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Abstract-Experimental results are presented for a range ofmeasured temperatures and other parameters of 
vertically downward flows, both single-phase (sodium) and two-phase (sodium-nitrogen), in a conducting- 
wall pipe in the presence of a transverse magnetic field. Existing MHD theory predicted, to within 
experimental error, all single-phase pressure differences for magnetic interaction parameter values of up to 
approximately 100, beyond which the single-phase normalized resistance coefficients were noticeably lower 
than the laminar-flow predictions. The magnetic interaction parameter at which such deviation occurred was 
governed by the conductivity ratio. Two-phase pressure differences were obtained across a range of void 
fractions, approximately 0.3-0.8, where two distinct flow regimes were encountered. For those two regimes, 
the normalized resistance coefficients of pressure difference were predicted to within experimental error by 
the corresponding two-phase MHD pressure-difference models. In half of the two-phase cases examined, 
decreases were observed in normalized resistance coefficients at high values of the magnetic interaction 
parameter, a trend similar to that found in single-phase flow. The wall-voltage profiles of single-phase flows 
were symmetric with respect to the center of the applied magnetic field region; two-phase wall-voltage 
profiles were asymmetric because of the expansion of the gaseous nitrogen along the length of the test section. 
The influence of temperature and other system parameters upon pressure differences and wall voltages, and 
the possible effect of ‘M-shaped’ velocity profiles in the two types of flow are discussed. 

NOMENCLATURE 

pipe cross-sectional area; 

integral-averaged magnetic flux density ; 
internal pipe diameter ; 
average slip ratio, ug, TP/~,. TP; 

electromagnet pole-face length ; 
mass flow rate; 

Hartmann number, Bd & ; 
magnetic interaction parameter, M’/Re; 
pressure ; Subscripts 

volumetric flow rate ; 
contact resistance ; 
internal flow resistance, equation (19); 

external flow resistance, equation (20) ; 
.Reynolds number, p,u,d/pl ; 
temperature; 

1, 
9, 
IV, 

A, 
B, 
TP, 

resistance coefficient, (- Ap/l)(2d/puF); 
normalized resistance coefficient, 

J.M - 1,W=,i 
absolute viscosity ; 
density ; 
electrical conductivity ; 
conductivity ratio, 2w(u,. + l/R,)/a,d; 

mixture quality, ni&iy + ti,). 

liquid (sodium); 

gas (nitrogen) ; 
wall ; 
Region A; 

Region B ; 
two phase. 

aveiage liquid velocity (single-phase), 

Q,lA; Acronyms 

Argonne National Laboratory ; ANL, 
LMMHD, Liquid Metal; 

Magnetohydrodynamic; 

OHD, Ordinary Hydrodynamic. 

average gas velocity (two-phase), Q,/aA; 
average liquid velocity (two-phase), 

(QdU - 44; 
superficial velocity, Q/A; 
pipe wall thickness. 

Greek characters 

average void fraction ; 
liquid-metal layer thickness; 
pressure difference between transducers ; 
normalized pressure difference, 

AP, - APU=O; 

*This research was supported jointly by the Office of Naval The primary motivation for this research is to 
Research and the U.S. Department of Energy. develop a reliable method of predicting the total 

INTRODUCTION 

THIS study concerns the influence of a transverse 
magnetic field on the pressure difference and wall 
voltage in both single-phase (liquid metal) and two- 
phase (liquid metal-inert gas) vertically downward 
flows at various temperatures through a circular duct 
with conducting walls. 
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pressure difference through two-phase liquid-metal 
magnetohydrodynamic (LMMHD) power generators 
under development at Argonne National Laboratory 
(ANL). Although many theoretical and experimental 
studies of single-phase MHD have been made for a 

variety of duct geometries and magnetic held align- 
ments (for example, see comprehensive reviews by 

Hoffman and Carlson [l]; Hunt and Moreau [2]; 

Lielausis [3]; Reed [4]; Patrick [S]; Reed and 
Lykoudis [6] ; Branover [7]) little consideration has 
been given to identifying the influence of a magnetic 
field (and, possibly, temperature and/or wall con- 

ductivity also) on two-phase liquid metal-gas flows. 
Two-phase LMMHD experiments with rectangular 

generator geometries have been conducted for a 

number of years at ANL [8815] ; in these, the pressure 
gradient has been measured as a function of hne- 

averaged void fraction, magnetic flux density, and 
generator load factor. Relatively little work, however, 

has been directed toward relating local flow structure 

and properties to these overall measurements. Mi- 
chiyoshi et ol. [16] have reported experimental local 

void fraction profiles, bubble impaction rates, bubble 
velocities and their spectra measured for vertical 
upward mercury-argon, two-phase MHD pipe flow. 

Recent reports by Saito et ul. [ 17, 181 have discussed 
redistributions of the gaseous phase in two-phase 
NaK-nitrogen flows subject to strong magnetic fields. 
The results ofinitial experiments in which hot-film and 
resistivity probes were used to measure local void- 

fraction and void-frequency profiles in a 

NaK-nitrogen LMMHD generator were presented 
recently by Fabris et (I/. [19]. An analytical model has 

been developed by Owen et al. [20] which is applicable 
to two-phase LMMHDgenerator channel flow at high 

Hartmann numbers. 

