal (Li or Pb–17Li)
s a work fluid. The substantial increase in the pressure
rop due to MHD effects can be caused by contact of

he liquid metal with the electrically conducting chan-
el walls. Unlike the flow in an ideally insulated chan-
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nel, where all induced currents are closed within
flow domain, in a non-insulated channel, the curr
can return through the walls. As a result, the elect
resistance of the wall is a very important parameter
influences the current path and the entire fluid flow
number of practical approaches have been develop
reduce the MHD pressure drop by insulating the c
ducting walls. For this purpose, thin (∼10−5 m) layer
coatings have been considered as insulation mea
the self-cooled lithium–vanadium blanket[1]. How-
ever, fabrication of thin insulating coatings with d
sirable insulation characteristics is still questiona
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A critical phenomenon that can limit the applicability
of such coatings is penetration of liquid metal through
the microscopic defects (cracks) in the coating, thus
resulting in a direct electrical contact between the liq-
uid and the electrically conducting walls[2–4]. An-
other potentially attractive approach is based on fabri-
cation of multi-layer coatings[5]. Such coatings consist
of several insulator layers “sandwiched” between thin
metallic layers. Recently, flow channel inserts (FCI)
made of silicon carbide composite (SiCf/SiC) have
been suggested for the electrical and thermal insula-
tion between the liquid breeder and the channel walls
[6]. This idea has been implemented in several dual
coolant blanket designs with Pb–17Li as a breeder
and ferritic steel as a structural material[7–9]. This
concept is also being considered as a candidate for
blanket tests in ITER[10]. The main advantages of
such FCIs is that SiCf/SiC has relatively low electrical
and thermal conductivity, allowing for sufficient reduc-
tion of induced electric currents and only insignificant
heat escape from the breeder region. As a result, one
can expect a relatively low MHD pressure drop and
high blanket thermal efficiency. At the same time, the
FCI does not serve as a structural element and carries
only static (its own weight) and secondary (thermal)
stresses, which are expected to be within the allowable
limits.

A number of numerical codes for fully developed
flows [11–16] have been developed over the last two
decades to address some issues related to the MHD
p ing
o the
e ic
fi ity,

and utilize either finite-difference[11,13–16]or finite-
element[12] methods. They also implement different
boundary conditions. The codes based on the induced
magnetic field formulation do not often resolve the
electromagnetic field in the solid. Instead, “a thin con-
ducting wall boundary condition”[17] is used at the
interface between the liquid and solid. Such an ap-
proach is generally not applicable to flows in an insu-
lated channel, which typically has a “sandwich” struc-
ture of several different materials with different physi-
cal properties. Other limitations of the codes include
insufficient testing and frequently observed conver-
gence problems at high Hartmann numbers,Ha∼ 103

to 105. The present approach combines the best fea-
tures of the previous codes and adds new features re-
sulting in an efficient and accurate MHD code that
allows for a numerical analysis of the MHD pres-
sure drop, velocity profile and electric current dis-
tribution in a liquid metal blanket when using vari-
ous insulation techniques. The paper describes the nu-
merical method used, mesh generation, and conver-
gence acceleration procedure. The code capabilities
are then illustrated with a number of blanket related
flows.

2. Formulation

We consider laminar flows of liquid metal through
a straight rectangular channel in a transverse (toroidal)
s
o a of
t
i all

F el with
F ualiza cooling
c

ressure drop in liquid metal flows in conduct
r insulated channels. The codes differ in using
lectric potential[11,12,14,16]or induced magnet
eld [13,15] as the main electromagnetic quant

ig. 1. Sketch of the cross-sectional area of the blanket chann
CI (0.005 m); (3) gap with Pb–17Li (0.002 m); (4) pressure eq
hannels.
trong uniform magnetic field,B0
z . As an illustration

f such a flow, a sketch of the cross-sectional are
he Pb–17Li blanket channel with the SiCf/SiC FCI
s shown inFig. 1. One can see that the channel w

