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E F F E C T OF A TRANSVERSE MAGNETIC FIELD 
ON VERTICAL TWO-PHASE FLOW THROUGH A 

RECTANGULAR CHANNEL 

by 

Richard J. Thome 

ABSTRACT 

A study was under taken to de te rmine the effects of 
the naagnetic field on: (1) dis t r ibut ion of gas in the field 
direct ion, (2) slip rat io , and (3) two-phase p r e s s u r e drop. 
Metered s t r e a m s of sod ium-potass ium alloy (NaK) and ni­
t rogen were mixed and pumped through a ver t ica l , constant-
a rea , rec tangular channel with a t r a n s v e r s e magnetic field 
applied perpendicular ly to the long side of the c r o s s section. 
This sys tem was comparab le to a liquid meta l magnetohy-
drodynamic genera tor operat ing on open circui t with a two-
phase, two-component mix ture as the working fluid. 

The r e su l t s a r e briefly as follows: 

1. The magnet ic field tended to make the gas d i s ­
tr ibution m o r e uniform. The re was no observable tendency 
for the field to shift the gas to ei ther side of the channel in 
the di rect ion of the imposed field. 

2. The effect of the magnet ic field was to inc rease 
slip ra t io in all c a s e s . 

3. The magnet ic field was observed to virtually 
nullify the tendency for the introduction of a gaseous phase 
to great ly i n c r e a s e p r e s s u r e drop above the single phase 
value at the same liquid flow r a t e . This effectwas predicted 
reasonably well by a magnet ic , two-phase, fr ict ion-factor 
mul t ip l ier which was based on a simplified model . 

I. INTRODUCTION 

In recen t y e a r s , it has become apparent that a lightweight, re l iable , 
e lec t r ic power-producing sys tem is r equ i red as one of the steps toward a 
successful probe into space. To mee t this r equ i rement cer ta in sys tems 
have been proposed which would yield a nuclear to e lec t r i c power conver­
sion without the use of moving mechanica l p a r t s . 
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One such group of sys tems is based on the heating of a working fluid 
to the p lasma state and utilizing it as the moving conductor in a magnetohy-
drodynamic (MHD) genera tor . However, the reac tor t empe ra tu r e s required 
for a light and efficient sys tem of this type a r e prohibitively high. This r e ­
alization led to the proposal of cer ta in cycles which would lower the requi red 
t empera tu re by using two working fluids, a gas for the the rmal to kinetic 
conversion, and a conducting liquid (liquid metal) for the kinetic to e lect r ic 
conversion. An example of a cycle of this type proposed by Elliott(9/ is 
shown in Fig. 1. 
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Fig. 1. Two-fluid MHD Cycle for Nuclear 
E lec t r i c Power Convers ion '" ' 

Together with analyses as to the theoret ica l feasibility of such sys ­
t ems , exper iments must be conducted to de te rmine the per formance cha rac ­
t e r i s t i c s of cycle components . In the cycle shown in Fig. 1, incomplete 
l iquid-vapor separat ion would resu l t in a two-phase mixture passing through 
the genera tor . A step toward understanding the genera tor cha rac t e r i s t i c s in 
this situation is therefore a determinat ion of the effects of a magnetic field 
on two-phase flow phenomena, in par t i cu la r , on p r e s s u r e drop and void 
fraction. In this study, the observed effects a r e comparable with those oc­
curr ing in a liquid meta l MHD genera tor operating on open circui t with a 
two-phase, two-component mix ture as the working fluid. 

For cer ta in liquid meta l s , including the sodium-potass ium alloy 
(~78% potass ium, 22% sodium) used in this study, the s ingle-phase p r e s s u r e 
drop under normal fluid flow conditions may be calculated by application of 
methods used for more famil iar fluids.^ •' The hydraulic s imilar i ty which 
makes this possible also allows comparison of flow phenomena involving 
two phases of fluid. 

In contras t , the flow cha rac t e r i s t i c s of common fluids and of liquid 
meta ls a r e not s imi lar in the p resence of a magnetic field. The main cause 
for this difference in react ion is the relat ively high e lec t r ica l conductivity 
of liquid naetals (e.g., the conductivity of sodium-potass ium alloy is higher 
by approximately four o r d e r s of magnitude than that of the best electrolyte)-^^ 



This leads to the induction of relat ively large electromagnetic forces, 
which a l ter the cha rac te r of the flow. 

A grea t deal of work has been done on the flow of s ingle-phase fluids 
through a magnetic field. A sumixiary may be found in Shercliff *• ' which 
also contains an extensive bibliography. To the au thor ' s knowledge, there 
is no published information on the effects of a magnetic field on two-phase 
p r e s s u r e drop and void fraction. 

The objectives of the study descr ibed here in were : (1) to determine 
the effect of the magnetic field on the void profile in a plane paral le l to the 
direct ion of flow and to the direct ion of the applied magnetic field; (2) to in­
vestigate the effect of the magnetic field on slip ra t io (the rat io of the ave r ­
age gas velocity to average liquid velocity at a given c ross section); (3) to 
determine the effect of the magnetic field on two-phase p r e s s u r e drop. 

In addition, s ingle-phase p r e s s u r e - d r o p data were procured to pro­
vide information which, when compared with present or future developments 
in s ingle-phase theory, would se rve as a s tart ing point for the theoret ical 
understanding of the observed two-phase phenomena. 

II. EXPERIMENTAL APPARATUS 

A. General 

Two-phase phenomena were studied under three conditions of con­
stant magnetic field strength: 0, 4300, and 7840 Gauss, and two conditions 
of NaK flow ra te : 14.5 and 50 Ib /min (corresponding to average single-
phase veloci t ies through the tes t section of 1.27 f t / sec and 4.37 f t / sec , 
respect ively) . Thus, six sets of data were obtained. Each set represented 
a condition of constant NaK flow ra te and constant magnetic field strength 
with ni trogen flow ra te varying to provide average void fraction of from 0 
to approximately 65 per cent. 

Measurements of void distr ibution were made ups t ream and down­
s t ream of the magnetic field for each. The direction of t r a v e r s e was pe r ­
pendicular to the flow and para l le l to the magnetic field. T r a v e r s e positions 
were between the ends of the field poles and corresponding ups t ream and 
downstream p r e s s u r e taps of the test section (see Fig. 10). 

Three groups of p r e s s u r e - d r o p data were obtained for each of the 
aforementioned tes t conditions, each group consisting of p r e s s u r e drop 
between (see Fig. 10): (1) points 1 and 3, i .e. , including the entire field 
region; (2) points 1 and 2, i .e. , the f i r s t half of the imposed field region; 
(3) points 2 and 3, i .e. , the las t half of the imposed field region. 
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Single-phase p r e s s u r e - d r o p tes t s were conducted under six con­
ditions of constant magnet ic field strength: 0, 4300, 6370, 7280, 7840, and 
8270 Gauss . NaK flow ra t e s were var ied from the maximum possible under 
the given field condition to approximately 15 Ib /min. Three groups of 
p r e s s u r e - d r o p data as mentioned above were a lso taken for each field 
strength under s ingle-phase conditions. 

In Fig. 2 the loop used for this study is schematical ly represen ted . 
Metered s t r eams of NaK and dry ni trogen were combined by the gas in­
jec tor . After passing through the tes t section, the two-phase s t r e a m entered 
the separa tor , where the ni t rogen was removed and expelled to the a tmos ­
phere . The NaK flowed to the expansion tank and on to the pump. The 
dump tanks served as s torage tanks for the NaK when the loop was not in 
operation, as well as a safety feature in the event of an emergency. 

PUMP 

DUMP 
TANKS 

-^-

EXPANSION 
TANK 

EMFM 

SEPARATOR "IITROGEN 

TEST 
SECTION Fig. 2 

Exper imenta l Loop 

GAS 

INJECTOR 
-NITROGEN 

Physical ly, the entire loop and inst rumentat ion occupied a space 
25 ft long, 18 ft high and 9 ft wide. The basic flow sys tem was constructed 
from 2-in., Schedule 40 s ta in less s teel pipe with s ta in less steel bel lows-
sealed globe valves . Loop components were of a welded s tainless steel 
design. 

