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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.

© 2005 Elsevier Ltd. All rights reserved.
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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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that in other two regions, forming the so-called M-
shaped velocity profiles in a MHD duct flow. However,
whether or not there are similar flow structures in other
situations, e.g., a film flow or open channel flow influ-
enced by the MHD effect has not been investigated.

Serizawa et al. [16] reported, based on their experi-
ment on nitrogen—-sodium—potassium eutectic alloy
(NaK) annular/annular-dispersed flows, the asymmetric
heat transfer characteristics between the wall surfaces
parallel to the magnetic field (eastern and western walls,
abbreviated as E/W walls hereinafter, as shown in Fig. 2)
and those perpendicular to the field direction (northern
and southern walls, N/S walls). One of their hypothetical
explanations for mechanisms of this phenomenon is the
existence of something like side layers in the film flow
that could enhance heat transfer at the E/W walls
[16,23]. However, the hypothetical velocity profiles have
not been verified yet experimentally, since measurement
of the velocity distribution in a thin liquid film flow is
difficult. The purpose of the present study is then moti-
vated to numerically clarify the flow structures and heat
transfer characteristics of the liquid metal-gas annular
MHD flows in geometry similar to that used in the
experiments [16].

2. Governing equations and procedures

The working liquid is NaK with the mass component
of potassium of 78%, and the gas is nitrogen (N;). The

Wall
(a,)

Liquid NaK
o u o

Gas
Py Hy)

Fig. 1. Cross-section of the fluid in an annular flow and
coordinate system.

flow channel is a vertical circular stainless steel pipe with
inner diameter of 15.75mm and wall thickness of
1.65 mm. Fig. 1 shows the model of the upward two-
phase annular film MHD flow in a cylindrical coordi-
nate system. The polar angle, 0, is measured in counter
clockwise direction from x-axis and the axial coordinate,
z, is positive out of the paper.
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Fig. 2. Velocity profiles of MHD liquid metal flows in a vertical
pipe (Re = 5.3 x 10%).
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The principal purpose of the present study was to
investigate the flow structures in the liquid film of an
annular flow in the presence of a magnetic field. There-
fore, a uniform thickness of the liquid film and a non-
deformable interface were assumed for simplicity, i.e.,
no waves exist on the gas-liquid interface and no drop-
lets exist in the gas core. Additionally, the flow was as-
sumed to be fully developed in the simulation, while at
the measurement station in experiment, the flow might
not yet be under fully developed condition due to the
MHD effect.

The governing equations are the conservation of
mass, momentum, energy and the interaction of the flow
with the magnetic field. Assumptions for simplicity of
the analysis are listed below:

e The viscous dissipation and Joule heating are
neglected in the energy equation.

e The interaction of the induced magnetic field with the
flow is negligible compared with the interaction of
the applied magnetic field with the flow.

e The flows are fully developed both hydrodynamically
and thermally, and two-dimensional in a cylindrical
coordinate system.

e Density, viscosity, specific heat and thermal conduc-
tivity of liquid and gas and electrical conductivity
and permeability of liquid and solid wall are
constant.

e The interface of the annular film flow is circular with-
out deformation.

With the assumption of the fully developed flow, the
velocity vector can be explicitly expressed by
V'=10,0, V.(r,0)], where V. is the velocity component
in the axial direction. Thus, the governing equation for
mass is automatically satisfied. The assumption of uni-
form and constant magnetic field imposed perpendicular
to the pipe axis indicates that the magnetically induced
electric potential is only a function of r and 0, i.e., ¢
= ¢(r,0), and consequently the induced electric current
density is expressed by j = j(r, 0).

With the above assumptions and considerations, the
simplified governing equations in a cylindrical coordi-
nate system are deduced as follows:

e Axial momentum equation
62Vz+16V_,+ 1 7.
K ot r or o op
9 .
:—a—p+pg—1xBo. (1)
z
e Energy equation
or (azr 1or 1 62T)

V=t it i

e Electric potential equation

2 2
@+16¢+ 19 d)*—Bo(cosO

aVZ_siLeaVz)

ot ror PR o r 00
(3)
e Ohm’s law
o 0¢ sinf 0¢
Jy = o(cos 05 — a0t By Vz> ; (4a)
. . 0¢p cosf 0
Jy= —o(sm 05—0— p @), (4b)

where j, and j, are the components of electric current
density in the x and y directions, respectively. x and y
are the axes of the Cartesian coordinate system con-
verted from the cylindrical coordinate system. The x-
axis is perpendicular to the direction of By and the
y-axis is parallel to that of By. Note that only the elec-
tric current component perpendicular to By contrib-
utes to the Lorentz force.