FCI: (1) Pb–17Li flow in the central channel (0.3 m× 0.2 m); (2) SiCf /SiC
tion slot (PES) or hole (0.005 m); (5) ferritic wall (0.005 m); (6)
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has a typical “sandwich structure”. Usually there can
be several sub-domains with different physical proper-
ties, which can also differ drastically in size. Moreover,
the physical properties within a particular sub-domain
are not necessarily isotropic. For example electrical
and thermal conductivity of SiCf/SiC composites de-
pends on direction, demonstrating higher values along
the fibers. Some of the sub-domains are solid, such
as the ferritic wall, FCI or insulating coating. There
can also be liquid sub-domains. An example of a liq-
uid sub-domain (additionally to the flow in the cen-
tral channel) is the flow in the gap between the FCI
and the structural ferritic wall. The flow in the gap
can be electrically coupled with the flow in the cen-
tral channel since the SiCf/SiC insert is not a perfect
insulator.

Similar to previous codes, the flows are treated as
fully developed. All variables are independent of the
axial coordinatex, except for the pressure,P, which is
a linear function ofx. The problem can be described in
terms of the axial velocity,U, and the electric poten-
tial, ϕ. Another possible approach is based on the in-
duced magnetic field,Bx. This choice seems to be more
appropriate since some of the previous studies had re-
ported severe convergence problems at high Hartmann
numbers when using theϕ-formulation[14]. The first
author also has results showing some advantages of the
B-formulation, especially in the case of non-conducting
walls [13]. The governing equations that describe the
problem in terms of the velocity and induced magnetic
fi

ν

P the
c nter-
i tion
c

j

Hereµ0 is the magnetic permeability of vacuum,ν
the kinematic viscosity,ρ the density, andσ the elec-
trical conductivity. The notationsσx andσy are intro-
duced to show anisotropy inσ. Generally, the electri-
cal conductivity is a discontinuous function of the co-
ordinates. For example, the electrical conductivity of
SiC is four orders of magnitude lower than that of liq-
uid metal. In the code, the momentum equation(1) is
solved in the liquid only, while the induction equation
(2) is integrated over the whole domain, including all
liquid and solid sub-domains. The boundary condition
on the velocity is a no-slip condition at the interface
between the liquid and solid. The external boundary
condition onBx provides no induced magnetic field
at the outer boundary of the integration domain. The
internal boundary conditions can also be formulated
at the inner interfaces between the sub-domains with
different physical properties. However, in the present
code the internal boundary conditions are not used. In-
stead, the conservative properties are provided through
the conservation form of the induction equation (σ is
inside the derivative). This also allows continuous in-
tegration of the induction equation over the whole do-
main without iterating between solutions in different
sub-domains.

It is more convenient to rewrite Eqs.(1) and (2)
in a dimensionless form by using proper scales:
[z] = [y] = b is a length scale (b is the half of the flow
dimension in the direction of the applied magnetic
field); [U] = b2ν−1ρ−1(−dp/dx) is a velocity scale; and
[ d
m n as
f

H etic
fi di-
m ann
n
B

r al
v

eld are[15]:
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roviding the induced magnetic field is known,
omponents of the electric current density vector e
ng the Lorentz force term in the momentum equa
an be calculated as

y = 1

µ0

∂Bx

∂z
, jz = − 1

µ0

∂Bx

∂y
. (3)
Bx] = b2µ0(σ/νρ)0.5(−dp/dx) is a scale for the induce
agnetic field. The equations can then be writte

ollows:

∂2U

∂z2
+ ∂

2U

∂y2
+ 1 +Ha∂B

∂z
= 0, (4)

∂

∂z

(
σ̄z
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)
+ ∂
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(
σ̄y
∂B

∂y

)
+Ha∂U

∂z
= 0. (5)

ereB denotes the dimensionless induced magn
eld, while the same notations are used for the
ensionless velocity and coordinates. The Hartm
umber is built through the dimensionb: Ha =
0
zb(σ/νρ)0.5. The dimensionless parameterσ̄ is the

atio of the electrical conductivity of liquid to its loc
alue.
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3. Numerical method and computer code

3.1. Numerical scheme

A classic (rectangular) shape of the integration do-
main is a major factor that dictates the choice of a
numerical method. Due to the relatively simple ge-
ometry there is no direct need for using boundary fit-
ted coordinates or a finite-element method. Instead, a
control-volume technique based on non-uniform col-
located Cartesian meshes can be used, giving a reason-
ably simple but a pretty accurate approach. Both the
velocity and magnetic field are defined at the center of
the control-volume cell, while the fluxes are defined
at the center of the cell side. The approximations of
Eqs.(4) and (5)were then constructed using the finite-
volume formulation in the following form:

