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Abstract

The magnetohydrodynamic (MHD) effect on the flow structures and heat transfer characteristics was studied numer-
ically for a liquid metal-gas annular flow under a transverse magnetic field. The side layers, in which the velocity was
increased, appeared near the eastern and western sidewalls in an annular MHD flow as in a single-phase liquid metal
MHD flow. Temperature distribution in the liquid film, and the Nusselt number distribution in the angular direction
were influenced by the flow structures with the side layers. Consequently heat transfer rate was higher at the eastern/
western sidewalls than that at the southern/northern walls. The pressure drop in the MHD annular flow is of the same
order of magnitude as in the single-phase MHD pipe flow under similar liquid metal flow condition.
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1. Introduction

The flow of liquid metals in the presence of a mag-
netic field has been a topic of great interest for several
decades. Experimental and mostly analytical studies
were performed for the development of magnetohydro-
dynamic (MHD) devices of electromagnetic flow meters,
MHD generators, electromagnetic pumps and accelera-
tors [1-9]. Steady, incompressible rectilinear flow under
transverse magnetic field has received most attention of
all the areas of MHD flows mentioned above [4,7].
MHD duct flows have been systematically analyzed par-

* Corresponding author. Present address: Second Depart-
ment, Institute of Industrial Science, The University of Tokyo,
De504 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan.
Fax: +81 3 5452 6197.

E-mail address: lifch@icebeer.iis.u-tokyo.ac.jp (F.-C. Li).

ticularly for the flow in the rectangular duct with both
conducting and non-conducting walls.

In recent decades, researches of MHD liquid metal
flow have been performed mainly for the development
of fusion technology, particularly for the conceptual
design of the self-cooled liquid metal blanket of mag-
netically confined fusion reactor [10], and further for
the exploration of innovative concepts for fusion cham-
ber technology, namely, first wall, blanket, divertor and
vacuum vessel [11]. A number of experimental and
analytical studies have been carried out so far to inves-
tigate the hydrodynamic and heat transfer characteris-
tics of the liquid metal flows in a duct and those with
free surfaces subjected to MHD forces. Previous studies
in this research field have been reviewed by Lielausis
[12] and recent understandings have been summarized
by Kirillov et al. [13], Morley et al. [14] and Abdou
et al. [11].
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Nomenclature

By magnetic flux density of the uniform field
(T)

Cr friction factor

cp specific heat (J/kg K)

g gravitational acceleration (m/s>)

Ha Hartmann number (Ha = 2ByR;+/0/ 1)

h heat transfer coefficient (W/m?* K)

j electric current density (A/m?)

Jx electric current density component in the x
direction (A/m?)

Jy electric current density component in the y

direction (A/m?)
Nu Nusselt number (Nu = hR;/1)
Nug, Nusselt number in annular two-phase flow

Nug, Nusselt number in single-phase flow

P pressure (Pa)

q heat flux (W/m?)

r radial coordinate in cylindrical coordinate
system

Ry outer radius of circular pipe (m)

Re Reynolds number for single-phase flow
(Re=2pVoRilp)

Re, gas Reynolds number for annular flow
(Reg = 2pg ViRl 11s)

Rey, liquid Reynolds number for annular flow
(Rer. = 2p V(R — Rg)/ﬂ)

R, radius of gas core (m)

R; inner radius of circular pipe (m)

T temperature (°C)

Ty bulk temperature (°C)

V velocity (m/s)

Vo initial velocity for single-phase flow (m/s)

Vo average velocity in gas core of annular flow
(m/s)

V. velocity component in the axial direction
(m/s)

Vo average liquid velocity of annular flow (m/s)

X x coordinate in Cartesian coordinates (m)

y y coordinate in Cartesian coordinates (m)

z axial coordinate in cylindrical coordinate
system (m)

Greek symbols

(%) dimensionless temperature

O, dimensionless bulk temperature

0 liquid film thickness of annular flow (m)

) electric potential (V)

A thermal conductivity of liquid (W/m °C)

u dynamic viscosity of liquid (Pa s)

Ue dynamic viscosity of gas (Pa s)

0 polar angular coordinate in cylindrical coor-
dinate system

) liquid density (kg/m>)

Pe gas density (kg/m?)

G electric conductivity of liquid (mho/m)

Ow electric conductivity of wall (mho/m)

T shear stress (N/m?).

In the cases of liquid wall concepts for the chamber
technology of magnetically confined fusion reactor, the
problems emerging from two contradictions have at-
tracted much more attentions. One contradiction is be-
tween the efforts to enhance heat transfer rate and to
decrease the MHD pressure drop along the flow chan-
nel. To enhance heat transfer rate, liquid metals are
the best candidates for the working fluids but mean-
while liquid metal flowing in a strong magnetic field
inevitably results in excess and actually very serious
MHD pressure drop. The other contradiction is be-
tween the effort to decrease the MHD pressure drop
along the flow channel and the constraints of materials
under the operating conditions of a fusion reactor. The
non-conducting non-metallic structural devices are the
best choice to mitigate magnetic pressure drop due to
MHD effects, but non-metallic materials are generally
not compatible with liquid metals at high temperature
of several hundreds degree centigrade. An idea has
been therefore proposed by Bender and Hoffman
[15], which uses a gas-liquid metal two-phase flow

for the purpose of increasing heat transfer coefficient
meanwhile mitigating pressure losses of the flow (since
mass flow rate of two-phase flow is less than that of
single-phase liquid to remove the same heat flux) and
using insulator coatings to degrade the pressure drop.
This issue has been intensively investigated [16-20].
Nonetheless, the details of the two-phase MHD flow
structure are still worthy to be explored and can be
treated preferably by numerical approaches as will be
shown later.

It is well known that the MHD flow in a duct can be
divided into three regions (as shown in Fig. 2), i.e., core
region, the Hartmann layer and side layer [21,22]. The
viscous and inertia forces are negligible in the core re-
gion where velocity is nearly constant. The shear is so
strong that viscous forces can compete with magnetic
forces in the Hartmann layer adjoining a solid wall nor-
mal to the applied magnetic field. The flow structure in
the side layer is strongly dependent on the wall conduc-
tance ratio and consequently on the current density dis-
tribution. The flow speed in the side layers is higher than
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