Another motivation for this research lies in the need 
for proper design of the cooling blanket required in the 
proposed controlled thermonuclear reactors. Present 

designs [21] involve the pumping of a liquid metal 
through regions of high magnetic flux densities ~ 

possibly as high as 10T ~ where the magnetic 
interaction parameter, the ratio of electromagnetic to 
inertial forces, is of the order of 104. The flow in this 
case is ‘laminarized’; however, laminar-theory pre- 
diction of the flow’s pressure gradient may not be 

adequate. Actual pressure gradients may be lower than 
the laminar-theory prediction when the magnetic 

interaction parameter value is high (5 100) as re- 
ported initially by Pierson et (I/. [22] and indirectly 
supported by other experimental works [4, 16, 231. 

The main objectives of this study, then, were to 
measure pressure differences and wall voltages over a 
range of flow velocities, void fractions, magnetic flux 
densities, and temperatures for a simplified test geo- 
metry; to identify possible alterations in both single- 
phase and two-phase pressure differences at high 
magnetic interaction parameter values ; and to develop 
a means of correlating the pressure difference with 
other system parameters. 

EXPERIMKNTS 

The present experiments were conducted at the 
ANL two-phase sodium--nitrogen LMMHD facility 

(Fig. 1). The facility provides prescribed flows of liquid 
sodium [design flow rate of 26 kg s ~ ’ at 0.79 M Pa 

absolute (115 psia) at 811 K] and gaseous nitrogen 

[design flow rate of 0.18 kg s ’ at I .03 M Pa absolute 
(150 psia) at 811 K] at temperatures from _ 480 to 

810 K (- 400 to 1000°F). The sodium and nitrogen are 

mixed, passed through the test section duct in the 
presence of magnetic flux densities of up to 0.9 T, and 
then separated. The sodium is recirculated, and the 

nitrogen is vented to the atmosphere after removal of 

any traces of sodium carryover. 
The sodium-loop components are an electromag- 

netic pump with blower, electromagnetic Bowmeter, 
heat exchanger with blower, dump tank, piping and 

piping components, and valves. The nitrogen-loop 
components include a trailer of compressed nitrogen 
gas, flowmeter, heater, flow-rate controller, piping and 
piping components, and valves. The section of the loop 

through which the two-phase mixture circulates is the 
test-section duct and dump tank with primary and 

secondary separators. A d.c. iron-core electromagnet 
produces the magnetic field. 

In these experiments a circular pipe ‘mixer- 
generator’ test section (Fig. 2) was employed in lieu of 
the actual mixer-LMMHD generator test section. 
Tests utilizing the 4 in. ( - IOcm) dia., circular stainless 
steel pipe test section were conducted over a range of 
liquid mean flow velocities (2.0-4.2 m s- ‘), mixture 

qualities (O-0.0053), magnetic flux densities (0 0.9 T), 

and temperatures (530 -810 K). 
The test section, 92.5 in. ( - 2.4 m) in length, con- 

tained a single orifice for gas injection (Fig. 2). The 

pressure difference along the test section was measured 
with two absolute-pressure transducers, located 102 in. 
(- 2.6 m) apart, approximately at the entry and exit of 
the test section. Pressure measurements along the test- 

section length within the magnetic field region, like 
those performed by Reed [4], were not made. The inlet 

gas pressure was monitored with an additional 
absolute-pressure transducer, and inlet liquid and gas 

temperatures by means of thermocouples located 
between the outer pipe wall and the piping insulation. 

Mixture qualities were calculated from the sodium and 
nitrogen volumetric flow rates measured by elec- 
tromagnetic and gas flowmeters respectively, inlet 

pressures and temperatures. A transverse magnetic 
field along 22.25 in (-- 057m) of the approximate 
center region of the test section was provided by a d.c. 
iron-core electromagnet, the centerline flux density of 
which was determined by means of the voltage drop 
across the calibrated current shunt. Nineteen voltage 
probes, welded at 90” intervals about the circumfer- 
ence and at 6 in. ( 4 0.15 m) intervals along the length 
of the test-section outer wall, both within and outside 
the pole-face region of the electromagnet, were utilized 
to monitor the wall voltages. All essential parameters 
were sequentially scanned and recorded during each 
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FIG 2. Schematic of the circular-pipe test section. 

experimental run by the data acquisition system of the 
facility. In addition to the sequential acquisition of 
data, the voltage differences between centerline “pos- 
itive’ and ‘negative electrode’ voltage probes (num- 
bers 12 and 5) and between two ‘negative electrode’ 
voltage probes (numbers 4 and 5) within the pole-face 
region were displayed, on both on an oscilloscope and 
a chart recorder. 

Values of the standard estimates of error for the 
parameters measured were sodium mass flow rate, 
3.1%, nitrogen mass flow rate, 5.1 %, temperature, 
0.5 ‘;& pressure, 3.5 YO, magnetic flux density, 0.6 “/,, and 
wall voltage, 0.1 yo. 

RESULTS 

Single-phase pressure-difference results 
All the single-phase pressure-difference data were 

expressed first in nondimensional form by their re- 
spective values of the single-phase resistance coef- 
ficient, i,. The MHD contribution to the pressure 
difference was then obtained by determining the 
corresponding single-phase normalized resistance 
coefficient, I*, for each single-phase Hartmann to 
Reynolds number ratio, M/Re, case examined, where 

In the above expressions d is the pipe internal dia- 
meter, u, the average liquid velocity, and p!, oL, and p, 
the sodium density, electrical conductivity, and ab- 
solute viscosity, in that order. B represents the integral- 
averaged magnetic flux density determined from the 
measured centerline flux density and the flux density 
profile. The pressure gradient for these cases was 

approximated by Ap/l, where Ap is the pressure 
difference between the transducers, and i the elec- 
tromagnet pole-face length. 