Un+1
i,j − Uni,j
�t

=
[(Un+1

i+1,j − Un+1
i,j )/(zi+1 − zi)] − [(Un+1

i,j − Un+1
i−1,j)/(zi − zi−1)]

0.5(zi+1 − zi−1)

+
[(Un+1

i,j+1 − Un+1
i,j )/(yj+1 − yj)] − [(Un+1

i,j − Un+1
i,j−1)/(yj − yj−1)]

0.5(yj+1 − yj−1)
+Ha

Bni+1,j − Bni−1,j

zi+1 − zi−1
+ 1,

(6)

Bn+1
i,j − Bni,j
�t

=
σ̄i+1/2,j[(B

n+1
i+1,j − Bn+1

i,j )/(zi+1 − zi)] − σ̄i−1/2,j[(B
n+1
i,j − Bn+1

i−1,j)/(zi − zi−1)]

0.5(zi+1 − zi−1)

+
σ̄i,j+1/2[(Bn+1

i,j+1 − Bn+1
i,j )/(yj+1 − yj)] − σ̄i,j−1/2[(Bn+1

i,j − Bn+1
i,j−1)/(yj − yj−1)]

0.5(yj+1 − yj−1)

w ol-
v a
d ma-
t d in
t
a nt in
t nde-
p

3

truc-
t loc-
i esh
s field

in the thin solid layers, such as the insulating coating,
and within the microscopic cracks. A special feature
of the flows considered is the formation of thin Hart-
mann layers (∼1/Ha) at the channel walls perpendic-
ular to the magnetic field, and secondary (side) layers
(∼1/Ha0.5) at the walls parallel to the magnetic field.
The Hartmann layers appear not only in the flow in the
central channel but also in the gap between the FCI
and the ferritic wall and in other liquid sub-domains.
As previous calculations showed, for reasonable accu-
racy it is necessary to have at least 7–10 mesh points
within the Hartmann layers. These requirements at high
Ha∼ 103 to 105 are very severe and can be satisfied
with only special non-uniform meshes, which cluster
the points in the gradient regions and provide smaller
mesh spacing near the walls at higherHa. Similar to

[ sent
c on
[

s

W
b
α s
i
a e
n
β he
+Ha
Uni+1,j − Uni−1,j

zi+1 − zi−1
,

here the effectivēσ is taken at the sides of the contr
olume cell. Although the electrical conductivity is
iscontinuous function of the coordinates, approxi

ion (7) reproduces the conservation law embedde
he induction equation[18]. Eqs.(6) and (7)include
n additional pseudo-time term, which is not prese

he original equations. The steady-state solution i
endent oft is sought by a relaxation technique.

.2. Computational mesh

Special attention has been paid to the mesh cons
ion. Such a mesh should take into account high ve
ty and magnetic field gradients in the flow. The m
hould also properly resolve the induced magnetic
(7)

13], such meshes were generated in the pre
ode with the following stretching transformati
19]:

= h (β + 2α)[(β + 1)/(β − 1)](s̄−α)/(1−α) − β + 2α

(2α+ 1){1 + [(β + 1)/(β − 1)](s̄−α)/(1−α)} .

(8)

ith this formula a uniform mesh̄sk (0 ≤ s̄k ≤ 1) can
e transformed into a refined meshsk (0≤ sk≤h). If
= 0, the mesh will be refined nears=h only, wherea

f α= 0.5, the mesh will be refined equally nears= 0
nds=h. The stretching parameterβ is related to th
on-dimensionless boundary-layer thickness (δ/h) by
= (1− δ/h)−0.5. In terms of the Hartmann number t
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last formula can be modified as follows:

β =




[
Ha

Ha− 1

]0.5

(to resolve Hartmann layers),

[ √
Ha√

Ha− 1

]0.5

(to resolve side layers).

