1686

Int. J. Heat Mass Transfer.  Vol. 23, pp. 1686 1690
© Pergamon Press Ltd. 1980, Printed in Great Britain

QOT7-93 1078012011686 SO2.0010

MEASUREMENT AND PREDICTION OF THE PRESSURE DIFFERENCE
THROUGH A TWO-PHASE LIQUID-METAL MHD GENERATOR

P. F. DunN
Engineering Division, Argonne National Laboratory, Argonne, IL 60439, U.S.A.

(Received 29 January 1980 and in revised form 24 April 1980)

NOMENCLATURE
a, electrode spacing;
B, magnetic flux density (integral average):;
dy, average hydraulic diameter, 2aw/(a + w)
1, distance between first and last pressure
transducers;
iy, mass flow rate of nitrogen ;
iy, mass flow rate of sodium;
M, Hartmann number, Bd,\/(,/1);
D, absolute pressure;
R, internal resistance, a/lwo (single-phase);

liquid—metal shunt layer resistance, a/2léa,;
R,.;, conducting wall resistance, a/2lto,;
Re, Reynolds number, pud, /i ;

shunt»

t, conducting wall thickness ;

T, temperature ;

uy, average liquid velocity, m;/p,aw;

w, average spacing between ‘insulating’ walls;

o, average void fraction;

d, liquid—metal shunt layer thickness;

Ap, pressure difference between first and last
transducers;

y resistance coefficient (friction factor), (—Ap/l)
Qdy/piut);

VAR normalized resistance coefficient, Ay, —~ /5 -0

s absolute viscosity of liquid;

Ous density of liquid;

[ electrical conductivity of liquid ;

Osts electrical conductivity of stainless steel,

@, conductivity ratio, 2to,/wa, (single-phase).

INTRODUCTION

THE EFFECTS of a magnetic field and other parameters on the
pressure gradient through a liquid—metal magnetohydrody-
namic (LMMHD) generator are examined in this study.

In 1978, data was gathered at Argonne National Labo-
ratory (ANL), using the world’s first high-temperature two-
phase LMMHD generator. The primary objective of the tests
that produced these data was to characterize the performance
of the generator over the temperature range of approximately
500-800 K. During these experiments, the effects of tempera-
ture, applied magnetic field, and other parameters on the
generator pressure gradient, electrode voltage, and gas-to-
liquid velocity slip ratio were investigated. Some of the results
are presented elsewhere [1,2]. In this study, the pressure-
gradient data for both single-phase (sodium) flow and two-
phase (sodium-nitrogen) flow through the generator are
reported and discussed.

A primary motivation for this and a companion study [3]
was to develop a reliable method of predicting the total
pressure difference through a two-phase LMMHD generator.
Such power generators have been under development at
ANL for a number of years. The references for these studies
conducted at ANL and for the basic research studies on

single-phase and two-phase flows that pertain to these
generators were presented recently by Dunn [3]. The latest
results of experiments on a LMMHD generator operated at
ambient temperature were reported by Fabris et al. [4].
Branover et al [5] have developed an analytical model that
considers the effects of a nonuniform void fraction distri-
bution and, also, of a current-shunting liquid—metal layer
on the performance of a two-phase LMMHD generator.
Gershon and Lykoudis [6] have presented an analytical
study concerning the effect of end-current losses on gen-
erator performance. The effect on generator performance of
a difference in velocity between the gas and liquid—metal
components of a two-phase mixture have been discussed by
Fabris and Pierson [7].

THE EXPERIMENT

The subject experiments were conducted at the ANL two-
phase sodium-nitrogen LMMHD facility, which s de-
scribed elsewhere [8). The liquid—metal MHD generator uti-
lized for these tests is described in detail in [2]. Basically,
it was a linear-tapered, rectangular, thin metal duct with
10.2-cm (4.0-in.) uniform electrode spacing and a variable
‘insulating’ wall spacing of 5.1 to 6.9cm (2.0-2.7 in.) from its
inlet to the outlet.