Operational gas requ i rements were met by three independent n i t ro­
gen sys tems: one to supply ni trogen to the gas injector, one to provide for 
the shaft-sealing a r r angemen t on the pump, 1 one to provide a blanket gas 
for the system and to p r e s s u r i z e the dump tanks to fill the system. 

B. Loop Components 

1. NaK Pump 

The NaK pump, r ep resen ted schematical ly in Fig. 3 and depicted 
photographically in Fig. 4, was of the ver t ical ly mounted centrifugal type, 
direct ly driven by a th ree -phase , | - h p motor . 

See Loop Components, NaK Pump, this page. 
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Fig. 3. Diagram of NaK Pump 
112-3497 

Fig. 4. NaK Pump 

NaK was prevented from reaching the a tmosphere by maintain­
ing a 0.5- to 1-psi differential between the high- and low-pressu re sections 
(see Fig. 3; Pj - P2 « 1 psi) . The low p r e s s u r e was that of the system blanket 
gas, i .e. , approximately 1 psig. These high and low p r e s s u r e s , as well as 
the b rea the r - t ank p r e s s u r e and dump-tank p r e s s u r e , were indicated by 
compound bourdon tube gages which had been cal ibrated against a mercu ry 
manometer . 

Shaft sea ls A and B were of the packing gland type with an 
a sbes tos -g raph i t e packing. Nitrogen leaked to the a tmosphere through 
gland A. The introduction of gas to the NaK s t ream via gland B was con­
sidered negligible, since no voids were detected in the test section when 
the sys tem was operated with no nitrogen supplied to the gas injector. 

NaK flow r a t e s were adjusted with a valve located between the 
e lectromagnet ic flowmeter and the gas injector. 

2. E lec t romagnet ic Flowmeter 

An e lect romagnet ic flowmeter was constructed by mounting a 
permanent magnet on a suitable section of a straight pipe and welding 

See Loop Components, NaK-Nitrogen Separator , p. 13. 
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two e lec t rodes to the pipe such that the e lect rodes were perpendicular to 
the pipe and to the magnetic field. 

The output of the flowmeter was fed through a 10- to- l amplifier 
to a Brown r e c o r d e r . 

The flowmeter was cal ibrated against a sharp-edged orifice 
introduced in the sys tem by a l tera t ion of flowpath. Calibrat ion on two sep­
a ra t e occasions over different flow ranges indicated the expected l inear 
approximation of flowmeter output vs flow ra t e . 

The cha rac t e r i s t i c s of the orifice were calculated with flow 
coefficients de termined according to ASME specifications. \5j The liinits 
of accuracy of the e lec t romagnet ic f lowmeters a r e usually taken to be ±5%. 

3. Gas Injector; Supply and Metering System 

The gas injector, shown schematical ly in Fig. 5, consisted e s ­
sentially of a short length of perforated 2-in. s ta in less s teel pipe surrounded 

by a concentric length of 5-in. pipe. The 
annulus was blanked off at each end. NaK + NITROGEN 

NITROGEN 

Nitrogen entered the chamber 
through four radial ly spaced, | -- in. , stain­
less steel tubes. The gas was then able to 
enter the vert ical ly flowing NaK s t ream 
through 165 holes spaced around and along 
the inner cylinder. 

The gas was supplied by standard 
"bott les" and fed through one of two para l le l 
sharp-edged orif ices to a manifold which 
distr ibuted the ni trogen to the four tubes 
leading to the injector. This sys tem is 
schematical ly represen ted in Fig. 6. 

NaK 

Fig. 5. Gas Injector 

The c ha ra c t e r i s t i c s of the orif ices 
were calculated with flow coefficients ob­
tained from a study of smal l -d iamete r 
orif ices by Grace and Lapple. '" / P r e s s u r e 

drop a c r o s s the orifices was determined with a 0- to 5-psid Statham t r a n s ­
ducer, the output of which was fed to a Brown r eco rde r . The t r ansducer was 
initially cal ibrated against a m e r c u r y manometer with an accuracy of ap­
proximately 0.1 in. Hg, 

3 J. A. Shercliff, The Theory of Elec t romagnet ic Flow Measurement , 
Cambridge Universi ty P r e s s (1962), p. 108. 



Fig. 6 

Gas-injector Supply 
and Metering System 

4. NaK-Nitrogen Separa tor 

The separa tor , shown schematical ly in Fig. 7 and photographically 
in Fig. 8, consisted of a re la t ively large cylindrical tank mounted at a slight 
angle to the horizontal . The tank was of large capacity to allow the incoming 
two-phase mixture to d e c r e a s e velocity and give up its gas by natural 
densi ty-difference phenomena. 

UnPOGEN 

i 

PRESSURE E Q U A L I Z E R 

TO EUPANSIOM TANK 

DRAIN TO 

EXPANSION TANK 

A^ 

J' 

SPARK P L U C PFCBt 
LEiEL lf.C'CA''OR 

BREATHER TANK 

• j ^ 

• BREATHER PIPE 

" ~» NaK t NITROGEN 

Fig. 7. Schematic Representat ion of 
NaK-Nitrogen Separator 

1 12-3495 

Fig. 8. NaK-Nitrogen Separator 

The b rea ther tank was provided with a pressure-equa l iz ing line 
to the expansion tank to maintain a relat ively constant NaK level between 
the separa tor and expansion tank. In addition, a drain line to the expansion 
tank was added to serve in the event of NaK car ryover by the brea ther pipe. 
A baffle prevented NaK from splashing into the equalizing and bleed lines, 
and a spark plug-type level indicator tr ipped an a l a r m if NaK accumulated 
in the tank. 



5. Expansion Tank 

The la rge tank i l lus t ra ted in Fig. 9 v/as located in the flowpath 
between the separa to r and pump. In this study, NaK entered the bottom of 
the tank, passed around baffles which prevented splashing, and continued to 
the pump through an outlet at the r e a r . Observation por ts served as a visual 
indicator of liquid level when in operation and when filling the system. 

PRESSURE EQUALIZER 
FROM BREATHER TANK 

DRAIN FROM 
BREATHER XANK 

BLANKET GAS 
SUPPLY 

NaK 

OBSERVATION 
PORTS 

BAFFLE PLATES 

NaK 

Fig. 9. Expansion Tank 

Three i - i n . pipe lines entered 
the top of the tank: (l) a line to the 
system blanket gas supply; (2) a drain 
line from the b rea the r tank; (3) a 
p ressu re -equa l i z ing line to the brea ther 
tank. It should be noted that any gas 
not removed by the separa tor could 
have been removed in the expansion 
tank, where it would be passed through 
the equalizing line to the brea ther tank. 

C. Test Section 

Figure 10 shows schematical ly 
the tes t section, which consisted of a 
long, rec tangular channel of constant 
a r ea with sudden contraction and ex­
pansion t rans i t ions to the 2-in, pipe. 
The channel was fabricated from 
0.037-in. s ta in less steel with inside 

dimensions of i in. by 2 ^ in. The section was designed with a long, 
cons tan t -a rea entrance length to allow the flow to develop as much as pos­
sible before reaching the magnetic field. 

Points 1, 2, and 3 along the channel indicate the positions of p r e s ­
sure taps re la t ive to the magnetic field. Measurements of void fraction 
were taken between tap 3 and the top of the magnetic field poles and between 
tap 1 and the bottom of the field poles, as indicated in Fig. 10. P r e s s u r e 
taps 1 and 3 were located 2 in. ups t r eam and downstream, respect ively, of 
the field poles so as to m e a s u r e the total effect of the magnetic field and to 
allow for the appara tus for void measu remen t . 

D. Acces so r i e s and Instrumentat ion for Tes t Section 

1. P r e s s u r e and P r e s s u r e Drop 

P r e s s u r e drops in the tes t section were determined with either 
a ±1- or a ±1 5-psid Statham t ransducer , depending on tes t conditions. The 
t r ansduce r s were initially cal ibrated against a water and a me rcu ry manom­
eter, respect ively. Transducer output was read on a Brown r eco rde r . 
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P r e s s u r e was measured at tap 1, 
that is , upstreana of the magnetic field, by 
opening one side of the t ransducer to the 
a tmosphere . The p r e s s u r e at tap 3, that 
i s , downstream of the field, was then de­
termined by subtracting the p r e s s u r e drop 
between the two points. 