The boundary conditions for velocity, temperature
and electric potential are given as follows:

e The no slip boundary condition is given for liquid
velocity on the wall surface,

VZ = 07 at r = Ri. (5)

The Blasius equation for turbulent flow in a smooth
pipe is chosen for the friction factor at the smooth

liquid—gas interface with non-interfacial-
deformation,
(Cr); = 0.079Re, >, (6)
so that,
ﬂaazz =1 = (Cr); é/’gVég

=0.0395p, V5, Re, "%, at r=R,. (7)

Boundary condition of temperature at inner surface
of the pipe wall is

or q
(5) ‘ —717 atr—R,. (8)

In addition to the assumption of non-deformable
liquid—gas interface, no evaporation of liquid metal
at the surface (mass transfer) is assumed; and in most
applications of an annular flow, the liquid film con-
stitutes the main resistance to heat transfer [24],
therefore, the adiabatic condition is applied here at
liquid—gas interface,

or
- = at r = R,.
( 6r) interface 07 ar ¢ (9)
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e Electric insulation condition at outer surface of the

pipe and the interface of gas and liquid [25],

G
aif =0, atr=Ry, (10)
)
a—‘f:o, at r = R,. (11)

e Continuity of normal electric current at liquid—wall
interface [25],

(6¢> =0y (%) , atr=R;. (12)
or liquid or wall

For liquid-gas annular flow, Eq. (2) can be deduced as,

> V. %6 1w 170
R?*Rz Voo o2 ror 12 p0*’

(13)

where

, f“ Je V-(r,0)rdrde
zm (R2 RZ) )

the dimensionless temperature,
T—-T
S intl: (13)
qR;/ 2

and the mixed average value of T,
I fR L(r,O)T(r, 0)rdrdo
B jR (r,0)rdrdo

(16)

b=

Following the definition of the mixed average value of
O, the dimensionless bulk temperature @, = 0.
The boundary conditions of & becomes,

0 1

a_(f:_i’ at r =R, (17)
00

5207 atr:Rg. (18)

The heat transfer coefficient, /i, is defined as,

q

hy=—2
T Ty —Ty

(19)
at an angular position of 6 on the inner surface of the
solid wall.

Finite difference approach was used for numerically
solving Egs. (1), (3) and (13). The dimensional computed
field is a circular area with diameter 2R, of 19.05 mm.
The mesh system is of 190 x 200 mesh points (190 equiv-
alent intervals in the radial direction and 200 equivalent
divisions in the polar angular direction) for the total cal-
culation area. For the annular flow, the calculation area
includes the solid wall, liquid film region with the thick-
ness of 1.5 mm and gas core region with the diameter

2R, of 12.75 mm. The applied uniform magnetic field
ranges from 0 to 1.0 T. The Hartmann number, Ha,
ranges from 0 to 847.

8r

B,=0T
Velocity (m/s)

B,=04T
Velocity (m/s)

B,=10T
Velocity (m/s)

()

Fig. 3. Development of the asymmetrical velocity distribution
in the liquid film of an annular MHD flow (Rep = 1.2 10%,
e, = 1.4x 10* and § = 1.5 mm).
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Fig. 4. MHD effect on the velocity distribution in the liquid film of annular flow in a pipe. (Rep = 1.2 x 103, Re, =1.4x 10* and

0 = 1.5 mm).

3. Verification of program with a single-phase flow

Prior to the analysis of an annular film MHD flow, a
single-phase liquid metal MHD flow was simulated for
reference in order to verify the computer program and
the accuracy. The initial condition of velocity is given
by an average velocity for the whole channel cross-sec-
tion, V. In the present analysis, V, has been chosen to
be fitted to the experimental condition in [16], in order
to compare the computational results with the experi-
mental ones. The typical characteristics of flow struc-
tures in a liquid metal MHD pipe flow, i.e., evolution

of velocity profile with the magnetic field strength and
formation of the M-shaped velocity distribution, were
obtained, as shown in Fig. 2. Furthermore, the simu-
lated skin friction coefficient showed good agreement
with experimental data at similar flow conditions [22].
Owing to the typical velocity distributions in the flow
in a transverse magnetic field, an asymmetrical heat
transfer rate in the angular direction was obtained: high-
er on the E/W walls and lower on the N/S walls, which is
another typical characteristic of a liquid metal MHD
flow [22]. Simulation was then performed for a liquid
metal-gas annular MHD flow.
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Fig. 5. Pressure drop in a MHD NaK-N, annular flow and a
single-phase NaK MHD flow.
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4. Result

In this section, the predicted velocity distribution and
pressure drop, inductive electric current density distribu-
tion and heat transfer characteristic are described in or-
der to clarify the mechanism of asymmetric heat transfer
in liquid—gas annular MHD flow, from the viewpoint of
flow structure in the liquid film.

