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1. Introduction

Apart from liquid metals, low-conductivity fluids such as molten salt Flibe
((LiF).* (BeF,)) are being considered as a practical candidate for nuclear fusion applications.
For example, a2 cm thick free surface Flibe layer with a velocity of 10 m/sis used in one of
the designs of the APEX study (Advanced Power Extraction) [1]. Unlike liquid metals, Flibe
flows do not experience significant MHD forces but remain turbulent because Flibe electrical
conductivity is about 30 times greater than that of seawater but 10* times less than that of
liquid metals. Under a reactor strong magnetic field, turbulence pulsations in Flibe will be
partially suppressed with an accompanying reduction in heat transfer. These effects are under
consideration in the present study, where the "K-¢" model of turbulence is adjusted and then
applied to the analysis of MHD turbulent flows in closed and open channels with a large
aspect ratio under nuclear fusion relevant conditions.

The standard "K-¢" model is widely used in engineering applications. Several studies
have been known to extend this model to MHD flows in closed channels in a transverse
magnetic field [2-6]. In [2], sink terms standing for the Joule dissipation were added to the
equations for "K" and "€" in the form of
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respectively, with the closure constants Cs=0.5 and C,=1.0. In that study, the contribution of
the electric field was not taken into account. No applications of the "K-&" model are known
for free surface MHD flows. In more recent studies, specia attention has been paid to
introduce an anisotropy in the distribution of the turbulent kinetic energy [6], [7] through
variationsin C; and C,. In the present study, we focus on the adjustment of the "K-&" model
for channel flows with either a wall-normal or spanwise magnetic field. Also, free surface
boundary conditions proposed in [8] for non-conducting liquids have been modified here by
taking into account MHD effects.



2. Turbulence model
Assuming low Re, and applying Reynolds averaging to Navier-Stokes-Maxwell

equations with conventional closure approximations, one can derive the following equations
for K and €:
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The relationship between K, €, and v; is given by the conventional Kolmogorov-Prandtl
expression: v, =C,K?/€. Here, v, is the eddy viscosity introduced via the Boussinesq
approximation, while C;, C,, C,, ax, and g, are the closure coefficients. The first three terms

on the RHS of equation (2) are standard, while the fourth one, &4, Stands for the Joule
dissipation. The expression for €., has been derived here in the most general form as:
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Formula (4) includes terms with both velocity pulsations (D;) and electric field fluctuations
(Dy)), which come from two components in Ohm'’s law: oV’ x EO and —o¢ respectively.
In channel flows with a weak transverse magnetic field, the turbulence structure is close to
that in ordinary flows where streamwise vortices dominate. For such vortices, the electric
potential almost does not vary, and hence €.,=D,. In the case of a strong magnetic field,
transition to a 2-D state occurs, in which turbulent eddies are elongated in the field direction,
50 that D, - -D; and €¢=0 in the limit. This gives ground for modeling &gy, Using (1) with C;
and C, decreasing from about 2 to 0 as the magnetic field increases. In the present study we
use an approximation for C; and C, similar to that in [6]: Cs, C, ~ €, where N=H&’/Re.

3. Equationsfor channel flowswith a large aspect ratio in a transver se magnetic field

We consider electrically isolated straight closed or open channels of a rectangular cross-
section, hx2h, with one of the dimensions much longer than the other (h<<2b). The magnetic



field is constant and has only one component, applied perpendicular either to the longer side
(Bo=By, Case 1) or to the shorter one (By=B,, Case 2). The x-axis coincides with the main
flow direction. The flow equations for averaged quantities can be written as follows:
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In Case 2, the mean electromagnetic force, fem, is negligible because 2b>>h. In Case 1,
h

fon =—0p 'B3(U - h'lj'Udy) . The other two forces, f, and f,, are related to gravity. For free
0

surface flows in an inclined chute, f, =gsina and f, =-gcosa , where a is the inclination

angle. To incorporate low-Reynolds number effects the low-Reynolds number modification
by Chien [9] was used. The equations were solved using a non-uniform mesh finite-
difference method with mapping for tracking the surface. C; and C, were evaluated by
computer optimization using two well-documented experimental sets of friction factor data
for isolated dlotted channels with awall-normal [10] and spanwise [11] magnetic field as