The single-phase Reynolds numbers ranged from 
4.8x 10s to 1.6 x 106; the single-phase Hartmann 
numbers ranged from 2.0 x IO3 to 1.2 x 104, and in 
some cases were equal to zero. The Hartmann number 
in all cases not equal to zero was greater than that 
required to ‘laminarize’ the flow, according to the 
criterion for transition from turbulent to ‘laminarized’ 
flow set forth by Patrick [5]. 

The nondimensional representation of the single- 
phase pressure-difference data obtained at 620K is 
shown in Fig. 3. All the single-phase pressure- 
difference data gathered over the 530 K to 810 K range 
are presented elsewhere [13]. For Hartmann-to- 
Reynolds numbers ratio values up to approximately 
0.015, all the results obtained agreed within experi- 
mental error with the relation 

(4) 

where the single-phase conductivity ratio, c#‘, a func- 
tion solely of temperature, is defined as 

4 = 2w(u,. + l/R,)/o,d (5) 

i 

5- 

THEORY WITH 

-6POK b= .0263 

FIG. 3. Normalized resistance coefficient vs Hartmann-to- 
Reynolds numbers ratio for single-phase sodium ffow 

T= 620 K. 



Magnetohydr~ynamic pipe flow 377 

THEORY WITH 

FIG. 4. Normalized resistance coefficient vs magnetic in- 
teraction parameter for single-phase sodium flow at various 

temperatures. 

with w and (z, representing the pipe wall thickness and In two-phase flow, the pressure gradient and void 
electrical conductivity, and R, the contact resistance fraction, and thus the flow regime, are inherently 
between sodium and stainless steel [24]. Equation (4) coupled [26]. In these experiments, neither direct 
represents the theory of Chang and Lundgren [25] observation of the flow structure nor its inference from 
developed for laminar MHD flow in a circular chan- local diagnostic techniques were possible. The void 
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nel, with a conducting wall, in the presence of a 
magnetic field applied uniformly along its length. It 
does not consider magnetic field entrance and exit 
effects, as well as ‘M-shaped’ velocity profile effects, 
which were present in these experiments (see the 
Discussion section). 

For most of the single-phase cases examined, values 
of the product M4’ were much greater than one. For 
these cases, (4) reduces to 

where N represents the single-phase magnetic in- 
teraction parameter as defined by 

N = M’JRe = a,B2d/p,u,. (7) 

The single-phase normalized resistance coefficients for 
all of the data obtained in the 530 K to 810 K range are 
plotted vs their respective single-phase magnetic in- 
teraction parameter values in Fig. 4. As shown in the 
figure, at magnetic interaction parameter values of 
approximately greater than 100, the measured values 
of the single-phase normalized resistance coefficients 
become lower than those predicted by (6). The mag- 
netic interaction parameter value at which this depar- 
ture occurred increased with decreasing conductivity 
ratio. 

T~lo-pause pressure-dl~erence results 

T(K) 
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A w PO Ai l .AaolC 0 0 ’ I 
I I I I 

FXG. 5. Superficial liquid velocity vs superficial gas velocity for sodium-nitrogen flow at d&rent 
temperatures. 
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fraction, also, was not measured and, hence, had to be 
determined in an indirect manner. 

A wide range of void fractions were obtained in the 
present experiments by varying the liquid and gas flow 
rates over as large an operational range as possible 
[13.9 < ni, (kgs-‘) < 31.0 and 0.054 < i, (kgs-‘) 
5 0.0771. Possible flow regimes were delineated best 
by plotting superficial liquid velocity, u;, against 
superficial gas velocity, ~“8, as shown in Fig. 5. This 
method has been employed successfully by Taitei and 
Dukler [27] and many others [28] in studying or- 
dinary hydrodynamic (OHD) liquid-gas flows, but it 
never has been used for MHD flow regime analysis. It 
can be seen readily that in these experiments two 
distinct groupings of data are present, denoted as 
Regions A and Bin the figure. A majority of the data in 
Region A were obtained by operating the facility at 
high liquid and low gas flow rates. The data in Region 
B were obtained conversely. 

The void fraction range computed by this method 
for the data in Region A was from - 0.35 to - 0.70. 
and from - 0.70 to - 0.80 in Region B. The findings 
from OHD experiments similar in geometry and 
orientation to the present one [26] support that there 
are distinct flow regimes consonant with the void 
fraction ranges of these regions. Region A encom- 
passes those flow regimes in which gas voids are 
dispersed throughout the cross-section of a liquid 
continuum, as depicted in Fig. 6. For Region A flows 
with lower average void fractions, the gas voids are 
predominantly various sized bubbles; whereas. for 
Region A flows with higher average void fractions, the 
gas voids are predominantly irregular shaped and 
sized slugs. Region B corresponds to an annular flow 
regime, as shown in Fig. 6. In this regime almost all the 
liquid is concentrated along the pipe wall, and the gas 
along the center of the flow. 