(9)

Another transformation used in the code that refines
the mesh about some interior pointsc is given by the
following equation[20]:

s = sc
{

1 + sinh[τ(s̄− γ)]

sin h(τγ)

}
. (10)

In this formula,τ is the stretching parameter, which
varies from zero (no stretching) to large values that
produce the most refinement nears=sc. The parameter
γ is related toτ by

γ = 1

2τ
ln

[
1 + (eτ − 1)(sc/h)

1 + (e−τ − 1)(sc/h)

]
.

Transformation(10) is used for refining the mesh in
and around a crack in the insulating coating or within
the pressure equalization slot in the FCI.

3.3. Code

The code is written in Fortran. First, the code reads
the input data, such as a number of sub-domains,
their dimensions, physical properties, a number of
m step,
a um-
b r
e ner-
a olid
s
s us-
i ins
a both
s s a
r n the
g t the
s differ
s oth
s iffer
b sure
e , the
m g

Fig. 2. Example of a computational mesh generated for a blanket
channel with FCI atHa= 1000. The mesh is refined near the inter-
faces. Only corner region of about 1/200 of the whole domain is
shown. More clustering is in theZ-direction to resolve the Hartmann
layers.

parameterτ is adjusted to have sufficiently fine meshes
in the crack or PES area. An example of a refined mesh
is shown inFig. 2.

The code solves finite-difference equations(6) and
(7) using Alternative Direction Implicit (ADI) method
[21]. Eq.(6) is solved in the liquid sub-domains only.
First, the passes are performed in the OZ direction in
the gaps (if any), and then in the central duct and PES.
Then, the passes are performed in the OY direction in
the same order. However the sequence, in which passes
are performed, does not have a significant effect on the
code efficiency and is chosen for reasons of a more
compact code. Eq.(7) is solved over the whole do-
main. A special relaxation technique is used to accel-
erate convergence (see details in Section3.4). Applying
this technique is especially effective at high Hartmann
numbers (∼104) when the number of iterations reaches
105 to 106 and the computations take many hours. Af-
ter finishing the iteration, a dimensionless volumetric
flow rateQ is calculated in each liquid sub-domain by
integrating numerically the velocity distribution:

Q =
∫ ∫

U(z, y) dzdy. (11)

The dimensionless flow rate in the central channel flow
is related to the dimensional pressure gradient with the
esh points for each sub-domain, pseudo-time
nd convergence criteria. Then, the Hartmann n
ers and the stretching parametersβ are calculated fo
ach liquid sub-domain. After that, the code ge
tes a non-uniform mesh in the liquid, and in the s
ub-domains using coordinate transformation(8). The
tretching parameters in the liquid are calculated
ng formulas(9), while those in the solid sub-doma
re adjusted to provide the same mesh spacing on
ides of the liquid–solid or solid–solid interface. A
esult, the generated grid refines the mesh points i
radient layers in the liquid and at the interfaces. A
ame time the mesh sizes at the interfaces do not
ignificantly even though the two sub-domains on b
ides from the interface have dimensions that d
y orders of magnitude. In problems with the pres
qualization slot or cracks in the insulating coating
esh is also refined using formula(10). The stretchin
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following formula:

−dP

dx
= 4Umνρ

b2χQ
. (12)

HereUm is the mean velocity in the central channel, and
χ=b/h the channel aspect ratio. The computations are
finished when the condition|(Qn+ 1 −Qn)/Qn+ 1| < ε is
repeated many times in each liquid sub-domain. Usu-
ally the number of the repetitions isNr= 500–5000.
The convergence criterion isε= 10−10 to 10−7. Bigger
Nr and smallerε are used at higherHa. All computa-
tions presented in the paper were performed using a PC
(Intel Pentium 4, 2.26 GHz) with double precision.

3.4. Acceleration of convergence

Solving Eqs.(6) and (7)independently with the ADI
technique with a fixed source term on the RHS does
not apply any limitations on the integration time step.
However when solving(6) and(7) together, the time
step should be small enough to avoid oscillations in the
solution that may appear due to the excessively high
changes in the source term. The limitations on the time
step become especially severe at high Hartmann num-
bers that make the computations unacceptably long.
For example, atHa= 15,000,�t∼ 10−8, which re-
quires several days of calculations. Thus, implementing
a technique that could accelerate convergence at high
Ha becomes important.