Because of the difficulties involved 
in handling NaK, the system of pots shown 
in Fig. 11 was devised. NaK was bled from 
the p r e s s u r e taps into the pots, which con­
tained kerosene . When the sys tem was in 
operation, p r e s s u r e was t ransmit ted through 
the NaK-kerosene interfaces in the pots to 
the t ransducer . 

LXJ 

The pots were constructed from 
2-in. P y r e x pipe fittings, the ends of which 
were blanked off with s tainless steel plates 
and sealed with Buna N O-r ings . One-
quar te r - inch s ta inless steel tubing was 
used between the p r e s s u r e taps and the 

pots, and between the pots and t ransducer . Needle valves with asbes tos -
graphite packing were used in the NaK l ines . The kerosene lines were con­
trol led with Teflon-packed valves . 

Fig. 10. Test Section (dimen­
sions in in,) 

2. Void Frac t ion 

A gamnna- ray attenuation 
technique was used in the determinat ion 
of void fraction. Initially, m e a s u r e ­
ments were made via the "one-shot" 
technique^ ' to obtain a rough idea of 
the effect of the magnetic field. Later . 
a m o r e accura te t r ave r s ing technique^ / 
was employed. 

3. Magnetic Field 

Power for the DC e lec t ro­
magnet used in this study was obtained 
from a 3-phase, 440-V, Ther Rectifier 
with a maximum output of 3000 A at 2 V. 
Current output was controlled with a 
" s tepper-swi tch" on the power supply. 
This resul ted in cur ren t available at 

TC HI PRESSURE TAP TO LO PRESSURE TAP 

Fig. 11. System for Measuring 
P r e s s u r e Drop in Test 
Section 



cer ta in d i s c r e t e values which could be obtained consistent ly and which r e ­
mained re la t ively constant during each run. Cur ren t output was deternrxined 
by measur ing the potential drop a c r o s s a known shunt r e s i s t ance with a r e ­
cording potent iometer . This a lso provided a r eco rd of c u r r e n t consis tency 
during each run. 

The magnet itself was s e r i e s wound with windings consist ing of 
j - i n , by 4-in. copper bus ba r . Connections with the power supply w e r e 
a lso made with i - i n . by 4- in . copper bus bar . Pole faces were Z~ In. by 
4 in, with a I"-in. gap. 

Before the tes t section was placed in the loop, a curve of ave r ­
age magnet ic field s t rength vs cu r r en t input was de te rmined with a Radio 
Frequency Labora to r i e s Model 1295 Gaussme te r . The Gaussme te r was a 
d i r ec t - r ead ing t r a n s i s t o r i z e d ins t rument operating on the Hall effect p r in ­
ciple and had a range of 50 kG. The probe used in the de terminat ion of field 
s t rength was init ial ly ca l ibra ted against a 1000-G Alnico V Reference 
Magnet, The field s t rength was recorded at 24 points dis t r ibuted over the 
a r e a of the pole face and midway between the poles . The field was found to 
be uniform within 5% a c r o s s the pole. This is well within the accuracy of 
the de terminat ion because of the cr i t ica l i ty of the angle of the face of the 
probe with r e spec t to the pole face. Fr inging effects could not be de termined 
accura te ly because of the finite size of the probe. Indications were , however, 
that the field s t rength fell off ve ry rapidly past the edges of the pole faces . 
The assumpt ion of a uniform field with abrupt edges was, therefore , r ea son­
ably justified. 
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III. DISCUSSION OF RESULTS 

A. Single-phase Resul ts 

Single-phase data were procured as par t of this investigation to 
provide information which, when compared with present or future de­
velopments in s ingle-phase theory, would serve as a start ing point for 
the theore t ica l understanding of the two-phase problem. 

F igure 12 is represen ta t ive of the experiixiental and calculated"* 
total p r e s s u r e drops obtained for s ingle-phase flow without a niagnetic 

field. Even though the three sets 
of data shown in Fig. 12 were 
not obtained simultaneously, the 
experimental p r e s s u r e drop be ­
tween taps 1 and 2 was essential ly 
equal to that between taps 2 and 3, 
and the sum of these two p r e s su re 
drops approximately equaled the 
value measured between taps 1 and 
3. This corre la t ion, together with 
the close agreement between the 
calculated and experimental r esu l t s , 
indicated that the tes t section and 
p r e s s u r e taps were probably free 
of geometr ic imperfections and 
that the instrumentat ion was oper­
ating properly. 

0 80 120 
MaK FLOW RATE, Ib/lR 

J I I I L. 

Fig. 

1 6 8 10 12 
AVERA6E VELOCITY, ft/sec 

12. Total P r e s s u r e Drop vs 
NaK Flow Rate; Single-
phase, 0 Gauss 

F igures 13 through 17 present data for p r e s su re drop versus av­
erage velocity at var ious magnetic field s t rengths . The t e rm "magnetic 
p r e s s u r e drop" re fe rs to the total p r e s s u r e drop between taps minus the 
appropria te head or jaotential loss between the two points. 

Comparison of these figures with Fig. 12^ reveals the difference 
between the small frictional p r e s s u r e drop when the field is not present 
and the large frictional and induction drag p r e s su re drop when the field 
is present . This effect is also indicated by the value of the Hartmann 
number M, a ra t io of the magnetic "viscous" force per unit volume to the 
ordinary viscous force per unit volume: 

The hydraulic s imi la r i ty betv/een NaK and niore familiar fluids niakes 
possible the d i rec t application of the usual methods of calculating 
s ingle-phase p r e s s u r e d rop . \ ° ' 
F igure 12 is presented with total p r e s su re drop as ordinate. The 
above compar ison should be made with total p r e s s u r e drop minus 
head or potential loss where the la t ter is indicated on Fig. 12 by the 
in tersect ion of the curves with the line: average velocity = 0. 
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i 

I 

i r r z r r z ) EQUATION B 

J I L 

F i g . 17 

Magne t i c P r e s s u r e Drop 
vs NaK F l o w Ra te ; S i n g l e -
p h a s e , 8270 G a u s s ; M = 158 

_ • g j i 

NaK FLOW RATE, Ib/nin 

0 1 k i 1 k -h 1 
AVERAGE VELOCITY, f t / s e o 

M = B o a ( a / r ] ) i / 2 , 

w h e r e 

Bn = 

a = 

m a g n e t i c f i e l d s t r e n g t h , W e b e r s / m ^ ; 

h a l f - w i d t h of c h a n n e l i n f i e l d d i r e c t i o n , m ; 

0 = e l e c t r i c a l c o n d u c t i v i t y of f l u id , m h o / m ; 

Tj = v i s c o s i t y , k g / m - s e c . 

V a l u e s of M r a n g e d f r o m 82 t o 158 i n t h i s p h a s e of t h e i n v e s t i g a t i o n . 

A t a l l t i m e s t h a t a n a p p l i e d m a g n e t i c f i e l d w a s p r e s e n t , t h e p r e s s u r e 
d r o p b e t w e e n t a p s 1 a n d 2 w a s l e s s t h a n t h a t b e t w e e n 2 a n d 3, e v e n t h o u g h 
t h e s u m of t h e s e t w o w a s a p p r o x i m a t e l y e q u a l to t h e m e a s u r e d v a l u e b e ­
t w e e n 1 a n d 3, T h i s d i f f e r e n c e w a s p r o b a b l y d u e t o t he d i f f e r e n c e i n e d g e 
e f f e c t w h e n e n t e r i n g a n d l e a v i n g t he i m p o s e d f i e l d r e g i o n . 

T h e " e d g e e f f e c t " i n i t i a l l y a r i s e s b e c a u s e t h e m a g n e t i c f i e l d m u s t 
f a l l off i n t h e f low d i r e c t i o n a t t h e e n t r a n c e a n d e x i t t o t h e f i e l d r e g i o n . 