For each of the cases examined, the average void 
fraction, a, at the horizonta1 pole-face centerline 
station along the axis of the flow was determined from 
the relation 

a = ggPJ(figPC + KrriiPfi) (8) 

in which & and 61~ are the liquid sodium and gaseous 
nitrogen mass flow rates, p, and ps the liquid and gas 
densities, and K, the average slip ratio, equal to 
us. TP/~1. Tp The density of the nitrogen, pe, was de- 
termined from the pressure and temperature at the 
centerline station, where the pressure was found 
assuming that the measured pressure difference occur- 
red solely within and varied linearly along the polk- 
face region. Values of the average slip ratio, I(, were 
computed initially using the measured wall voltages 
and the expression for Ohm’s Law applicable to this 
case, as described elsewhere in detail [IS]. The re- 
sultant slip ratio values ranged from about 1.0 to 3.3. 
Since changes produced by the variation in I( values 
from 1.0 to 3.3 in the two-phase normalized resistance 
coefficient were computed to be less than the standard 
estimate of the experimental error for this parameter, 
the mean value of K equai to 1.5 was chosen for ali 
cases. 

Since the basic flow morphology of each region is 
distinctly different, it was necessary to develop a model 
for each region to predict the pressure difference. 

(I) Region A. In Region A the two-phase mixture is 
considered to be homogeneous with respect to its 
density, viscosity, electrical conductivity and velocity. 
All these quantities are defined as functions of the 
average void fraction. 

The rationale for this simplistic and approximate 
approach is that it has proven to be a very successful 
approach in modeling a variety of two-phase flow 
problems in the past [29], particuIar~y in cases like the 
present, in which expressions for integral quantities are 
sought, such as the pressure difference over the length 
of a LMMHD generator. This type of approach was 
applied first by Thome [8] to model the pressure 
difference in two-phase LMMHD flows. Later, Tan- 
atugu et al. [30] and Serizawa and Michiyoshi [31], 
and then Owen et ul. [20] extended this approach to 
model two-phase LMMHD flows through both cir- 
cular and rectangular geometries. 

Following along these lines, the two-phase mixture’s 
liquid velocity, electrical conductivity, density and 
viscosity are defined respectively as 

Ll{. .,P = u,!(l - CY) 

(I.,~ = (~,.exp(- 3.8~) 

(9) 

(10) 

REGION A REGION B 

FIG. 6. Postulated two-phase flow morphologies for Regions A and B. 
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PTP = PI .f(a) (11) 

hP = pr .s(a) (12) 

where a denotes the average void fraction, andf(a) and 
g(a) unprescribed functions of a. Expression (10) is the 

two-phase electrical conductivity model proposed by 
Petrick and Lee [32], which successfully has modeled 
the two-phase conductivity in LMMHD generators 

over the approximate void fraction range from 0.3 to 
0.7. Expression (9) is derived purely from conservation 
of mass. 

Expression for the two-phase equivalents of the 
Hartmann number, Reynolds number and conduc- 
tivity ratio are developed using (2), (3), (5), and (9) 

through (12). They are 

M,, = M d/g(a) . exp( - 1.9 a) (13) 

WP = Re . f(a)l[(l - 4 s(a)] (14) 

and 

4kp, A = 4’ . exp(3.8 a). (15) 

The expression for the two-phase normalized re- 
sistance coefficient is 

- [( - ?)(2du:)]J~. (16) 
The two-phase expression for Region A analogous to 

(4) becomes 

2M M4’exp(l.9a) + fi 
4P,A = Ry 

@exp(3.8 a) + 1 

,(l - a) 
-‘exp(- 1.9~~). (17) 

f(a) 

This equation can be derived alternatively, as first 

suggested by Lykoudis [33], along the lines of Lock- 
hart and Martinelli [34] by replacing the expression 
for the liquid-phase coefficient of friction in their 
theory with (4). 

In all of the two-phase cases examined, values of the 

product Mb' exp( 1.9 a) were much greater than m, 
where exact expressions for g(a) given by Wallis [26] 

and by Tanatugu et al. [30] were tested. Also, sincef(a) 
is contained in both equations (16) and (17), the choice 
for its exact expression does not affect the difference 
between the experimental and theoretical values of the 
two-phase normalized resistance coefficient. With 
these considerations in mind, (17) reduces to 

lfp, A = 2N 
4’ 

4’exp(3.8a) + 1 
.(l -a). (18) 

For simplicity of comparison, in (16) and (18)f(a) is 
assumed equal to one. 

The two-phase normalized resistance coefficients of 

TWO-PHASE MHD CORRELATION 
(REGION A1 

3- LINEAR RFGRESSION FIT - 
/ 

FIG. 7. Comparison of the two-phase MHD pressure- 
difference model with experimental results : Region A (symbol 

key same as in Fig. 5). 

the measured pressure differences in Region A [com- 

puted using (16)] are compared with the two-phase 
MHD correlation given by (18) in Fig. 7. The linear 
least-squares fit of the data agreed well with the two- 
phase MHD correlation (correlation coefficient = 

0.98, standard error of estimate = 0.3 1). 
(II) Region B. In the present experiments, the 

pressure differences measured for Region B flows were 

found to be equal to approximately one-half the values 
of the pressure differences measured for Region A flows 

under similar MHD flow conditions. These reduced 
pressure differences, which are manifestations of the 

flow restructurization that occurs when present in 

Region B, can be predicted by a model developed for 
Region B. This model incorporates the flow mor- 
phology solely into the expression for the conductivity 

ratio and assumes that the two-phase equivalents of 
the Hartmann and Reynolds numbers derived for 
Region A flows remain unaltered, because they are 
expressed as functions of the average void fraction and 

are not strongly dependent upon the specific mor- 

phology of the flow. 
As shown in Fig. 6, a typical flow cross-section for 

either Region A or B flows is comprised of a pure 
liquid-metal layer of thickness 6 adjacent to the pipe 
wall, and a core flow of approximate diameter d - 26, 
where d is the pipe internal diameter. The layer 
thickness and core conductivity, however, are different 
for each region. In both cases, the internal flow 
resistance, Ri”t, equals the resistance of the 
liquid-metal layer and core resistances in parallel, i.e. 