Thirty-seven system parameters—including temperatures,
pressures, flow rates, voltages, magnetic flux densities, and
void fractions—required for generator performance analysis,
and 13 additiona! parameters required to monitor the system
were measured, scanned, and stored by the facility data
acquisition system for each experimental run. The duration of
each run was approximately 15min, during which each
parameter was recorded a minimum of seven times. Each
parameter varied by less than 29 from its average. The static
pressures along the generator were measured with seven
pressure transducers, which were spaced at intervals of
approximately 10.5 cm (4.1 in.) along one generator electrode
wall. The inlet gas pressure was monitored with an additional
pressure transducer, and inlet liquid and gas temperatures
with thermocouples located between the outer pipe walls and
the piping insulation. Mass flow rates and mixture qualities
were calculated from the volumetric flow rates measured by
the respective liquid (electromagnetic) and gas flowmeters,
the pressures, and the temperatures. A transverse magnetic
field along 57 cm (22.25in.) in the approximate center region
of the generator was provided by an iron-core DC elec-
tromagnet, and the flux density was determined by means of
the voltage drop across the calibrated current shunt. Voltages
along the positive and negative electrodes were measured at
five locations along each electrode. Thulium-170 gamma-ray
sources were used in conjunction with detector/counter
instrumentation to measure void fraction profiles at three
locations along the length of the generator.

During the subject experiments, the generator operated at
elevated temperatures for a total of 325 h, comprising nine
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complete thermal cycles. The tests were made under open-
circuit conditions, without the generator load resistors in-
stalled. A total of 14 single-phase (sodium) and 32 two-phase
(sodium—nitrogen) tests were conducted over a range of
sodium mass flow rates (14-28 kg s~ !), nitrogen mass flow
rates (0-0.4kgs™!), average magnetic flux densities
(0-0.9T), and temperatures (490-735 K).

Standard estimates of error for the parameters measured
were: sodium mass flow rate, 3.1%; nitrogen mass flow rate,
5.19; temperature, 0.5%,; pressure, 3.5%; magnetic flux
density, 0.6%; wall voltage, 0.1%: and average void
fraction, 13.8%.

PRESSURE MEASUREMENTS

Some of the static pressure measurements, taken at the
seven positions along the length of the generator for various
single-phase sodium mass flow rates and magnetic flux
densities at 620 K are shown in Fig. 1(a). A moderate increase
in the pressure along the length of the generator was
measured for all cases in which no magnetic field was applied
(case 1). Such an increase is the result of a decrease in the
velocity along the length of the generator, which occurs
because the cross-sectional area increases along the length.
For all cases in which a magnetic field was applied (cases 2-5)
a rise, followed by a decrease in pressure near the generator
inlet was measured. Also, for these cases, a slight decrease,
followed by a slight increase in pressure near the generator
exit was noted. These entrance and exit changes in the
pressure gradient are the result of circulating end currents in
the liquid—metal, which increase the generation of power
near the inlet of the generator and decrease it near the exit.

Figure 1(b) shows the measured static pressures along the
length of the generator for various two-phase flow cases at
540 K in which the nitrogen mass flow rate was constant and
the sodium mass flow rate and magnetic flux density varied.
For the cases of lower magnetic flux density (cases 2 and 5),
the pressure difference through the generator was relatively
small. For cases of higher magnetic flux density (cases 3 and
4), the pressure difference was larger (Ap = 0.73 MPa for case
3 and 0.86 MPa for case 4). However, these pressure differ-
ences are still relatively small when compared with those
measured in a LMMHD generator for the same mass flow
rates and magnetic flux densities, but with an external
electrical load connected to the generator electrodes [4]. For
cases in which the sodium mass flow rate, magnetic flux
density, and temperature were constant, the generator pres-
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Fi1G. 1(a). Single-phase sodium pressure data, T= 620 K.