An example of convergence is shown inFig. 3 for
a in-
s mes
t side
w con-
d the
fl n is

achieved. When the flow rate changes the sign, the ve-
locity and the induced currents reverse their direction.
One idea for accelerating convergence in the case of
electrically conducting channel walls is then to apply
a kind of relaxation technique:

Ũi,j = Un min
i,j + ω(Unmax

i,j − Un min
i,j ),

B̃i,j = Bnmin
i,j + ω(Bn max

i,j − Bn min
i,j ). (13)

Here Ũ and B̃ are corrected values, andω a re-
laxation parameter. Two velocity distributions,Unmin

and Unmax, and two induced magnetic field distri-
butions,Bnmin andBnmax, involved in the relaxation
procedure, are taken from two different iteration lev-
els, nmin and nmax, that correspond to the local
minimum and maximum of the volumetric flow rate.
The relaxation procedure is applied each time when
(Qn−Qn− 1)(Qn+ 1 −Qn) becomes negative. Thus, the
present technique is different from the standard under-
or over-relaxation procedure, which is applied succes-
sively. The best convergence rate for electrically con-
ducting walls has been found atω = 0.5. Using the re-
laxation procedure at high Hartmann numbers can re-
duce the number of iterations by more than one order.
It also allows for a slightly bigger integration time step.
The tendency of reducing the number of iteration, by
using the relaxation procedure can be seen inFig. 3and
is also illustrated inTable 1.

4

rre-
s
p eld
( two

F a func a)
a e relax
rectangular channel with conducting or perfectly
ulated walls. The case of conducting wall assu
wo conducting Hartmann and two non-conducting
alls. One can see that the case of electrically
ucting walls requires much more iterations, and
ow rate oscillates before the steady-state solutio

ig. 3. Volumetric flow rate in a rectangular channel atHa= 100 as
nd conducting (b and c) walls with (c) and without (a and b) th
. Testing the code

First, a configuration was generated that co
ponds to the case treated by Hunt[22]. In Hunt’s
roblem, two walls perpendicular to the magnetic fi
Hartmann walls) are treated as conducting, and

tion of the iteration number,n, calculated for perfectly insulated (
ation.
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Table 1
Number of iterations, NIT, with and without relaxation, for a channel
with electrically conducting walls

Ha �t NIT
(without relaxation)

NIT
(with relaxation)

100 0.2× 10−3 5248 1454
200 0.5× 10−4 17284 2261
500 0.1× 10−4 59038 4761
1000 0.3× 10−5 132877 10272

Number of grid points in the flow domain and across the wall is
101× 101 and 45. Other parameters are:ε= 10−7; Nr= 500.

other walls (side walls) as non-conducting. We will
refer to this case as test case 1. There can be some
differences between the data computed by the present
code and Hunt’s analytical solution, since in the ana-
lytical approach “thin conducting wall boundary con-
ditions” [17] were used, while the present code calcu-
lates the whole domain including the walls. To meet the
thin conducting wall conditions, we usedtw/b= 0.008.
Three dimensionless parameters entering Hunt’s so-
lution are the Hartmann number, the channel aspect
ratio, and the wall conductance ratio, defined here as
cw = twσw/bσ, The results for the Hartmann number,
1000 and 10,000, and two conductance ratios, 0 and
0.016, are summarized inTable 2. The comparison
demonstrates very good computational accuracy. Ve-
locity distributions calculated with the code are shown
in Fig. 4.Table 3illustrates sensitivity of the volumetric
flow rate calculated with the code to the computational
mesh.

A number of qualitative tests were also performed
to validate the code in the case of more than two sub-
domains. First, the calculations were conducted for the
channel shown inFig. 1without a magnetic field (test
case 2). The velocity distributions (Fig. 5) are qual-
itatively correct, demonstrating a dome-type velocity
profile in the central channel and a parabolic distribu-

Fig. 4. Test case 1. Flow in a rectangular channel atHa= 1000,
χ= 1.5: (a) conducting Hartmann walls (cw = 0.016); (b) all walls
non-conducting.