Rin, = d/{+b, + [; - +Tp]}, (19) 

where oTP represents the core conductivity. The exter- 
nal resistance is defined as 
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R,,, = d/[2lw(q,. + l/R,)]. (20) 

Hence, the conductivity ratio applicable to both 
regions becomes 

For Region A flows, the liquid-metal layer resistance 
is much greater than the core resistance since 6 is very 
small compared to d/2. Equation (21) then reduces to 
(1.5). For Region B flows, the core resistance becomes 
infinite since almost all of the liquid metal is con- 
centrated in the liquid-metal layer adjacent to the pipe 
wall. Equation (21) then becomes 

&.a = 4~ + 1/K&‘~,~, (22) 

where the subscript B denotes Region B. 
The thickness 6, can be found by noting that for 

annular flow the effective liquid-to-total flow cross- 
sectional area ratio approximately equals one minus 
the void fraction at that cross-section. One arrives at 

6, = d(1 - &)/2. Hence, (22) can be written as 

(b;P. B = Zwfa, + l,‘R,)/cr,d(l - &) = -L 4’ 
I-& 

(23) 

where I$’ is given by (5). 
The two-phase expression for Region B analogous 

to (4) becomes 

I$p~,=2N- #’ ._ 
(1 - u) 

4’ + (1 _ J$ f’(x) ‘exp( - 3.8 a) 

(24) 

since in all of the two-phase cases examined the 

product Mc#J’/(~ - &) was much greater than one. 
The two-phase normalized resistance coefficients of 

the measured pressure differences in Region B [com- 
puted using (1611 are compared with the two-phase 
MHD correlation given by (24) in Fig. 8. Here, for 

2 

r 

/ 

/ 
LINEAR REGRESSION FIT-._/ 

/ 

TWO-PHASE MHD 
CORRELATION 
(REGION 6) 
I J 

1 2 

2 ’ 

MTP 'TPB 
2-- --P- 
ReTP l+@TP B i ,) 

FIG 8. Comparison of the two-phase MHD pressure differ- 
ence model with experimental results: Region B (symbol key 

same as in Fig. 5). 

simphcity ofcomparison,f(a) is assumed equal to one. 
The linear least-squares fit of the data agreed well with 
the two-phase MHD correlation (correlation 
coefficient = 0.87, standard error of estimate = 0.37). 

Wull-voltage results 
The wall-voltage profiles obtained for single-phase 

flow were symmetric with respect to the center of the 
applied magnetic field region and increased in magni- 
tude with increasing magnetic flux density and flow 
velocity. Typical profiles obtained at 700K and an 
average liquid velocity of4.2 m s- ’ are shown in Fig. 9, 
in which the probe locations with respect to the 
electromagnet pole-face horizontal centerline are in- 
dicated. At the highest flux density examined, 0.87 T, 
measurable voltages extended approximately 0.7 m 
upstream of the pole-face centerline. As expected for 
this compensated geometry, no noticeable shift in the 
magnetic field with fluid velocity was observed. Ail 
single-phase and two-phase wall-voltage data gath- 
ered over the 530 K to 810K range are presented 
elsewhere [ 151. 

The voltage profiles for two-phase flow were asym- 
metric about the pole-face horizontal centerline. Typi- 
cal profiles obtained at 700 K and an average quality of 
approximately 0.00189 are shown in Fig. 10. In order 
to determine the cause of these asymmetries, the two- 
phase voltages measured along the test section length 
and inside the pole-face region were plotted against 
average liquid velocity, as displayed in Fig. 11. The 
linear fit for each magnetic flux density of wall voltage 
vs average liquid velocity demonstrated that the 
increase in the magnitude of the two-phase waif 
voltage within the pole-face region along the direction 
of flow was the result solely of the gas expansion along 
the flow. 

UISCUsslON 

In the present investigation several assumptions 
were made as a result of the sparsity of measurements 
within the magnetic field region of the test section. 
Pressure measurements within this region were not 
made. The MHD pressure gradient for fully estab- 
lished MHD flow within the region was approximated 
by the normalized pressure difference, calculated from 
pressures measured between two transducers located 
outside the magnetic field region, divided by the 
electromagnet pole-face length. This assumption is 
justifiable, provided magnetic field entrance and exit 
effects are not large. 

It is difficult to assess the amount of error in- 
troduced by this assumption for cases of high magnetic 
interaction. The conditions under which magnetic- 
field entrance and exit effects are sufficient to alter the 
fully established MHD pressure gradient cannot be 
specified for the conducting-wall pipe configuration, 
since profiles of pressure along the direction of Row, 
measured before, within and beyond the magnetic field 
region have not been reported. The only complete 
pressure profile measurements for single-phase MHD 
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FIG. 9. Single-phase sodium wall-voltage distributions for various magnetic flux densities at T= 700 K. 

flows presented in the literature are those of Fabris et 
al. [ll], for the case of a rectangular LMMHD 
generator of expanding cross-sectional area. Branover 
[7] reported measurements which show magnetic-field 
entrance effects on the pressure gradient along the flow 
direction, for the case of an insulated-wall rectangular 
channel. Both these studies support that entrance and 
exit effects predominate only in cases of high magnetic 
interaction and mainly for insulated-wall configu- 
rations. In the light of this evidence and the excellent 
agreement between experimental and predicted nor- 
malized resistance coefficient values obtained in the 
present study, it appears that magnetic-field entrance 
and exit effects do not alter the fully established MHD 
pressure gradient in conducting-wall pipe flow up to 

magnetic interaction parameter values of. approx- 
imately 100. 