1687

CASE B (T) ﬁ\l(kg/s) ﬁlg(kg/s)
| 0 0 23.83 0.200
2 o} 0.55 22.55 0.201
3 A 0.91 18.60 0.200
4 L] 0.91 24.30 0.191
5 v 0.57 28.07 0.189
04
‘; -
Q.
=
& 0.2 :
>
o
o3
wd
[-4
a — —
[‘—ELECTRODE——‘
0 S I SN N S B O
-04 -0.2 0 0.2 0.4
DISTANCE ALONG GENERATOR {m)
FiG. 1(b). Two-phase sodium-nitrogen pressure data,

T = 540K.

sure difference was found to increase with an increase in the
average void fraction of the two-phase mixture flow through
the generator.

ANALYSIS

At present, a derivation of an analytical expression for the
pressure gradient through a two-phase LMMHD generator
in a rigorous manner from the governing hydrodynamic
equations appears intractable. In the past, however, several
studies modeling two-phase LMMHD flows, principally
those of Thome [9], Tanatugu et al. [10]. Serizawa and
Michiyoshi [11], and Owen et al. [12], have adopted a more
simplistic, yet effective analytical approach. The two-phase
mixture was considered to be homogeneous with respect to its
density, viscosity, electrical conductivity, and velocity. This
approach leads to the desired expression for the two-phase
case written in terms of single-phase quantities and the
average void fraction of the mixture.

Recent studies at ANL also have demonstrated this
approach to be quite successful in modeling the two-phase
MHD pressure difference through a circular pipe with
conducting walls [3,13] and through a LMMHD generator
operated with an electrical load [13, 14]. In the subject study,
this model is extended to consider two-phase flow at high
Hartmann numbers through a LMMHD generator with very
thin conducting walls between the electrodes that is operated
under open-circuit conditions.

Following this approach, the MHD contribution to the
two-phase pressure difference is represented in nondimen-
sional terms by the two-phase normalized resistance coef-
ficient (friction factor), which is defined by the expression:

*
)”TP = )'TP‘M - ;'TP.MZO

_{(—Ap) ] 2d, }
- TP PTP“ZTP M
—A 24,
e, A, o
! TP PrelTP)M=0

In the above expression, d, is the average hydraulic
diameter of the channel, and u;, and pp the liquid velocity
and density of the two-phase mixture, in that order. The two-
phase pressure gradient was approximated in the above
expression by (— Ap/l)rp, where Ap is the pressure difference
between the generator’s first and last pressure transducers
and [ the distance between them. For a rectangular generator
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geometry and high Hartmann numbers (M » 1), the two-
phase normalized resistance coefficient can be related to the
two-phase Hartmann number, M, Reynolds number,
Reyp, and conductivity ratio, ¢4, by the expression:

2Myp { Miypdre + 11

- - . 2)
Reyp T+ dpp |

The derivation of the dimensional form of this expression for
the single-phase case was presented by Thome [9], and the
equivalent expression for the two-phase case by Owen et al.
12].

L E]xpressions for the two-phase Hartmann and Reynolds
numbers can be developed in terms of single-phase quantities
and the average void fraction by defining the liquid velocity,
electrical conductivity, density, and viscosity of the two-phase
mixture, in that order, as:

VL —
rTp =

wypp = /{1 — o), (3)

Gyp = 0, expl{ — 3.8x), (4

pre = poofla), 5
and

drp = iy gla) 6

In these expressions, « denotes the average void fraction,
and f(xz) and g(a) unprescribed functions of o. Expression (4} is
an empirical formula for the two-phase electrical conductivity
proposed by Petrick and Lee [15], which best-fits the two-
phase conductivity in LMMHD generators over the approx-
imate void fraction range of 0.3-0.7. Expression (3) is
derived from conservation of mass. Using these equations, the
two-phase equivalents of the Hartmann and Reynolds num-
bers become:

Mrp = Bdyf(orp/1trp)

=M /[1/g(a)] - exp(—192), (M
and

Rerp = proprsdyfitrp &)
= Re - f{2)/[(1 - o) -g(=)],

where M and Re represent the Hartmann and Reynolds
numbers for the pure-liquid case.