° I n F i g . 1 3 , a l i n e i n d i c a t e s t h e s u m of t h e p r e s s u r e d r o p s b e t w e e n 
t a p s 1 a n d 2, a n d 2 a n d 3 , s i n c e d a t a f o r t a p s 1 a n d 3 w e r e n o t o b t a i n e d 
a t 4 3 0 0 G a u s s . 
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When a fluid flows through these "edges," induced currents circulate in 
planes parallel to the flow direction and perpendicular to the imposed 
field direction. The "end" currents then give rise to induced magnetic 
fields which oppose the applied magnetic field at the entrance to the im­
posed field region and reinforce the applied field at the exit. The result­
ing distortion of the applied field may lead to a difference in pressure 
drop on entering and leaving the imposed field region. 

Curves designated as equation "A" represent pressure drops cal­
culated from the following equation, which is developed in Appendix A 
according to derivations given by Shercliff(l) and Jackson: 1̂ ) 

Po = LaB^Vo [M ^ 1+dJ ' (A) 

w h e r e 

Pg = p r e s s u r e d r o p due to u n i f o r m m a g n e t i c f ie ld of l eng th L; 

VQ = average velocity; 

d = wa /aa = wall conductivity number; 

w = thickness of channel wall perpendicular to Bg; 

O = conductivity of wall. 

In the derivation of the equation the flow of an electrically conducting, vis­
cous, incompressible fluid, with the pernaeability and permittivity of free 
space is assumed to be through a constant-area rectangular channel with 
a uniform, static, transverse magnetic field parallel to the short side of 
the channel cross section. The walls are assumed to be perfectly conduct­
ing parallel to the field and of finite conductivity perpendicular to the field. 
These conditions were approximated to a reasonable degree in the test fa­
cility with the possible exception of an unsettled velocity profile (especially 
at low strengths of the magnetic field). 

The miajor portion of the difference between experimental data and 
the results predicted by the above equation was attributed to the aforemen­
tioned edge effects. Curves designated equation "B" represent pressure 
drops calculated by means of the following equation: 

Pi = LaB^Vg r™+ ̂  +aBgVob(d')^/^ (B) 



where 

PQ = p r e s s u r e drop due to uniform magnetic field of length L and 
due to edge effects; 

b = half-width of channel c r o s s section perpendicular to BQ 
direct ion; 

d' = wall conductivity number based on b. 

The f i rs t par t of equation ( B ) takes into account the effect of the uniform 
field. The second port ion is given in Shercliff^-^z as par t of an approxi­
mate analys is to take into account end -cu r ren t p r e s s u r e lo s ses . 

The following a r e some of the assumptions underlying the analysis :^ ' 

1. There exist abrupt edges to the imposed magnetic field. This 
was believed to be reasonably approximated in the equipment. 

2. The applied magnet ic field is purely t r a n s v e r s e and not s e r i ­
ously d is tor ted by the flow. The approximation is questionable, especial ly 
under the tes t conditions where field dis tor t ion would be most severe , that 
i s , at the re la t ively high flow ra te s which were attained under conditions 
of low magnet ic field s t rength. 

3. There exis ts a uniform velocity distr ibution in the region 
pr ior to the applied field. This was not the case since the long entrance 
length (approximately 30 equivalent d iameters ) before the field region 
would resu l t in the development of a nonuniform velocity profile. 

4. Circulat ion of end cu r r en t s occurs only in planes perpendicular 
to the applied field. E n d - c u r r e n t loops were not r e s t r i c t ed to planes pe r ­
pendicular to the imposed field because of the nonuniform velocity profile 
and the conducting walls at x = ±a (see Fig. 37). 

5. E i ther the wall conductivity is high or d' is so large that the 
axial pa r t of the end c u r r e n t s flow a lmos t ent irely in the walls at y = ±b 
(see Fig . 37). In the tes t facility the major portion of the axial components 
of the e n d - c u r r e n t loops probably flowed in the fluid since d' was relat ively 
low (-0.02). 

6. There is no d i rec t contact between walls (y = ±b) at ends of 
the uniform field region. Di rec t contact in the form of walls at x =: ±a 
(see Fig . 37) did exist . In this ins tance , ShercliffeV 1) s tates that the end-
c u r r e n t p r e s s u r e lo s ses , as given by the las t par t of equation "B , " should 
be inc reased by a factor of two. However, this factor was neglected since 
the wall thickness was smal l compared with the dimension "A" of the fluid 
and since the conductivity of the wall m a t e r i a l was about one-half that of 



7 the NaK. The effect of the " d i r e c t c o n t a c t " in th i s c a s e , was p r o b a b l y 
m u c h l e s s t han the effect of neg l ec t i ng a n o n u n i f o r m ve loc i ty p r o f i l e . 
Both cond i t i ons l ead to d i s t o r t i o n s of the e n d - c u r r e n t loops such tha t 
they would no l o n g e r c i r c u l a t e in p l a n e s p e r p e n d i c u l a r to the i m p o s e d 
field. The r e s u l t is a n e x p a n s i o n of the o r i g i n a l t w o - d i m e n s i o n a l p r o b ­
l e m to an u n t r a c t a b l e p r o b l e m in t h r e e d i m e n s i o n s . 

In sp i t e of the a p p a r e n t d i f f e r e n c e s b e t w e e n the a s s u m p t i o n s of 
the a n a l y s i s and the c h a r a c t e r i s t i c s of the t e s t f ac i l i ty , an a g r e e m e n t b e ­
tween the c a l c u l a t e d and e x p e r i m e n t a l p r e s s u r e d r o p w a s ob ta ined . 

E x a m i n a t i o n of F i g s . 13 t h r o u g h 17 i n d i c a t e s the b e s t a g r e e m e n t 
b e t w e e n the c a l c u l a t e d and m e a s u r e d p r e s s u r e d r o p o c c u r r e d for the 
h i g h e r v a l u e s of m a g n e t i c f ield s t r e n g t h . It is r e a s o n a b l e to a s s u m e tha t , 
for a g iven a v e r a g e ve loc i ty , the t i m e needed to d e v e l o p fully the flow in 
the p r e s e n c e of a f ield would d e c r e a s e as the s t r e n g t h of tha t f ield i n ­
c r e a s e d . T h e r e f o r e , the c a l c u l a t i o n , which is b a s e d on deve loped flow, 
would tend to dev ia t e l e s s for a g iven flov/ r a t e a s f ield s t r e n g t h i n c r e a s e d . 

E q u a t i o n " B " s t a t e s tha t to ta l m a g n e t i c p r e s s u r e d r o p for a g iven 
t e s t fac i l i ty and a c o n s t a n t a v e r a g e ve loc i ty is a funct ion of BQ. H o w e v e r , 
a s the p lo ts of e x p e r i m e n t a l da t a in F i g . 18 i n d i c a t e , the exponent of Bg 
should not be 2, but c o n s i d e r a b l y l e s s . If the flow is a s s u m e d to be d e ­
ve loped in the field r e g i o n (which is p r o b a b l y t r u e u n d e r cond i t ions of 
high field s t r e n g t h ) , then the f i r s t p a r t of equa t i on " B " h o l d s . The da ta 
i nd i ca t e tha t , u n d e r t h e s e t e s t c o n d i t i o n s , the e n d - c u r r e n t p r e s s u r e l o s s e s 
a r e a function of Bg with an exponen t l e s s than 2, 

F i g , 18 

Log (Magne t i c P r e s s u r e Drop) vs 
Log (Magne t i c F i e l d S t r eng th ) ; 
S i n g l e - p h a s e C r o s s P l o t 

a „ ~ 1.4 x 10^ m h o / m ; wa l l ^ -NaK 
K 2 . 4 X 10^ inho/ m . 