A corresponding estimate of the error in the two- 
phase case is not possible at present. For configu- 
rations in which the cross-sectional area of the test 
section along the direction of the flow is constant, a 
fully established two-phase MHD pressure gradient in 
the strict sense is never achieved. This is because the 
gaseous component of the mixture is continuously 
expanding, and the void fraction increasing, along the 
flow direction. Two-phase MHD measurements of this 
nature have not been reported. 

As mentioned previously, the void fraction was not 
measured directly but was calculated from liquid and 
gas flow rates and densities assuming a constant value 

T = 700 K 
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FIG. 10. Two-phase sodium-nitrogen wall-voltage distributions for various magnetic flux densities at 
T= 700K. 

H.M.T. 23/3-I 
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FE. 11. Two-phase sodium-nitrogen wall-voltages vs aver- 
age liquid velocity for voitage probes 5, 6, and 7 at various 

magnetic flux densities. 

for the average slip ratio. This indirect determination 
of the void fraction leads to a standard estimate of 
error of lo?;, assuming no error in the average slip 
ratio. There is, however, variance in slip ratio values 
under the present experimental conditions. The as- 
sumption of a constant slip ratio value for all cases 
introduces an additional error, resulting in a total 
standard estimate of error in the average void fraction 
of 27 O_,. As a result of the magnitude of this error, the 
void fraction ranges of Regions A and B cannot be 
delineated precisely and should be considered 
approximate. 

The theory of Chang and Lundgren predicted the 
single-phase normalized resistance coefficients of the 
measured pressure differences to within experimental 
error, provided that the contact resistance between 
sodium and stainless steel was considered and that the 
value of the magnetic interaction parameter was less 
than approximately 100. Under these conditions it 
appears that magnetic-field entrance and exit and ‘M- 
shaped’ velocity profiles effects are small. Beyond 
magnetic interaction parameter values of 100, how- 
ever, there is evidence that ‘M-shaped’ velocity 
profiles were present. 

The existence of ‘M-shaped’ velocity profiles have 
been confirmed both experimentally and theoretically 
by Gnatyuk and Paramonova [23] for flow through a 
circular pipe with highly conducting walls. The mech- 

anism of ‘M-shaped’ velocity profile formation in a 
uniform fiow with conducting walls is related to the 
presence of a current density gradient in the duct cross- 
sectional direction perpendicular to the applied mag- 
netic field. Recently, Reed and Lykoudis [6] presented 
definitive experimental evidence for Row through a 
rectangular channel with insulated walls which linked 
decreases in the flow’s resistance below laminar-theory 
predictions with the presence of ‘M-shaped’ velocity 
profiles. Notwithstanding possible differences between 
these two cases in the mechanics offormati~)n of these 
profiles, the signature of an ‘M-shaped’ profile appears 
to be characteristically a decrease in the value of the 
resistance coefficient below its predicted value as the 
Hartmann-to-Reynolds number ratio is increased to a 
large value. These facts support that those decreases 
which were found to occur in the present investigation 
at values of the magnetic interaction parameter greater 
than approximately 100 most probably were the result 
of ‘M-shaped’ velocity profiles. The magnit~lde of this 
decrease became accentuated with increasing Hart- 
mann number or magnetic interaction parameter, and 
with increasing conductivity ratio. 

There is also evidence that ‘M-shaped’ velocity 
profiles were present in some the the two-phase cases 
examined. In six of the twelve two-phase cases, de- 
creases with increasing magnetic flux densities in the 
slope of the two-phase normalized pressure difference 
versus magnetic flux density squared curve were 
measured. A typical case is shown in Fig. 12. The 
existence of ‘M-shaped’ profiles have been verified 
indirectly in [ 161, which reported the presence of ‘M- 
shaped bubble velocity profiles in a circular tube, 
which were accentuated in magnitude with increasing 
flux density. 

The two-phase MHD pressure-difference models 
developed for Regions A and B at present cannot be 
derived directly from the governmg equations of 
continuity and momentum. Both these models employ 
the same two-phase equivalent Hartmann and Rey- 
nolds numbers expressions, and differ only in their 

FIG. 12. Normalized pressure difference vs magnetic flux 
density squared for single-phase sodium and two-phase 

sodium-nitrogen at 530 K. 



Ma~etohydr~ynamic pipe Bow 383 

expressions for the two-phase conductivity ratio, 
which incorporates the morphology of the flow regime. 
Clearly, the two-phase normalized resistance coef- 
ficients predicted by these models are dependent upon 
the expressions chosen for the two-phase equivalents 
of the electrical conductivity, density and absolute 
viscosity. Under the present ex~rimental conditions, 
the comparison between experimental and predicted 
values of the normalized resistance coefficient is affec- 
ted only by the two-phase conductivity expression 
chosen, as shown previously. The two-phase con- 
ductivity expression employed in the present pressure- 
difference models was chosen because of its agreement 
with measurements in two-phase LMMHD gen- 
erators over a wide void fraction range [12]. An 
alternative model could have been chosen. Yet, despite 
the simplicity of these models, both predicted quite 
successfully almost all of the data reported herein, and 
both encompass all of the parameters which govern 
these two-phase pressure differences. 