The two-phase equivalent of the conductivity ratio can be
defined as the ratio of the internal and external two-phase
resistances of the generator. For the open-circuit case, the
electrical load resistance of the generator is infinite, and the
electrical end resistance is assumed to be large compared with
the electrical shunt and wall resistances. The two-phase
internal resistance is the two-phase core resistance, where

R; ;p = a/lwo,p = a/lwe, exp(—~3.8a), 9)

in which a is the electrode spacing and w the average channel
width in the direction parallel to B. The external resistance is
the parallel combination of the resistance of the conducting
walls between the electrodes,

Ryan = ai20to,, (10)
and the resistance of the liquid—metal shuntlayer adjacent to
the walls that are perpendicular to the electrodes,

Raun = /2100, (11
where g, is the electrical conductivity of the stainless steel, ¢
the conducting wall thickness, and 6 the liguid-metal shunt
layer thickness. The shunt layer thickness has been shown by
Lykoudis [16] to be approximated by the expression:

b= M

12)
5 (12)
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for the case of a two-phase LMMHD generator operated
under open-circuit conditions. Using equations (8}-(12), the
expression for the two-phase conductivity ratio becomes:

21‘0'55, ~23
Grp={ =+ M7 Jexp(3.8a).
wo, ,

{13)
The term, 2to,,/way, is the conductivity ratio for the single-
phase case, which is denoted as ¢. Note that for very large M
the contribution of the shunt layer is negligible.

The expression for the two-phase normalized resistance
coefficient, equation (1), can be recast solely in terms of
measured quantities to become:

—A
A= H(Vl’,) : ?ff?;}
I T i Vs

/ — Ap S 2 gy
_ { (=) yi} ]S;(T}* (14)
Equation (2) can be rewritten as:
= %{M‘ P+ Mo+ JLg(a)]exp(—~ I.Qq)}
Re M~=23 + ¢ + exp(—3.8¢)
1
x (/ﬁ&—)-)exp{-&xas). (15)

For all of the two-phase cases examined, values of the
product /[g(a)] - exp(~ 1.92) were much less than M'* or
M, where exact expressions for g{o) given by Wallis [17] and
by Tanatugu et al. [ 10] were tested. Equation (15) reduces to:

‘. 2M2 M«;’:S +¢
ATp = Re =5 {
e {M + ¢ + exp{—3.8a}}

l —a
x(«-—m)ex —3.8ax). (16
g Jexp(= 380 (16)

The two-phase normalized resistance coefficients of the
measured pressure differences computed by using equation
{14) are compared in Fig. 2 with the predictions computed by
using equation (16). For simplicity, f{x} was assumed equal to
one in equations (14) and (16) because its exact expression
does not affect the comparison between experimental and
theoretical values. However, it is important to note that an
exact expression for f(x) must be specified when using
equation (16) to compute the magnitude of i%,. The linear
least-squares fit of the data agreed with predicted values to
within 20% {correlation coefficient = 0.85, standard error of
estimate = 0.09).

DISCUSSIONS AND CONCLUSIONS

in the foregoing analysis several approximations were
made in order to model the experimental results. Because the
complete angle of divergence between the ‘insulating’ walls of
the generator was small (equal to 0.0314 rad), the cross-
sectional area of the generator was assumed constant and
equal to the product of the electrode spacing, a, and the
average spacing between the ‘insulating’ walls, w. The hy-
draulic diameter of the generator was computed by using the
average spacing, w. The magnetic flux density was determined
from an integral average of the flux density profile and the
measured centerline flux density. The void fraction measured
at the center location along the axis of the generator was
chosen to represent the average void fraction of the two-phase
mixture inside the duct of the generator.