C, =1.9exp(-1.0N); C, =1.9exp(-2.0N). 9

4. Free surface boundary conditions

In the first application of the model to ordinary flows, symmetry boundary conditions
were used at the surface:
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More accurate free surface boundary conditions were proposed in [8]:
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The second of conditions (11) expresses the
experimental fact that the dissipation length
scale at the free surface is about 7% of the flow
thickness. 1=0.07h. In [8], | was defined as

| = C¥*K¥2%¢™ 'k *, where K is the von Karman

constant. To incorporate MHD effects we used
the following modification of (11). First, two
new quantities, |, and lo, were calculated as the
dissipation length scales at the free surface with
and without the magnetic field respectively using
the symmetry boundary conditions. Then,
modified |5 was introduced in (11) in the form of
I, =0.07hxl1 /1, thet resultsin

3/41,3/2
(a_K)s = 0, ss = &l_o (12)
oy 0.07hk 1,

120 —

ViV

80 —

40 —

0.0 0.2 0.4 0.6 0.8 1.0
y/h

Fig.1. Calculated eddy viscosity with different
boundary conditions. Re=30 000, Fr=0.8.
1- Ha=0, (11). Case 1: 6 - Ha=25, (10).
Case2: 2- 25, (10); 3- 25, (11); 4 - 25, (12);
5- 60, (10).

These boundary conditions work well unless the flow at the surface becomes laminar. For

the laminarized surfaces we used (10).

5. Turbulent Prandtl number

In closed channel turbulent flows for liquids
like Flibe, the Reynolds Analogy is often
assumed, so that Pr=1.0. However, this is not
true for open channel flows near the free
surface, because the turbulent transport from
the surface is damped due to suppressing the
surface-normal turbulent pulsations. Both the
geometrical restriction and the gravitation force
cause this phenomenon. In terms of the
turbulent Prandtl number it means that Pry,
grows as the distance from the surface
decreases, while Pr, does not vary
significantly. In the present study, Pry was
calculated over the near-surface layer by using
the eddy diffusivity for momentum obtained on
the basis of the "K-¢" model, while the eddy
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Fig.2. Turbulent Prandtl number near asurface

diffusivity for heat was taken from experiments for subcritical (Fr<1) water flows[12]. The

best fit for Pr;, was found as

Pr,, =0.7[1+exp{37(y/h-0.89)}].

(13)



As for Pry, the value of 0.7 was used. To our knowledge, the effect of a magnetic field on
Pry, has not been studied. Lacking suitable data for Pry, we used (13) in our calculations.

6. Results

The influence of a magnetic field on MHD turbulent flows in closed and open channelsis
similar. Both the wall-normal and spanwise magnetic field causes the turbulence
suppression, which manifests itself through the reduction of the turbulent kinetic energy and
the eddy viscosity. However the wall-normal magnetic field leads to a stronger reduction of
turbulence due to Hartmann flattening.

The specific features of free surface MHD flows are the effect of a magnetic field on the
flow thickness and surface heat transfer reduction. In a spanwise magnetic field, the flow
becomes thinner as the field grows. In a wall-normal magnetic field, the thickness decreases
first, then it grows at higher Ha due to the Hartmann effect. Fig.3 illustrates the spatial
development of the free surface Flibe flow (Ug=10 m/s, h,=0.023 m, a=45°) over an inclined
chute in a spanwise magnetic field. The heat transfer reduction in a fully developed flow
(x>x) is shown in Fig.4. The magnetic field growth leads to a rapid flow laminarization in
the near-surface area and as a result the Nusselt number distributions coincide with those in
laminar flows if the Hartmann number exceeds a critical value.
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Fig.3. Effect of a spanwise magnetic field on the Fig.4. Effect of amagnetic field on surface
free surface flow development. heat transfer. Re=30 000; Fr=0.8; Pr=33.8.
Re=30 250; Fr=44 350; a=45°.

7. Future studies

The model of MHD turbulence and the results presented here reflect a preliminary stage
of on-going study. Although expression (1) with the closure coefficients approximated with
the exponents gave a reasonable agreement with the experimental data, the model needs
further improvements. First, the anisotropy in the turbulence structure associated with the
Hartmann effect has not been introduced. As a result, the agreement with experimental data



in Case 1 is dlightly worse. Second, the model in its present form gives inaccurate
predictions for the case of a streamwise magnetic flux. All these shortcomings send us in
search of better modeling for the Joule dissipation term. In our future studies we will pay
attention to more accurate modeling of the part of the Joule dissipation term with the electric
potential pulsations. Direct numerical simulations will accompany these studies. Also,
further evaluation of the turbulent Prandtl number with and without a magnetic field will be
conducted based on the FLIHY* experimental data for free surface flows in both subcritical
(Fr<1) and supercritical (Fr>1) regimes.
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