In several of the two-phase cases examined it 
appears that transition from Regions A to B was 
brought about solely by an increase in magnetic Rux 
density. Case 8 shown in Fig. 8 exemplifies such an 
instance, where at low magnetic flux densities the 
normalized resistance coefficient values are more 
consistent with those of Region A, but at a high 
magnetic flux density (B = 0.87T) the value of the 
normalized resistance coefficient decreases noticeably. 
Similar transitions for the OHD case are accompanied 
by reduced pressure differences (Tong [35]). Such 
transition behavior has been noted to occur at times in 
ambient-temperature NaK-nitrogen LMMHD gen- 
erators [9]. 

CONCLUSIONS 

This study presented the results of pressure- 
difference and wall-voltage measurements for verti- 
cally downward flows, both single-phase and two- 
phase, in a conducting-wall pipe in the presence of a 
transverse magnetic field. It demonstrated that these 
pressure differences could be predicted to within 
experimental error, but that under certain conditions 
there were noticeable departures in measured pressure 
differences from predicted values. The nondimensional 
parameters which governed the occurrence of these 
departures were the Hartmann and Reynolds num- 
bers, the conductivity ratio, and the average void 
fraction. 

The measured single-phase pressure differences were 
predicted to within experimental error up to magnetic 
interaction parameter values of approximately 100, 
beyond which decreases from predicted values of the 
normalized resistance coemcient occurred. When the 
conductivity ratio was decreased, these departures 
occurred at higher magnetic interaction parameter 
values. These departures were interpreted to be the 
result of ‘M-shaped’ velocity profiles. 

Two-phase pressure differences and wall voltages 
were measured over an approximate void fraction 

range from 0.3 to 0.8, where two distinct flow regimes 
were encountered. The normalized resistance coef- 
ficients of the pressure differences for both regimes 
were predicted to within experimental error by the 
corresponding two-phase MHD pressure-difference 
models, which had different expressions for the con- 
ductivity ratio. In half of the two-phase cases exam- 
ined, decreases in normalized resistance coefficients at 
high values of the magnetic interaction parameter, 
similar in trend to those found in single-phase flow, 
were observed. For certain cases in which the average 
void fraction at low magnetic flux densities was just 
less than the critical void fraction for transition to 
annular flow, transition was brought about solely by 
an increase in magnetic flux density. 
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MAGNETOHYDRODYNAMIQUE A UNE OU DEUX PHASES POUR 
UN ECOULEMENT DANS UN TUYAU 

Resume - On presente des resultats experimentaux pour des ecoulements verticaux descendants, a une 
phase (sodium) ou deux phases (sodium-azote), dans un tuyau a paroi conductrice, en presence d’un champ 
magnetique transversal. La theorie MHD prddit, aux erreurs experimentales p&s, les differences de pression 
pour une seule phase jusqu’a des valeurs atteignant approximativement 100 du parametre d’interaction 
magnetique, alors qu’au deli elles sont notablement plus faibles que les previsions de I’tcoulement laminaire 
monophasique. Le parametre d’interaction magnetique pour lequel apparait cette deviation est gouverne par 
le rapport de conductivite. Les differences de pression en diphasique sont obtenues pour des fractions de vide 
entre 0,3 et 0,8, pour lesquelles deux regimes d’ecoulement ont eti observes. Pour ces deux regimes, les 
coefficients normalids de resistance de pression differentielles, sont predits par les modeles MHD 
correspondants. Dans la moitie des cas diphasiques Ctudits, on observe un diminution de ces coefficients 
pour les valeurs 6levQs du parametre dint&action magnltique, une tendance semblable a celle trouvee pour 
l’lcoulement monophasique. Les profils de tension tlectrique des tcoulements monophasiques sont 
symetriques par rapport au centre de la region du champ magnetique applique; pour les ecoulements 
diphasiques, ces profils sont dissymetriques a cause de I’expansion de l’azote dans le sens de la longueur de la 
veine d’experience. L’influence de la temperature et des autres parametres du systeme sur les differences de 
pression et sur les tensions a la paroi est discutee, ainsi que l’effet de profils de vitesse en M dam les deux types 

d’ecoulement. 
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EIN- UND ZWEIPHASIGE MAGNETOHYDRODYNAMISCHE ROHRSTRdMUNG 

Zusammenfassung-Es werden Me@werte von Temperaturen und anderen Parametern einer vertikalen 
Abwartsstriimung mit sowohl einphasigen (Natrium) als such zweiphasigen (Natrium-Stickstoff) 
Strijmungen durch ein Rohr mit leitfahiger Wand unter dem Einflt$ querorientierter Magnetfelder 
angegeben. Die bestehende MHD-Theorie ermoglicht, alte einphasigen Druckdifferenzen fiir magnetische 
~in~u~~rameter bis zu Werten von niherungsweise 160 innerhalb experimenteller Fehlergrenzen zu 