The MHD pressure gradient for two-phase flow was
approximated by the use of a normalized pressure difference
based upon the difference between absolute pressures mea-
sured at the first and last pressure transducers located just
beyond each end of the generator electrodes. This assumption
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is justifiable if magnetic-field entrance and exit effects are not
large. Unfortunately, the conditions under which magnetic-
field entrance and exit effects are sufficient to alter the two-
phase MHD pressure gradient for the case of a rectangular
geometry have not been specified, mainly because measured
profiles of the pressure along the flow direction, before,
within, and beyond the magnetic-field region have not been
reported. In the case of pure liquid-metal MHD flows,
measurements have been reported by Branover [18], for a
rectangular channel with ‘insulating’ walls, and by Fabris et
al. [4], for a rectangular MHD generator with an expanding
cross-sectional area. Recently, measurements made for both
single-phase and two-phase MHD flows through a pipe with
weakly conducting walls were presented by Dunn [3]. All
three of these investigations support the thesis that magnetic-
field entrance and exit effects predominate in cases of high
magnetic interaction, when single-phase magnetic interaction
parameter (M?2/Re) values are on the order of 100 or larger. In
the subject investigation, all cases examined had single-phase
magnetic interaction parameter values of less than 100.

The single-phase Reynolds number for these éxperiments
ranged from 5.8 x 10° to 1.1 x 10°; the single-phase Hart-
mann numbers ranged from 3.0 x 10% to 7.9 x 10%, and were
equal to zero in some cases. In 8 of the 10 single-phase cases
examined, in which the Hartmann number was greater than
zero, it was sufficient to ‘laminarize’ the flow, according to the
criterion for transition from turbulent to ‘laminarized’ flow
discussed by Branover [18].

Equation (12) is an approximation for the shunt layer
thickness and is applicable to limiting cases in which ¢ «1.
For larger values of ¢, the exponent of the Hartmann number
in the equation changes and approaches a value of —4/3 for
limiting cases in which ¢ > 1, as was shown by Lykoudis [16].

Values of the two-phase normalized resistance coefficients
predicted by the subject method are dependent upon the
expressions chosen for the two-phase equivalents of the
electrical conductivity, density, and absolute viscosity. In this
investigation, the experimental conditions were such that the
comparison between experimental and predicted values of the
normalized resistance coefficient was dependent only upon
the two-phase conductivity expression. The expression for the
two-phase conductivity proposed by Petrick and Lee [15]
was chosen because of its agreement with measurements in
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two-phase LMMHD generators over a wide void-fraction
range [19]. An alternative expression could have been
chosen.

It is concluded that the present model, which considers the
effect of the liquid—metal shunt layer, can predict, to within
experimental error, the total pressure difference through a
two-phase LMMHD generator operated at high Hartmann
numbers under open-circuit conditions.
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NOMENCLATURE

exponent :

constant ;

exponent ;

constant;

mass concentration ;

mass concentration at the surface of the porous
plate;

width of nozzle (PWJ); diameter of nozzle
(RWJ);

constant;

non-dimensional stream function
non-dimensional concentration;

exchange coefficient;

mean velocity in the direction of flow;
maximum velocity (wall Jet);

nozzle exit velocity;

mean velocity in the transverse direction;
longitudinal coordinate;

distance of leading edge of porous plate from the
virtual origin;

transverse coordinate;

height of nozzle above flat plate—radial wall jet;

CONCENTRATION
A PROFILE

) 1
VIRTUAL ORIGIN

6
POROUS l

/378

w, v, ¢,

2

Tos
T,
IYS

m»

Rey,

Sc,,

boundary layer thickness (for wall jets J is the
height at which u = U,,/2);

concentration boundary layer thickness:
height at which u = U,

similarity parameter (y/d);

value of 5 at which u = Uy ;

similarity parameter (y/d.);

turbulent fluctuations in u,v and c;
density ;

kinematic viscosity ;

wall shear stress;

shear stress;

diffusivity of momentum (turbulent);
diffusivity of mass (turbulent);

Reynolds number at nozzle exit = Ugydy/v;
turbulent Schmidt number.

L. INTRODUCTION

THE PROCESS of mass transfer from saturated porous surfaces
exposed to turbulent air streams finds many practical appli-
cations. In many cases, the air stream will be in the form of a
wall jet over the porous surface. The aerodynamics of both
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F1G. 1(a). Two-dimensional plane wall jet.