Table 3
Test case 1: sensitivity of the volumetric flow rate calculated with
the code to the computational mesh

Mesh Q (Code) Q (Hunt)

Ha= 1000,cw = 0
101× 101, 45 0.3833× 10−2 0.3833× 10−2

75× 75, 21 0.3825× 10−2 0.3833× 10−2

45× 45, 15 0.3790× 10−2 0.3833× 10−2

Ha= 1000,cw = 0.016
101× 101, 45 0.2878× 10−3 0.2875× 10−3

75× 75, 21 0.2879× 10−3 0.2875× 10−3

45× 45, 15 0.2882× 10−3 0.2875× 10−3

tion in the gap. In the next test, a magnetic field was
applied but the electrical conductivity of the FCI and
that of the structural wall were taken very small (test
case 3). As expected, classic MHD velocity profile was
obtained in the central channel with a uniform flow in
the core, two Hartmann, and two side layers (Fig. 6).
At the same time the flow in the left and right gaps is
typical Hartmann flow (except for the corner regions).

Table 2
Test case 1: comparison between the calculations by the present code and the analytical solution for a flow in a rectangular channel (� = 1.5)
with conducting Hartmann and non-conducting side walls

H Time (min) Q (Hunt) Q (Code)

12 0.3833× 10−2 0.3833× 10−2

17 0.2875× 10−3 0.2878× 10−3

1 38 0.3947× 10−3 0.3947× 10−3

1 82 0.4291× 10−5 0.4301× 10−3

T ain and 45 points across the wall;ε= 10−8, Nr= 5000.
a cw �t NIT

1000 0 0.4× 10−5 8114
1000 0.016 0.4× 10−5 11061
0000 0 0.5× 10−7 24439
0000 0.016 0.5× 10−7 53746

he computational mesh includes 101× 101 points in the flow dom
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Fig. 5. Test case 2. Flow without a magnetic field in the channel shown inFig. 1: velocity in the central channel (a), and in the corner gap (b).
All velocities are scaled by the mean velocity in the central channel.

Fig. 6. Test case 3. Flow in the channel shown inFig. 1with all solids non-conducting atHa= 1000: velocity in the central channel (a), and in
the corner gap (b).

The flows in the two other gaps are parabolic since the
magnetic field is parallel to the long side of the gap,
and thus the field almost does not affect the flow.

5. Examples

5.1. Pb–17Li flow in a blanket channel with
SiCf/SiC FCI

The idea of using SiC FCI as electrical/thermal in-
sulator in a PbLi blanket was first formulated in[7].
Here, we use basic dimensions shown inFig. 1as was
recently suggested for the dual coolant Li–17Pb US
DEMO blanket[9]. There can be two types of pres-
sure equalization openings in the FCI: an axial pressure
equalization slot or a number of pressure equalization
holes placed in line some distance apart in the axial
direction at one of the FCI sides. Both types serve the

same goal: to make the pressure on both sides of the
FCI equal, thus eliminating the primary stress. The lat-
ter variant was adopted in the present calculation. The
calculations were performed for the channel section
between two pressure equalization holes, assuming a
fully developed flow there. The electrical conductivity
of SiCf/SiC depends on the fabrication technique and
can vary in a wide range. The value used in the calcu-
lations was 500$−1 m−1 as recommended in[23]. No
anisotropy inσ was introduced. The electrical conduc-
tivity of the ferritic wall and Pb–17Li is 1.4× 106 and
0.7× 106$−1 m−1 correspondingly. The dynamic vis-
cosity of Pb–17Li is 0.001 Pa s. The applied magnetic
field is 4 T. The Hartmann number calculated for the
flow in the central channel is 15,875, and that in the
flow through the left or right gap is 106. The compu-
tational mesh includes 101× 101 points in the central
channel, 15 points both across the ferritic wall and the
FCI, and 27 across the gap. The computational time
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Fig. 7. Convergence in the calculations of Pb–17Li flow in a blanket
channel with FCI using the relaxation procedure.

step is 1.0× 10−8. The convergence parameters are:
ε= 10−9, andNr= 5000. The time independent solution
was achieved for 353,900 iterations. The calculations
took almost 12 h using relaxation. The convergence is
illustrated inFig. 7. The mass flow rate shown in this
figure tends to a very small but positive value.