B, T w o - p h a s e F l o w 

1. Void D i s t r i b u t i o n 

E x a m p l e s of void d i s t r i b u t i o n s ob ta ined be fo re and a f t e r the 
m a g n e t i c f ie ld r e g i o n ( s e e F i g . 10) a r e shown in F i g s , 19 t h r o u g h 22, Al l 
d i s t r i b u t i o n s w e r e t a k e n a c r o s s the n a r r o w p a r t of the c h a n n e l , tha t i s , 
they r e p r e s e n t void p r o f i l e s in a p lane p a r a l l e l to the d i r e c t i o n of flow 
and to the d i r e c t i o n of the a p p l i e d m a g n e t i c f ield. 
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Fig. 22. Distribution of Voids tefore and after Field; 7840 Gauss, NaK Flow = 50 Ib/min 

F i g u r e 19 shows tha t , u n d e r the cond i t ion of z e r o f ie ld, the 
p ro f i l e s a t the two t r a v e r s i n g p o s i t i o n s a r e s i m i l a r and p a r a b o l i c , and 
have v e r y n e a r l y the s a m e va lue for a v e r a g e c r o s s - s e c t i o n a l void f r a c ­
t ion, a ( i . e . , the r a t i o of the a r e a o c c u p i e d by the gas p h a s e to the to ta l 
flow a r e a a t a g iven c r o s s s e c t i o n ) . T h i s i n d i c a t e s tha t the flow was 
r e a s o n a b l y s e t t l e d and not unde r the inf luence of u n u s u a l h y d r o d y n a m i c 
f o r c e s . 



Conapar i son of F i g s . ZOand 21 wi th F i g , 19 shows tha t apply ing 
a m a g n e t i c f ie ld and i n c r e a s i n g the field s t r e n g t h u n d e r cond i t ions of con ­
s t a n t flow r a t e of NaK and a p p r o x i m a t e l y c o n s t a n t a v e r a g e void f r a c t i o n s 
u p s t r e a m of the f ield led to a f la t ten ing of the void p ro f i l e . The effect was 
n i o r e p r o n o u n c e d wi th i n c r e a s e d f ield s t r e n g t h . 

The effect of an i n c r e a s e d NaK flow r a t e unde r a condi t ion of 
c o n s t a n t f ie ld s t r e n g t h and a p p r o x i m a t e l y c o n s t a n t u p s t r e a m a v e r a g e void 
f r a c t i o n i s shown by c o m p a r i s o n of F i g s . 21 and 22. I n c r e a s e of the NaK 
flow r a t e d e c r e a s e d the f l a t t en ing effect on the prof i le and, in t u r n , led to 
a s m a l l e r change in a v e r a g e void f r ac t i on . 

The d e c r e a s e in a v e r a g e void f r a c t i o n c o r r e s p o n d i n g to the 
f la t ten ing of the void p rof i l e was p r o b a b l y due to the s t r o n g i n t e r a c t i o n 
of the f ield wi th the m i x t u r e in t e r m s of a d e c r e a s e in the ve loc i ty of the 
l iquid . T h i s , in t u r n , would d e c r e a s e the a r e a a v a i l a b l e to the g a s . The 
o v e r a l l effects of the m a g n e t i c f ie ld a r e b e t t e r d i s c u s s e d in t e r m s of 
c h a n g e s in s l i p r a t i o and in p r e s s u r e d r o p , and wi l l be d i s c u s s e d in the 
nex t s e c t i o n s . 

In th i s i n v e s t i g a t i o n t h e r e was no o b s e r v a b l e t endency for the 
m a g n e t i c f ield to shift the voids to e i t h e r s ide of the channe l , tha t i s , in 
the d i r e c t i o n of the i m p o s e d f ie ld. Void d i s t r i b u t i o n s in a p lane p a r a l l e l 
to the flow and p e r p e n d i c u l a r to the app l i ed field could not be d e t e r m i n e d 
wi th the a p p a r a t u s . 

2. Sl ip R a t i o 

F i g u r e 2 3 i l l u s t r a t e s the o b s e r v e d effect of the m a g n e t i c field on 
the a v e r a g e void f r a c t i o n b e f o r e and af ter the i m p o s e d field as the n i t r o g e n 

0 I I i I i i I I I I I I M i I I 1 I I I i i ! I I I I i I i I I I I I I 
0 .01 .02 .03 .0* .05 .06 .07 .08 .09 .10 .11 .12 .13 .1^ .15 .16 .17 .18 

NITROGEN FLOW RATE, Ib/min 

Fig. 23. Average Void Fraction before and after Field vs Nitrogen Flow Rate; 
7840 Gauss, NaK Flow : 14.5 Ib/miii 

The e l e c t r o m a g n e t i c f o r c e s Avould not ac t d i r e c t l y on the gas p h a s e 
b e c a u s e of the neg l ig ib l e conduc t iv i ty of tha t p h a s e . 



flow rate va r ies and the NaK flow ra te is held constant. Plots of this type 
under no field conditions yielded, essent ial ly , a single curve, since changes 
in void fraction betAween the two positions was negligible. 

Fo r a given NaK flow rate the difference between the curves in­
c reased with inc reased magnetic field strength. This was probably due 
to the inc rease in in teract ion between the field and the mixture with the 
corresponding inc rease in holdup of the liquid. 

Fo r a given field s t rength, an increase in NaK flow rate leads to 
a smal le r difference between curves as plotted in Fig . 23, even though the 
inc rease in average liquid velocity would seem to indicate a s t ronger in te r ­
action with the field. This , together with the effects of f ie ld-s t rength v a r i ­
ation mentioned above, is best studied in ternris of the rat io of the average 
velocity of the gas phase at a given c ro s s section to the average velocity 
of the liquid phase at that c ro s s section. This "sl ip ra t io" was calculated 
from the following equation for positions before and after the imposed field: 

' \ (1-5) P^ , 
m^ a p 

average velocity of the gas phase at a given c ross section; 

average velocity of the liquid phase at the same c ross section 

m a s s ra te of flow of gas; 

mass ra te of flow of liquid; 

average void fraction at the c ross sectioni 

density of liquid; 

density of gas . 

This express ion may be derived from the s teady-s ta te incompress ib le con­
tinuity equation by applying the equation f i rs t to the gas phase at a given 
c ross section, then to the liquid phase at the same c ro s s section, and tak­
ing a ra t io of the tAvo. This must be done in vie-w of the fact that the flow 
a r ea s available for gas and liquid flow at a given c r o s s section a re a A and 
( l -a )A, respect ively , where A is the total c r o s s - s e c t i o n a l a rea . 

F igures 24 through 29 show such slip ra t ios before and after the 
field as a function of nitrogen flow ra te under conditions of constant NaK 
flow rate and constant magnetic field s trength. 

where 

V. 

mg 

a 

Pn 

Pr 
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Fig. 25. Slip Ratio before and after Field vs Nitrogen 
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The very smal l difference between the curves under no-field con­
dit ions, shown in F igs . 24 and 27, may be attr ibuted to the negligible change 
in void fraction and the very smal l p r e s s u r e drop under these conditions. 
The difference in slip rat io for each of these cases was due only to the 
small change in the density of the gas , since all other factors were con­
stant in the above equation. Comparison of Figs . 24 through 29 indicates 
the large effect of applying and increasing the strength of the magnetic 
field. 

F igure 30 is a plot of change in slip ratio (V /V ,̂ after the 
field, minus Vg/Vg before the field) as a function of the average void 
fraction over the flow length in the field region, a . Here "a is defined 

as the ar i thmet ic mean of the 
average void fraction at c ros s sec­
tions before and after the 
field: 

1 /- - , 
a = 2(^b + °̂ a)' 

where d and â  a r e the average 
void fractions at c ros s sections 
before and after the field region. 
It has been assumed that the effect 
of the field on the void fraction is 
l inear in the flow direction, which 
is probably a reasonable f i rs t 
approximation. 

0.2 0.3 0.1* 0.6 
AVERASE VOID FRACTION, I 

Fig. 30. Change in Slip Ratio vs 
Average Void Frac t ion 
in Flow Direction 

Even though the locations 
for the determination of flow charac­
te r i s t i cs (see Fig. 10) were a finite 
distance away from the field region, 
changes in flow phenomena when a 
field was present were attr ibuted 

solely to that field, that i s , the small changes due to the usual hydrody­
namic forces in the regions between the a rea of field interaction and the 
measu remen t locations were neglected. This was reasonable since the 
effect would be even less than the very small changes which were de te r ­
mined without a magnetic field. 