4.1. Flow structures and pressure drop

The calculated velocity contours in the liquid film of
an annular flow for one case are shown in Fig. 3. The
side layers in which the velocity is significantly increased
are indeed formed in the liquid film near the E/W side-
walls. The side layers become thinner in the direction
perpendicular to the magnetic field with increase of the

wall

y(mm)

liquid film

y(mm)

T

5 10

B,=10

0
x(mm)

(iv)

Fig. 6. Dimensionless electric current (j/aByV,,) vectors and contour in an annular MHD flow at different By(Rep = 1.2 % 10%,
Re, =1.4x 10* and & = 1.5 mm). (a) Dimensionless current density vectors and (b) decomposed dimensionless current contours.
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Fig. 7. Dimensionless temperature contours in the liquid film of an annular MHD flow (Rep =1.2x 10% Re, =14 x 10* and

0 =1.5mm).

applied field strength. It is also interesting that the influ-
enced region by the side layers shrinks in the magnetic
field direction, or in the angular direction with By (see
Fig. 3(b) and (c)).

Fig. 4 shows the MHD effect on velocity distributions
in the liquid film near E/W walls and N/S walls respec-
tively. Fig. 4a and b are shown in two parts, left-hand
side for cases under field strength up to 0.6 T and
right-hand side for cases under field strength from
0.7 T to 1.0 T. It can be seen that the evolution of veloc-
ity distribution is evident only when the magnetic field is
not so strong (By < 0.5 T in this calculation). When the
magnetic field is strong enough, that is By > 0.5 T, the
increase of velocity in the side layers at E/W sidewall re-
gions becomes slower and slower and nearly stops when
By > 0.6 T (Fig. 4a); and the velocity profile in the whole
liquid film at N/S sidewall regions increases slightly with
By (Fig. 4b). It implies that the lowest velocity in an

annular MHD flow does not always locate in the prox-
imity of the N/S sidewalls but in between N/S and E/W
sidewall regions at a strong transverse magnetic field,
which is different from a single-phase MHD pipe flow.

Fig. 5 shows the calculated pressure drop of an annu-
lar MHD film flow. The simulated pressure drop in a
single-phase MHD pipe flow is also plotted for compar-
ison. It is shown that the pressure drop of an annular
MHD flow is of the same order in magnitude as that
of a single-phase MHD pipe flow with similar average
liquid velocity.

4.2. Inductive electric current density field

Fig. 6 illustrates vectors (Fig. 6a) and contours (Fig.
6b) of the dimensionless inductive electric current fields
in the liquid film of an annular MHD flow at an applied
magnetic field of 0.3 and 1.0 T respectively. Only half of
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flow field is shown in the figure since the electric current
circuits are formed symmetrically about the x-axis due
to the uniform magnetic field and symmetrical flow pas-
sage. It is obtained that the electric current flows toward
the eastern side in the entire liquid film and return to the
western side along circular paths in the electrically con-
ducting wall and in a very thin liquid layer in the near-
wall region.

Fig. 6(b) plots the decomposed current density con-
tours in the x and y directions. Note that a compara-
tively large inductive current component in the
direction parallel to By also appears near the N/S side-
walls when the field is strong. This corresponds to the
phenomenon that the velocity profiles in the N/S side-
wall regions increase with By when B is large and the
side layers in E/W regions are much narrowed.

4.3. Heat transfer characteristics

The flow structures straightforwardly influence the
heat transfer characteristics. Fig. 7 depicts the evolution
of ® with increase of By in the liquid film of annular
flow. In the absence of a magnetic field, the temperature

[
N
o

350 T
]{?\\ | \'%
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Fig. 8. Local Nusselt number on the wall surface for an
annular MHD flow (Rep =12x10°, Re,=1.4x10* and
0 = 1.5 mm). The initial position is at the eastern point of the
pipe and measured in counter clockwise direction.

is uniformly distributed in the angular direction. With
increase of By, the temperature distribution in liquid film
becomes more and more asymmetrical. Due to the char-
acteristic velocity distribution as previously described,
the temperature contours also display characteristic fea-
tures when the field strength is large, as shown in Fig.
7(c) and (d). Low temperature spots appear locally near
the N/S sidewalls as well as in the E/W sidewall regions
at a strong magnetic field.

