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Liquid layers magnetohydrodynamics for APEX
applications

     The use of liquid metal or Flibe layers can lead to a favorable first wall
design. Such is the case for the CLiFF (Convective Liquid Flow First Wall)
concept in the APEX project, where it has been suggested to use a first
structural wall protected by a fast moving liquid layer. The layer is injected at
the top of the reactor chamber with a nozzle assembly. It is kept adhered to a
curved structural wall by means of centrifugal, gravitational, magnetic and
inertial forces. At the bottom of the reactor liquid is collected and drained. In
spite of attractiveness of this idea, there are some uncertainties that make
further development of the concept difficult. Previous results for CLiFF were
based on a simplified (hydraulic) model, which does not reflect local flow
characteristics. More detailed approaches are needed allowing a closer look
into the interaction of the flow with the magnetic field.
     In this study some numerical and analytical tools have been developed
based on the Navier-Stokes-Maxwell equations for liquid layer
magnetohydrodynamics, which are used to analyze a number of problems
related directly to the  CLiFF concept. Among these problems are

• Providing stable flow characteristics within proper limits. Preventing layer
separation regimes in the regions where centrifugal and gravitational
forces are not large enough. Using a longitudinal electric field to keep the
layer adhered to the structural wall.

• Surface instability and its influence on the flow.
• Drag effect caused by the influence of conducting side walls in the

presence of strong toroidal magnetic field (11 T).
• Drag effect caused by the influence of conducting backplate in the

presence of small but not vanishing radial component of the applied
magnetic field (0-1 T).

• Using a radial electrical field as a mean against the negative drag effect
caused by a presence of electrically conducting walls.
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CLiFF geometry

Both cases of toroidal (Bt) and smaller but not vanishing radial (Br) applied
magnetic field have been treated. For the sake of simplicity, as a first
approximation, these cases are considered separately. The mathematical
formulations for these cases are shown bellow.
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Model equations (toroidal field)

     The governing equations have been derived from the Navier-Stokes-
Maxwell equations written in boundary fitted coordinates by their integration
along the direction of the applied magnetic field. In doing so, the following
approximations have been used:
1. boundary layer approximation (L>>h0);
2. thin layer approximation (R>> h0);
3. inductionless approximation (Rem<<1).
     To complete the model, the velocity distributions at the side walls and the
induced electrical currents distribution in Z-direction were taken from the
solution of an appropriate fully developed problem. For details see:
1. Smolentsev S.Yu., Averaged model in MHD duct flow calculations.

Magnetohydrodynamics, Vol.33, No.1, 1997
2. Smolentsev S.Yu., Tananaev A.V., Development of computer code for

analysis of heat transfer in liquid metal MHD-flows in ducts.
Magnetohydrodynamics, Vol.31, No.3-4, 1995
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Here, U(t,x,y) and V(t,x,y) – averaged velocity components;
          h(t,x) – averaged thickness of the layer;
          f – takes into account velocity distribution in Z-direction;
          Jz – Z-component of electrical current density vector.
(f , Jz come from the solution of an appropriate fully developed problem )        
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Model equations (radial field)

     No side walls is assumed.  MHD effects are taken into account through
the Lorentz force term in the right hand-side of the momentum equation and
a coupled equation for the induced magnetic field. The same approximations
as in the case of toroidal field have also been used.
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y=0:    U=V=0,   cw∂Bx/∂y- Bx=0;                                                                 (8)
 y=h:    ∂U/∂y+∂V/∂x=0,   Bx=0.

Here, U(t,x,y) and V(t,x,y) – velocity components;
          h(t,x) – thickness of the layer;
          Bx(t,x,y) – induced magnetic field;
          cw=twσw/(σh0) – wall conductance ratio.
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Liquid lithium flow

Physical properties

ρ ν λ σ σs Cp a Pr

kg/m3 m2/s W/(mK) (mOhm)-1 N/m J/(KgK) m2/s -

485 8.5 10-7 49.6 2.8 106 0.35 4200 2.43 10-5 0.0349

Flow parameters

U0 h0 b (half
width)

R α0 ∆α
m/s m m m grad grad

10.0 0.02 0.5 4.0 30 120

Applied magnetic field

toroidal: Bt=11 T;      radial: Br=0-1 T

Dimensionless flow parameters

Re Fr Ha We β χ

2.35 105 500.0 4.53 105 – tor.
(0-1.68)103  – rad.