The curves in Fig. 30 r ep re sen t conditions of constant NaK flow 
ra te and constant applied niagnetic field strength as indicated. The very 
smal l change in slip rat io which occur red without a magnetic field (see 
F igs . 24 and 27) would appear as curves very nearly coincident with the 
horizontal axis in Fig. 30 and a r e , therefore , not shown. In all ca ses , the 
indicated changes in slip rat io at low values of void fraction a re probably 
in e r r o r for reasons stated ea r l i e r and will not be discussed. 



All four curves in Fig, 30 a r e relat ively constant over a la rge por ­
tion of the range of a under considerat ion. This indicates that the e l e c t r o ­
magnetic forces acting on the mixture were also approximately constant 
over this range of a , for conditions of constant NaK flow rate and given 
magnetic field s t rength. If it is assuined that, under these conditions, the 
net e lec t romagnet ic force on the mixture is a function only of the average 
liquid velocity and of the conductivity of the mix tu re , the effect can be 
at t r ibuted to a balancing between the inc reased liquid velocity and de ­
c r ea sed conductivity assoc ia ted with an inc reased average c r o s s - s e c t i o n a l 
void fraction. 

The difference in level between the re la t ively constant port ions of 
the curves at a magnet ic field s t rength at 7840 G indicates that a g rea t e r 
force ac ts on the mix ture for the higher NaK flow r a t e . This was probably 
due to the corresponding higher average liquid velocity. The sudden up­
turn in the curve for low flow rate may have resu l ted from a change in 
flow reg ime , that i s , from a highly turbulent flow pa t te rn with the gas 
phase d i spe r sed in the liquid phase to a slug or annular flow in which mos t 
of the liquid is located around the per iphery of the channel and most of the 
gas in a cen t ra l co r e . This was evidenced by a sudden inc rease in p r e s s u r e 
drop fluctuations, a cha rac t e r i s t i c usually assoc ia ted with this change in 
flow r eg ime . With the new flow pat tern the field may have been be t te r able 
to "holdup" the liquid phase , resul t ing in a g rea t e r change in slip ra t io and 
the corresponding sudden upturn in the curve . At the higher flow ra te of 
liquid, the sudden change in p r e s s u r e - d r o p fluctuation was not noted. This 
indicated that a change in flow reg ime probably did not occur and may be 
an insight as to why the curve for the higher flow ra te shows no indication 
of the sharp upturn p re sen t in the curve for the low flow ra te with the 
same value of field s t rength. 

Decreas ing the magnetic field s t rength d e c r e a s e s the forces on 
the fluid and yields the sma l l e r changes in slip ra t io as shown in the two 
lower curves of Fig . 30, At this lower value of field s t rength, 4300 G, 
e lec t romagnet ic forces were probably not s trong enough to resu l t in a 
significant difference between the re la t ively constant values for change in 
slip ra t io for the two NaK flow ra te s under considerat ion. It is a lso r e a ­
sonable to a s sume that the holdup forces on the liquid were probably not 
sufficient to r e su l t in a change in flow reg ime under these conditions and, 
therefore , the curves show no sudden upturn, 

3. P r e s s u r e Drop 

F igu re s 31 and 32 a r e examples of the m e a s u r e d total p r e s s u r e 
drops between taps 1 and 2, 2 and 3, and 1 and 3 under conditions of con­
stant NaK flow ra te and var iable gas flow ra te with and without an applied 
magnetic field. The re la t ively constant value of total p r e s s u r e drop with 
increas ing gas flow ra te was a r e su l t of a dec reas ing head or potential 



31 

l o s s , a smal l change in momentum, and an increasing frictional and /or 
magnetic loss . As in the case of the single phase considered ea r l i e r , 
magnetic p r e s s u r e loss re fe r s to the large additional losses which occur 
when the field is applied. 

0.5 

o.m 0.08 0.12 0.16 0.20 0.21 

NITR08EN FLOW RATE, Ib /n in 

0.28 0.32 

Fig. 31. Total P r e s s u r e Drop vs Nitrogen Flow Rate; 
0 Gauss , NaK Flow Rate = 50 Ib/min 

0.0* 0.08 -QA2 0.16 0.20 0.2U 

HITROSEN FLOW RATE, Ib/min 

Fig. 32. Total P r e s s u r e Drop vs Nitrogen Flow Rate; 
7840 Gauss , NaK Flow Rate = 50 Ib/min 

The difference in p r e s s u r e drops between taps 1 and 2 and taps 2 
and 3 in Fig. 32 was probably due to edge effects. However, in the d i s ­
cussion which follows edge effects a r e neglected as a f i rs t approximation, 
and the p r e s s u r e drop between taps 1 and 3 is at tr ibuted to a uniform mag­
netic field. 
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Figures 33 and 34 show the re la t ion between the magnetic p r e s s u r e 
drop and a (as defined ea r l i e r ) for the constant values of NaK flow ra te 
and magnetic field s t rength indicated. Magnetic p r e s s u r e drop was de ­
termined from the total p r e s s u r e drop measu red between taps 1 and 3 by 
subtracting head or potential loss (based on a) and cor rec t ing for any 
change in the momentum of the liquid a r i s ing from a change in a. Mo­
mentum changes a r i s ing from the gas phase were neglected. The large 
magnitude of the p r e s s u r e drop due to the field is brought out by compar i ­
son "with the bottom curves in F igs . 33 and 34, which r ep re sen t the r e l a ­
tively smal l frictional los ses without the field. 
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Fig. 33. Magnetic P r e s s u r e Drop vs 
Average Void Frac t ion; NaK 
Flow Rate = 14.5 Ib /min 

Fig, 34. Magnetic P r e s s u r e Drop 
vs Average Void Fract ion; 
NaK Flow Rate = 50 Ib/min 

If the assumption is again made that the e lect romagnet ic forces on 
the mixture a r e dependent only on the liquid velocity and the conductivity 
of the mixture for a condition of constant field s t rength, then the r e l a ­
tively constant values of magnetic p r e s s u r e drop may be attr ibuted to the 
balancing effect of the inc rease in average liquid velocity and dec rease in 
conductivity with increas ing c ros s - sec t iona l void fraction. 

F igures 35 and 36 show the friction factor inult iplier defined for a 
constant liquid flow ra te as the two-phase p r e s s u r e drop over a given flow 
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l eng th d iv ided by the l iquid p r e s s u r e d r o p ove r tha t s a m e flow leng th . 
The l a r g e effect of the gas p h a s e on the f r i c t i ona l p r e s s u r e d r o p u n d e r 
n o r m a l flow c o n d i t i o n s i s e x e m p l i f i e d by the l a r g e s lope of the z e r o - f i e l d 
c u r v e s in the two g r a p h s . A c l o s e c o m p a r i s o n i s sho^wn wi th the w o r k of 
P e t r i c k w ) who p r e s e n t e d the f r i c t i o n f ac to r m u l t i p l i e r a s a funct ion of 
void f r a c t i o n for a i r - w a t e r flow in a v e r t i c a l ^ x 2 - in . c h a n n e l . 

at 

6.0 

n.o 

3.5 

2.5 

2.0 

0.5 

PETRICK (3) 

HaK FLOW RATE = 14.5 Ib/iain -

f300 GAUSS 

: : ^ -

EO. (C) —^ 

_J_ 
0.1 0.2 0.3 0.i» 0.5 0.6 

AVERAGE VOID FRACTION, a 

6.5 1 — I — I — 1 — I — j — I — \ — \ — • • — r 

0 0.1 0.2 0.3 0.4 0.6 0.6 0.7 

AVERAGE VOID FRACTION. ? 