As a consequence of the non-uniform temperature
distribution in the angular direction brought about by
the asymmetrical flow structures in the liquid film, the
local heat transfer rate at the wall surface is also non-
uniform in the angular direction, as shown in Fig. 8.
When the applied magnetic field is increased to By =
0.8 T, the minimum value of the Nusselt number is no
longer at the N/S sidewalls, which is directly due to
the velocity distribution.

Fig. 9 plots the Nusselt number ratio of Nu,, for
annular flow to Nug, the for single-phase flow at the
E/W and N/S sidewalls with the parameter of field
strengths, where only those at the western wall and
southern wall are representatively shown in the figure

T T T T T T T

T
7.5 —O— Calculation (on the southern wall)
—@— Calculation (on the western wall)
6.0 —&A— Experiment (on the southern wall)

—aA— Experiment (on the western wall)

N NP NERE P (NI TR SN EEE N

&
=
5
3
0 0.2 0.4 0.6 0.8 1.0
(a) B, (T)
T T T T T T T T T
7.5 —O— Calculation (on the southern wall)
—@— Calculation (on the western wall)
6.0 —A— Experiment (on the southern wall)
—aA— Experiment (on the western wall)
g
§E
=
0 0.2 0.4 0.6 0.8 1.0
(b) By(T)

Fig. 9. Asymmetric heat transfer characteristic of annular MHD
flow, showing qualitative agreement with experimental results.
The Nusselt number of single-phase flow, Nuy,, is for the case of
Re = 5.3 x 10% in experiment and numerical analysis respectively.
(a) Rep. = 1.2x 10, Re, =1.4x 10* and 6 = 1.5 mm; (b) Rey =
1.9x 10% Re, = 1.4x 10*and 6 = 1.5 mm.
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due to the symmetry of flow passage. The Nusselt num-
ber of the single-phase flow, Nug, is the mean value
around the circular tube. The experimental results [16]
are also included in the figure for comparison. It is noted
here that the Nusselt number does not necessarily
shows the minimum value at the southern wall. Never-
theless, the asymmetrical heat transfer characteristic
between the surfaces parallel to the direction of the mag-
netic field and those perpendicular to the field direction
has been confirmed numerically. The heat transfer rate
on the E/W wall surfaces, designated by solid symbols
in the figure, as a whole, is higher than those on the
N/S wall surfaces designated by open symbols. This gen-
eral trend agrees qualitatively with the experimental
observations although the predictions are overestimated
on both E/W and N/S walls.

The calculated result also shows that the Nusselt
number on N/S sidewall surfaces also slightly increases
with the applied magnetic field strength from a certain
value. This is due to the slight increase of velocity profile
near N/S sidewalls at a strong field. Serizawa et al. [16]
did not observe such a phenomenon in their experiment,
but the Nusselt number kept nearly constant or only
slightly decreased with the increase of the magnetic field
strength at the same liquid and gas velocity.

5. Summary and conclusions

Numerical simulations were carried out on a liquid
metal NaK-nitrogen-gas annular flow in a circular pipe
under a transverse magnetic field in order to clarify the
flow structures and the characteristics of heat transfer.

The side-layers, in which the liquid flow velocity in-
creased, appeared near the E/W sidewalls. The thickness
of side-layers in an annular MHD flow became narrower
with increasing the applied field strength not only in the
direction perpendicular to the magnetic field but also in
the direction parallel to the field.

The appearance of side-layers was due to the distri-
bution of the inducted electric current, i.e., a large cur-
rent component parallel to the applied field was
induced only in a narrow region near the E/W sidewalls.
With an increase of the field strength, the distribution of
such large current component parallel to the magnetic
field might extend angularly to N/S sidewall regions
due to the configuration of a circular pipe, so that the
side-layer region was shrunk whilst the velocity profile
in the N/S sidewall regions had a slight increase.

The temperature field displayed that low temperature
spots also locally appeared near the N/S sidewalls as well
as in the E/W sidewall layers in a strong magnetic field.
In consequence, when the field strength was large, the
lowest Nusselt number spot did not locate on the N/S
sidewalls any more, which was different from a liquid
single-phase MHD pipe flow. The asymmetrical heat

transfer behavior between E/W walls and N/S walls
qualitatively agreed with experimental observation.

The pressure drop in an annular film MHD flow was
of the same order of magnitude as that of a single-phase
MHD pipe flow under similar liquid metal flow
conditions.
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