2771.0 0.04 0.005

Re=U0h0/ν               χ=h0/R
Fr=U0

2/(gh0)            β=h0/b
Hat=Btb[σ/(νρ)]0.5   Har= Brh0[σ/(νρ)]0.5    We=ρh0U0

2/σs
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Numerical procedure

     A computer code has been worked out on the base of the marching type
finite-difference algorithm to solve both the problems (1-3) (toroidal field)
and (4-7) (radial field) with proper boundary conditions. For details see:
Evtushenko I.A., Smolentsev S.Yu., Tananaev A.V. Hydrodynamics and
exchange of heat in thin liquid-metal layers within a magnetic field.
Magnetohydrodynamics, Vol.27, No3, 1991.

      The specific features of the algorithm are:

• The velocity components U and V at every time step were calculated from
the momentum equation and the continuity equation respectively. The
kinematic free surface condition was used to calculate free surfase changes
both in space and time.

• The change of variables was made, (t,x,y)→(τ=t, ξ=x, η=y/h) in order to
have rectangular domain instead of curvilinear flow region. It allows
avoiding approximation errors at the free surface.

• The momentum equation and the continuity equation were approximated
implicitly. The kinematic free surface condition was approximated
implicitly in calculations of steady-state developing flows, while explicit
upwind type approximation was used in calculations of surface instability.

• While calculating surface instability case, a special procedure of grid
reconstruction was applied at every time step to reduce the negative effect
of artificial viscosity on the instability growth to a minimum.

• In the case of the radial magnetic field, very fine grids in the field
direction were used to provide at least several grid nodes within the
Hartmann layer.

• A tri-diagonal solver was used to find a solution of finite-difference
equations
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Evolution of velocity profile and thickness of the layer
over the flow domain

(Numerical calculations based on averaged model; toroidal magnetic
field Bt=11 T)

Liquid lithium flow: h0=2 cm; U0=10 m/s; 2b=1m; R=4m; α0=30°; ∆α=120°;
Bt=11 T
Re= 2.35 105; Fr=500.0; Ha=4.53 105; We=2771.0; β=0.04; χ=0.005

Upper: side walls are isolated (cw=0)
Lower: side walls are electrically conducting (cw=1.0 10-6)
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Analytical solution
(toroidal field, steady-state flow, isolated walls)

     Analytical solutions for the layer thickness and the pressure at the
backplate have been found based on two velocity profile approximations.

Parabolic velocity approximation:
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Equation (9) [or (11)] allows calculating changes in the thickness of the layer
over the flow domain, while expression (10) [or (12)] gives the criterion for
flow separation from the structural wall. If Pw>0, the separation does not
occur. If  Pw becomes negative, the layer is not adhered to the structural wall
any more. In the subsequent discussion the conditions h<2 and Pw>0 are used
as the criteria for choosing flow parameters which meet CLiFF requirements.
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Application of the analytical solution to CLiFF

The thickness of the layer was
calculated for CLiFF parameters.
Both criteria for h and Pw are
satisfied. Comparison of numerical
and analytical solutions shows that
Hartmann-type velocity
approximation gives better results

Re=2.35 105; Fr=500; Ha=4.53 105;
χ=0.005; β=0.04; Eu=0

Curve 1 corresponds to the flow
regime without separation (CLiFF
parameters). If the width is two
times smaller, the separation takes
place (curve 2). To prevent
separation, a longitudinal electrical
field can be added (curve 3).

Re=2.35 105; Fr=500; Ha=4.53 105;
χ=0.005

  1 - β=0.04; Eu=0
  2 - β=0.08; Eu=0
  3 - β=0.08; Eu=5.0 10-30 100 200 300 400 500

x

-0.010

0.000

0.010

0.020

0.030

P
w

1

2

3

0 100 200 300 400 500
x

0.8

1.0

1.2

1.4

1.6

1.8

h

1
2
3

1 - numerical solution;
2 - analytical solution (Hartmann-type approximation);
3 - analytical solution (parabolic approximation)



- 11 -

Linear stability analysis
(Isolated walls, toroidal magnetic field)

     Standard procedure based on linearization of governing equations was
applied to get criteria of surface instability. The following results have been
obtained:
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Here
ω - wave increment (decrement). If ω>0, surface wave grows.
k – wave number;
U1; h1 – locally equilibrium solution.

The following conclusions on surface instability can be drawn:

1. Long wavelength disturbances are the most dangerous, while the short
wavelength disturbances are damped by the surface tension.

2. A stabilizing effect of magnetic field on the flow takes place for relatively
slow flows. For the case under consideration (fast flows) complete
suppression of surface disturbances does not occur.