Fig. 35. Friction Factor Multiplier, (liP/tl)^p/ Fig, 36. Friction Factor Multiplier, (AP/AL) / 
" -- • • - • (AP/AL) vs Average Void Fraction; 

Nal̂  Flow Rate - 50 Ib/min 
(AP/AL) , vs Average Void Fraction; 
NaK Flow Rate = 14.5 Ib/min 

T h e r e l a t i v e l y c o n s t a n t v a l u e of t h e m a g n e t i c f r i c t i o n f a c t o r m u l t i ­
p l i e r , R j ^ , r e p r e s e n t i n g t h e d a t a t a k e n i n t h e p r e s e n c e of a m a g n e t i c f i e l d , 
i n d i c a t e s t h e s m a l l e f f e c t of t h e g a s e o u s p h a s e o n t h e p r e s s u r e d r o p u n d e r 
f i e l d c o n d i t i o n s f o r t h i s r a n g e of a . F u r t h e r i n c r e a s e i n f i e l d s t r e n g t h 
w o u l d p r o b a b l y b r i n g a c u r v e of R|^^ c l o s e r t o a c o n s t a n t v a l u e of o n e u n d e r 
t h e s e c o n d i t i o n s . C u r v e s d e s i g n a t e d a s e q u a t i o n " C " r e p r e s e n t a r e l a t i o n 
f o r m a g n e t i c f r i c t i o n f a c t o r m u l t i p l i e r d e v e l o p e d i n t h e f o l l o w i n g m a n n e r . 

E q u a t i o n " A " w a s r e a r r a n g e d t o o b t a i n t h e s i n g l e - p h a s e p r e s s u r e 
g r a d i e n t d u e to a u n i f o r m m a g n e t i c f i e l d : 

AP\ 

S P 
= aB^Vo J_ d 

M "̂  1 + d 
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w h e r e AP i s the p r e s s u r e d r o p due to un i fo rn i i n a g n e t i c f ie ld of l eng th AL. 
It was a s s u m e d tha t the t w o - p h a s e p r e s s u r e d r o p w a s a l s o a r e s u l t of a 
un i fo rm m a g n e t i c field of the s a m e l eng th and t h a t the e l e c t r o m a g n e t i c 
f o r c e s on the t w o - p h a s e m i x t u r e u n d e r cond i t i ons of c o n s t a n t l iqu id flow 
r a t e and field s t r e n g t h w e r e d e p e n d e n t only on the a v e r a g e l iquid ve loc i ty 
and on the conduc t iv i ty of the m i x t u r e . T h e s e w e r e a s s u m e d to v a r y a s 
fo l lows: 

V 
Vn 

a ^TP 
1 - (a ) ' 

w h e r e : 

VQ ~ a v e r a g e l iquid ve loc i ty when void f r a c t i o n is z e r o ; 

V = a v e r a g e l iqu id ve loc i ty when void f r a c t i o n i s a ; 

a^pp = e l e c t r i c a l conduc t iv i ty of t w o - p h a s e m i x t u r e ; 

a - e l e c t r i c a l conduc t iv i ty of l iquid . 

The e x p r e s s i o n for v a r i a t i o n of conduc t iv i ty wi th void f r a c t i o n was d e v e l ­
oped by P e t r i c k . ( l O ) 

Subs t i t u t i on of the above in equa t i on "A" y i e l d s the fol lowing, w h e r e 
the s u b s c r i p t T P i n d i c a t e s the t w o - p h a s e condi t ion : 

AP\ _ . ilziL^ (ffL V. 
B 1 . ( t t ) 2 " 0 (1 . a ) M 

1 " T P 
— -f 
T P 1 + d T P 

w h e r e 

and 

M ^ p = B o a ( ^ y ' 0 -1)2 2 [l - (a)^] "'•'" . M (1 .S)V2 [i . (a)^] 
.1/2 

d^^ = d[l-(a)2] (1-a)-
T P 

F r o m the def in i t ion of Rjyj;: 

RM ^ VALJTp/iAL/sP 

fl W \l iB)A '' [ - ^ [l-fif](l-a)-2. 
( 1 . , , ) [ l - i a l j M T P 1+ \}-{W] ( 1 - = ) - M "*" 1 + d 

- 1 



we obtain for la rge M and for a in the range under considerat ion 

R M = jyTfy { i + [ l - (S )^ ] ( l " « ) - 2 d } ' \ (c) 

Curves designated equation "C" in F igs . 35 and 36 were obtained 
from the above relat ion, which is a reasonable approximation for the mag­
netic friction factor mul t ip l ier under these conditions, even though the 
deviation becomes l a r g e r as a i n c r e a s e s . 

C. Conclusions 

1. The application of the magnetic field tended to make the gas 
dis t r ibut ion inore uniform in the field direct ion. This effect became more 
pronounced with inc reased field s t rength for a given flow rate of NaK. 
There was no observable tendency for the field to cause a major shift of 
the gas to e i ther side of the channel in the direct ion of the imposed field. 

2. The effect of the magnet ic field was to inc rease slip rat io in 
all c a s e s . This was probably due to the large difference in conductivity 
between the two phases , which led to g rea te r e lec t romagnet ic forces on 
the liquid and a correspondingly high re tard ing action, 

3. The introduction of the gas had very little effect on p r e s s u r e 
drop for a given magnetic field s t rength and NaK flow ra te over the range 
of void fraction which was considered. By assuming a simplified model, 
this was at t r ibuted to a balancing effect between the inc rease in average 
liquid velocity and d e c r e a s e in the conductivity of the mixture as void 
fraction inc reased . This effect was predicted reasonably well by a mag­
netic, two-phase , friction factor mul t ip l ier based on the simplified model. 
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APPENDIX A 

Derivat ion of P r e s s u r e Drop 
in a Uniform F ie ld Region 

The following a r e the bas ic MHD equations for an e lect r ica l ly con­
ducting, v i scous , incomipressible fluid with the permeabi l i ty and pe rmi t ­
tivity of free space. Their development as given below may be found in 
Shercliff(l) and Jackson.(2) 

(a) The equation of motion in a fixed Car tes ian coordinate sys tem 
for a homogeneous, i so t ropic , incompress ib le , Newtonian fluid with the 
addition of the e lec t romagnet ic body-force t e r m and the neglect of the 
gravi ty- force t e r m is 

f + (V • V)V = -Vp + (J X B) + TjV^V. (1) 

(b) Maxwell ' s equations (neglecting displacement cur ren ts ) a r e 

V X E = —— 
dt 

V X B = jioJ; 

a n d 

V • B = 0. 

(c) Ohm's Law, with conductivity taken as a sca la r , is 

J = a[E + (V X B)]. 

(d) The continuity equation is 

V • V = 0. 

F r o m (3) and (5), 

V X (V X B) = /ioV X J = MoO-[(\7 X E) + V X (V X B)]. 

By ineans of (2) and (4), and the vector identity 

V X (V X B) = V (V • B) - V^B, 

we obtain 

(2) 

(3) 

(4) 

(5) 

(6) 

•V^B = Moa 
^B — — ' 
^ + V X (V X B) 



or 

dt ™ - V x ( V x B) = XV^B, (7) 

where 

X = l/lioO 

is the magnetic diffusivity. 

In the c lass ica l Har tmann problem, the flow of a viscous, incom­
press ib le fluid between infinite pa ra l l e l planes a distance 2a apar t is con­
sidered. A uniform, static magnetic field is a s sumed to be directed 
perpendicular ly to these planes (see Fig . 37). The infinite extent in the y 
and z direct ions indicates that the solution is dependent only on x. 

• : 0 ^ B, 

Fig . 37. Hartmann Prob lem 

If the channel is now closed by two perfectly conducting plates in 
the xz plane, distance 2b apar t , and it is a s sumed that the original velocity 
distribution is not disrupted, the situation is still one-dimensional and is 
usually r e f e r r ed to as Har tmann Flow. All cur ren t loops a re a ssumed to 
lie in the xy plane, with the resu l t that the induced magnetic field is in 
the z direction. 