berechnen, au~erhalb dieses Bereichs waren die einphasigen spezifischen Widerstandswerte merkhch 
niedriger ah die rechnerischen Werte fiir laminare Stromung. Der magnetische Ein~~parameter, bei dem 
s&he Abweichungen auftraten, wurde durch das Leitfihigkeitsverhlltnis bestimmt. 
Zweiphasendruckdifferenzen wurden im Bereich von Gasvolumenanteilen bis zu naherungsweise O&-O,8 
ermittelt, wo zwei ausgepragte Stromungszustande auftraten. Fiir diese zwei Stromungszustande wurden die 
spezifischen Widerstandsbeiwerte fur die Druckdifferenz innerhalb der Fehlergrenzen des Versuchs durch 
das zugehiirige Druckdifferenzmodell fur zweiphasige MHD-Striimung richtig vorausgesaft. Bei der Hiilfte 
der untersuchten Zwei-Phasen-Fllle wurde ein Anstieg des spezifischen Widerstandskoeffizienten bei grofien 
Werten des magnet&hen Einflu~parameters, Ihnlich wie der Veriauf bei der ~inphasenstr6mung gefunden. 
Das Wandspannungsprofil der E~nphasenstr6mung war in Bezug auf das Zentrum des magneti~hen 
Feldbereichs symmetrisch ; Zweiphasen-Wands~nnungsprofile waren wegen der Ausdehnung des 
gasfiirmigen Stickstoffs entlang der Teststrecke asymmetrisch. Der Einth$ der Temperatur und anderer 
Systemparameter auf die Druckdifferenz und die Wandspannungen, sowie der EinfluJ von ‘M-ftirmigen’ 

Geschwindigkeitsproflen in der Zweiphasenstrijmung werden besprochen. 

O~H~A3HOE M ~BYX~A3HOE MArH~TOr~~~~~HAM~~ECKOE TE=lEHME 
B TPYGE 

AtmoTauna- npeRCTaBAeHblpe3ynbTaTbI83MePeHHii TeMnepaTypHApyilfX ITapaMeTpOB OAHO(t)WHbIX 

(HaTpHfi) A iIByX$la3HbIX(HaTpHii-a3OT)nOTOKOB, CT'ZKaIOUHX BepTHKWlbHO BHH3 B Tpy6e C WleKTpO- 

npOBOAHbIMki CTeHKaMH IlpH HaJIH'lHB nOIlepe‘iHOr0 MaI'HHTHOrO nOna. CyUeCTByH)Uafl MT,Q TeOpWl 

1103BOnleT Otl~AeJlHTb (C TOYHOCTbH) A0 3KCIlepliMeHTallbHOfi OUlH6Kti) BCe pa3HOCTH AaBJleHHii AJIll 

OAHO~a3HOrO nOTOKt3 IlpH 3HaWZHWIX napaMeTpa MarHHTHOrO B3aHMOAetiCTBHn npEiMepH0 fl0 100. 

Barrue 3TOrO 3HaSeHUR HOpMSipOBaHHbIe K03I#lfUKeHTbI COIipOTHBJleHHX AJIR O&H@a3HOrO nOTOKa 

Hahsisoeo HkIxe Ko3~~n~KenTo~. paccrurannblx mx ~a~una~oro noToKa. HapaMerp ~araurrioro 
B3aHMOne~eTB~, npe ~0TOpohi no~yqa~TcK 6onee HN3KHe 3HaqeHHIi K03~HlllleHTOBCOn~TKB~eHWII, 

O~~~e~ffilC~OTHO~eH~eM3~eKTpOn~BOAH~Tei.P~3H~T~~~B~eHHiiA~~AByX~a3HOrOnOTOKa6bul~ 

ROJIyqeHbI B aaana3oHe 06bihHbiX ra3OCOAepXGiHHfi. npHMepH0 0,3-0,8. B KOTO~OM OTY&TJIUBO 

HafinIonanocb ABa peNlMa Te'leHHII. &IS 3TWX peX0iMOB HOpMHpOBi7HHble ICO3@$HUHeHTbI COnpO- 

TWB.JleHHIl B 3aBHCHMOCTH OT nepenaAa AaBJEHWR paCWHTblBaJWiCb B IlpeAeJlaX 3KCnepHMeHTaJlbHOfi 

llOr~UHOCTB C nOMOUlbI0 COOTBeTCTByfOLUWX AByX+a3HbIX MI-4 MOAeJIeii. B nOnOBHHe pWCMO- 

TpHHbIX CJly’IaeB ABYX@3HOrO Te'leHHII Ha6nwAanocb yMeHbllleHHe 3Ha'leHHti HOpMHpOBaHHbIX K03@ 

@iLUieNTOB COnpOTHBJIeHWl IlpH 6onbmax 3Ha4eHHIIX napaMeTpi3 MBI1(HTKOrO B3aHMOAekTBWl 

ananormmo Tewefwia. Ha6nkonaeMoii npe oAHoi#a3Hoh4 TeqeHHH. PacnpeAeneHHe 3neKTpwtecKoro 

Hanp~~eH~~ HacTeifKe npe onHo+a3iibzx Teveiiwix oKa3anoeb c~MMeTpm~~M o~~~TenbH0 uewrpa 

oetnacru np~~~o~eHHoro ~arH~~oro nona; pacnpenenense Hanp~~eH~~ Ha cTeeHKe npH Aeyx@asstx 

TeWHHRX 6~7~ aC~MMeTp~qHbIM~ 83-U pf0Ukf~HWl rasoo6pasnoro a3OTa EAOJib 3KCtlepHMeHTWib- 

5foro yvacTKa. Paccwoqwo BnHflfine TeMnepaTypbt u npyrex napahlerpos ckicTehib1 tia nepenan 

naeneHaR R pacnpeneneeee uanpememin ua cremce u n03broxoioe nnmmne &I-o6pasnbrxn npo@ineR 
CK~~JCTH Ha winea THna Teqetiw. 