3. It can be expected that the disturbances will grow in the upper half and
will propagate with slightly decreasing amplitude in the down half.
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Numerical study of surface instability
(Isolated walls, toroidal magnetic field, CLiFF parameters)

Initial disturbances are specified as perturbations of the mean velocity in the
initial cross-section without perturbation of the flow-rate: U/U0=1+εsin(ωt).
1 - ε=5%; ω=0.02 (λ≈4.5 m)                       2- ε=5%; ω=0.05 (λ≈2.0 m)
3 - ε=5%; ω=0.10 (λ≈1.0 m)                       4- ε=5%; ω=0.50 (λ≈0.2 m)
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Surface instability in CLiFF
(Isolated walls, toroidal field)

1. Free surface, for flow parameters relevant to CLiFF, is always unstable to
small disturbances of initial velocity or initial thickness.

2. The most dangerous disturbances are those having the long wavelength of
about 2 m. These disturbances grow rapidly in the upper half with the
amplitude up to 40-50% (for the initial amplitude of 5%) of the initial
thickness and then propagate with slowly decreasing amplitude in the
lower half.

3. The disturbances with the wavelength smaller than 20 cm are suppressed
rapidly and practically do not affect the flow.

4. The propagation of surface instabilities is not accompanied by excessive
increase in the thickness or by layer separation.

5. The wavy motion in the layer caused by surface instabilities can be an
additional factor having positive impact on heat transfer parameters. It
could be taken into account in further, more detailed, choice of flow
parameters for CLiFF.

6. Special means to suppress surface instability in CLiFF are not needed. The
only requirement is to provide inlet fluctuations at the level less than 5-
10%.
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Numerical study of the effect of the conducting side walls
on the flow

(Toroidal field, liquid lithium flow, CLiFF parameters)

Metal walls: σ=106
 (mOhm)-1; tw=1-10 mm; cw=0.02-0.2

SiC walls:    σ=103
 (mOhm)-1; tw=5-20 mm; cw=(1.0-4.0) 10-4

                                                        tB
r

                      1 – cw=0;    2 - cw=1.0 10-6;    3 - cw=2.0 10-6

The curves 1-3 were plotted for the distance 2b between conducting side
walls equal to 1 m (CLiFF). Although, the maximum wall conductance ratio
is 100 times less than that for the SiC wall, there is more than 4 times
increase in the layer thickness.

An attempt was made to choose a minimum distance, 2b, between two
conducting side walls that provides the condition h<2. It was found that
for SiC walls (c=1.0 10-4) there must be 2b>8 m;
for metall walls (c=0.02)  there must be 2b>110 m.

It means that either    the flow must not be sectioned (no side walls) or
                                  the side walls must be isolated
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Numerical study of the effect of the conducting backplate
on the flow

(Radial field, liquid lithium flow, CLiFF parameters)

Metal backplate: σ=106
 (mOhm)-1; tw=1-10 mm;

                           cw=0.02-0.2
SiC backplate:    σ=103

 (mOhm)-1; tw=5-20 mm;
                           cw=(1.0-4.0) 10-4

                                                                                                       rB
r

      Influence of wall conductance ratio               Influence of radial magnetic
      on the thickness of the layer:                          field and wall conductance
      1 – cw=0;   2 – cw=0.002;                                ratio on the maximum
      3 – cw=0.003;     4 – cw=0.0035                      thickness of the layer

Conclusions: (on condition that side walls are isolated, or no side walls)

1. Metal backplate is acceptable if Br<(0.1-0.15) T
2. For (0.15-0.2)< Br<(0.4-0.5) T backplate made of SiC can be used
3. If  Br>0.5 T, isolation is necessary
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Flow control by radial electrical field (MHD pump)

     A radial electrical field could be used to control the flow thickness within
proper limits. This electrical field could be realized using two rows of bars or
grids as electrodes located in the flow region one above the other. In doing
so, the MHD force appears, directed in the flow direction. This works as
MHD pump, accelerating the flow and making the layer thinner. At the same
time, these bars can serve as vortex generators that leads to heat transfer
enhancement.

                                                 tB
r

     To check this idea, a term, responsible for MHD force acting in X-
direction, was added in the right-hand side of the momentum equation. The
results of numerical calculations for the thickness of the layer with and
without the electrodes for the case of conducting side walls are presented in
the figure. It can be seen that the desired effect takes place.

           Liquid lithium flow: cw=1.0 10-6
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