The velocity and induced magnetic field distribu-
tions are shown inFig. 8. Fig. 8a shows the velocity
profile both in the central channel and in the gap.Fig. 8c
gives an enlarged view of the velocity distribution in the
gap. The velocity profile in the central channel demon-
strates high velocity jets and a stagnant core. The ve-
locity in the left (right) gap is low, about 0.2, while
it is extremely high in the bottom (top) gap, reach-
ing the same value of about 8 at the midplane as the
jet velocity in the central channel. The dimensionless

flow rate in the central channel isQ= 0.1308× 10−5.
It is considerably lower than that in a perfectly insu-
lated channel (Q= 0.2494× 10−3), but about one or-
der of magnitude higher than that in a channel with
bare walls (Q= 0.1618× 10−6). The latter was calcu-
lated using an asymptotic formula valid at highHa:
−dP/dx = σUmB02

z cw/(1 + cw), which after combin-
ing with Eq.(12)gives

Q = 4νρ

b2χσB02
z

1 + cw
cw

.

It should be noted that the present calculations just il-
lustrate the code applicability. To judge feasibility of a
particular blanket design with FCI, one should choose
a type of pressure equalization opening; optimize their
location and size; and quantify the impact of the MHD
results on the MHD pressure drop and temperature dis-
tribution in the blanket.

5.2. Li flow in a coated channel with cracks

Calculations were performed for a slotted channel
with the aspect ratioχ= 5 (b= 0.05 m) in a 5 T mag-
netic field parallel to the longer side of the channel. The
computational domain consists of the fluid, solid wall
(tw = 0.002 m) and insulating coating between them
(tc = 50�m). The electrical conductivity of the liquid is
2.8$−1 m−1, and that of the wall is two times smaller.
The Hartmann number is then 20,000. The ratio of the
e at-
i -
t ting

F induce locities
a

ig. 8. Flow in a blanket channel with FCI: velocity profile (a),
re scaled by the mean velocity in the central channel.
lectrical conductivity in the liquid to that of the insul
ng coating was assumed to be 109. This value guaran
ees ideal insulation, providing no defects in the coa

d magnetic field (b), velocity distribution in the gaps (c). All ve
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Fig. 9. Convergence in the calculations of Li flow in a blanket chan-
nel with insulating coating and two corner cracks. No relaxation was
applied.

appear. Two microscopic cracks in the coating, 5�m
each, are located at the left top and right bottom corners.
The computational mesh includes 101× 101 points in
the flow domain and 13 points across both the wall and
the insulating coating. The crack area is resolved with
7× 13 mesh points. The time step is 1.0× 10−8. The
convergence parameters are:ε= 10−10, andNr= 5000.
No relaxation was applied. The computations took 6 h.
The convergence curve is shown inFig. 9.

The electric currents generated in the flow leave
the flow domain through one of the cracks, then flow
through the electrically conducting wall and return
back in the flow domain through the other crack. The
electric current streamlines in the crack area are shown
in Fig. 10. The dimensionless flow rate in the case with
the cracks is 0.1272× 10−4, while it is 0.1940× 10−3

if there are no cracks. Therefore, in the reference case,

Fig. 10. Induced electric current distribution in the left top crack
area in a Li blanket channel with insulating coating: (1) liquid; (2)
i

two microscopic corner cracks result in an MHD pres-
sure drop increase of almost one order of magnitude.

6. Conclusions

A finite-difference computer code has been devel-
oped for a fully developed MHD flow under fusion
reactor blanket conditions. The code can be applied
to typical liquid metal flows in a single blanket chan-
nel or a group of electrically connected channels, with
or without insulation. Possible flow configurations in-
clude a lithium–vanadium blanket with mono- or multi-
layer insulating coatings, and Pb–17Li blanket with
a silicon carbide flow channel insert. The distinctive
features of the code include a finite-volume formula-
tion, automatically generated Hartmann number sen-
sitive meshes, and effective convergence acceleration
technique. The code was verified against the analytical
solutions. The comparisons have demonstrated a very
good accuracy even at very high Hartmann numbers
(∼104) for both conducting and non-conducting walls.
As an example, two MHD flows have been calculated:
Pb–17Li flow in a blanket channel with a silicon carbide
flow channel insert, and Li flow in a blanket channel
with insulating coating with or without cracks. Typical
calculation time under blanket conditions is about 10 h
using a PC.
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