The follo'wing conditions descr ibe the situation. Let i^, i„, and i^ 
be unit vec tors in the coordinate sys tem in Fig. 37. Then 
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V = izVz(x) ; (9) 

B = Tx Bo + i z Bz(x) ; (10) 

J = T y J y ( x ) . (11) 

By the u s e of (8), (9), and (10) in (7), we obta in 

^ ' B ^ ( x ) ^ Bo dVz(x) ^ Q ^^2) 
ax2 X dx 

By the u s e of (8), (9), (10), a n d (3) in ( l ) , we find 

dp Bz(x) ^B^lx) 

Mo ax 
(13) 

a n d 

|p = £L ?!±! + , ^!li<l\ (14) 
dz ^0 ax ax ' 

The t o t a l c u r r e n t p e r un i t w i d t h in the y d i r e c t i o n w i th in the f luid 
m a y be o b t a i n e d by i n t e g r a t i o n of (5) [note tha t Ey = c o n s t a n t s i nce 
J = iy Jy (x ) ] : 

If = I a(E + VBo)dx = ZaaEy + OBQ I V dx. 
i/_a «/-a 

If we now def ine the m e a n fluid v e l o c i t y VQ by 

1 r^ 
Vo = ^ / V dx, 

<J - a 

t h e n 

If = 2aa (E + VoBo) 
y 

If w a n d a^^ a r e , r e s p e c t i v e l y , the t h i c k n e s s and conduc t iv i t y of 
the c h a n n e l w a l l s p e r p e n d i c u l a r to BQ, t hen the c u r r e n t f lowing in the w a l l 
p e r un i t w id th in the y d i r e c t i o n i s g iven by 

^w = 2 w a ^ E y . 
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Since the n e t c u r r e n t in the y d i r e c t i o n m u s t be z e r o , 

If + I^^ = 2 a a ( E y + VQBO) + Z w a ^ E y = 0 

and 

E, 
VnB QJ^O 

wa-w 
3.0 

+ 1 

VoBo 
d + 1 ' 

(15) 

w h e r e 

d = w a ^ ^ / a a 

i s a m e a s u r e of the effect of w a l l conduc t i v i t y . By u s e of (5) a n d (3), and 
the cond i t ion t h a t V m u s t v a n i s h a t x = ±a, we find 

y n 
X = ±a 

/ioC dx 
(16) 

X = ±a 

w h i c h m u s t a l s o e q u a l (15). 

I n t e g r a t i o n of (12) a n d e v a l u a t i o n of the c o n s t a n t of i n t e g r a t i o n v ia 
(15) a n d (16) y i e l d 

'^ + ^ v ( , ) . M o a V o B o _ 
A 1 + d 

Upon s u b s t i t u t i o n of (17) in to (14) t h e r e i s o b t a i n e d 

6^Y^{ic) aBi 1 dp aBo'Vo 

^ ^ 
„ 1 Vz(x) = - -, - -, 

T) ^ ' ' 7] a z 7 ] ( l+d) 

(17) 

(18) 

D i f f e r e n t i a t i o n of (18) w i th r e s p e c t to z g i v e s 

a^p 
aẑ  

= 0. 

T h e r e f o r e , 

dp Po 
^*- = c o n s t a n t = - -— 
dz L 

The g e n e r a l so lu t i on of (18) i s 
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V Z ( X ) = Cj e x p ^ M j ) + C2 e x p ( - M | ) + ^ ^ 

•where 

M^ = Boa^a/?7 = ( H a r t m a n n numiber)^. 

By the u s e of (19) a f t e r f inding Cj and C2; we find 

t a n h M 

Po M^Vo 
T)L a 2 ( l + d ) 

(19) 

Vn 
P o a ' ( l + d ) 

M^rjL 
M 

d + 
t a n h M 

M 

We t h e n find the p r e s s u r e d r o p due to the u n i f o r m m a g n e t i c f ie ld of l eng th 
L to be 

Po = 
L7]VoM^ 

a 2 ( l + d ) 

d + 

1 -

t a n h M 
M 

t a n h M 

M 

EgBgVo 
1 + d 

d + 

1 -

t a n h M 
M 

t a n h M 
M 

A s M b e c o m e s l a r g e , t a n h M -> 1, and (20) b e c o m e s 

Po -LaBo^Vo[^ + ^ ] . 

(20) 

(21) 



IN
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APPENDIX B 

Tabulated Data 



Table I 

*-
• t i 

SINGLE-PHASE TOTAL* PRESSURE DROP VS NaK FLOW RATE 

Magnetic 
Field, G 

0 

4300 

6370 

NaK 
Flow, 
Ib /min 

22 
35 
59 
80 
96 

108 
122 
140 
154 
163 
180 

18 
36 
57 
75 
90 

103 

AP for 
Taps 1 
and 3, 

psi 

0.26 
0.28 
0.31 
0.36 
0.41 
0.45 
0.50 
0.57 
0.64 
0.71 
0.78 

1.75 
2.95 
4.55 
6.02 
7.47 
8.79 

NaK 
Flow, 
Ib /min 

14 
24 
42 

59 
75 
90 

103 
113 
128 
144 
155 

15 
32 
50 
65 
81 
94 

103 
111 
125 
135 

15 
29 
46 
61 
78 
90 

102 

AP for 
Taps 1 
and 2, 

psi 

0.14 
0.14 
0.15 
0.16 
0.18 
0.20 
0.22 
0.24 
0.27 
0.31 
0.33 

0.38 
0.67 
0.98 
1,23 
1.54 
1.87 
2.13 
2.30 
2.65 
2.95 

0.67 
1.19 
1.81 
2.38 
3.08 
3.63 
4.22 

NaK 
Flow, 
Ib /min 

28 
51 
72 
90 

116 
127 
144 
163 

29 
64 
94 

112 
135 

20 
44 
65 
85 

102 

AP for 
Taps 2 
and 3, 

psi 

0.13 
0.15 
0.17 
0.20 
0.25 
0.27 
0.32 
0.37 

0.73 
1.45 
2.13 
2.62 
3.27 

0.91 
1.90 
2.80 
3.70 
4.69 

Magnetic 
F ie ld , G 

7280 

7840 

8270 

NaK 
Flow, 
Ib /min 

22 

39 
54 
67 
81 
92 

22 

39 
55 
70 
83 

21 
33 
46 
66 
76 

AP for 
Taps 1 
and 3, 

psi 

2.25 
3.85 
5.35 
6.72 
8.25 
9.58 

2.57 
4.32 
6.10 
7.95 
9.68 

2.03 
4.20 
5.80 
8.66 
9.90 

NaK 
Flow, 
Ib /min 

14 
29 
48 
65 

79 
91 

14 
28 
43 
58 
71 
84 

15 
34 
52 
65 
78 

AP for 
Taps 1 
and 2, 

psi 

0.76 
1.42 
2.31 
3.17 
3.87 
4.60 

0.83 
1.58 
2.40 
3.21 
3.91 
4.76 

0.98 
2.09 
3.18 
4.02 
4.87 

NaK 
Flow, 
Ib/iTiin 

26 
52 
75 

91 

18 
46 
65 
84 

16 
43 
63 
76 

AP for 
Taps 2 
and 3, 

psi 

1.38 
2.76 
4.02 
5.07 

1.19 
2.78 
4.00 
5.24 

1.14 
2.91 
4.38 
5.34 

Head or potential loss between taps 1 and 3 = 0.25 ps i ; head or potential loss between taps 1 and 2 = 0.125 ~ 0.13 psi . 

• # 



Table II 

TWO-PHASE PRESSURE DROP; AVERAGE VOID FRACTION, a 

I b / m i n 

0 .0038 
0 .0042 
0 .0073 
0 .0093 
0 .0120 
0 .0180 
0 .0201 
0 .0310 
0 .0385 
0 .0432 
0 .0500 
0 .0545 
0 .0642 
0 .0712 
0 .0950 
0 .1190 
0 .1400 
0 .1422 
0 .1700 

0 .0038 
0 .0042 
0 .0073 
0 .0093 
0 .0120 
0 .0180 
0 .0200 
0 .0310 
0 .0432 
0 .0500 
0 .0545 
0 .0712 
0 .0950 
0 .1190 
0 .1400 
0 .1422 
0 .1700 

T o t a l P r e s s u r e D r 

T a p s 1 
a n d 3 

0 .24 
-

0 .22 
-

0.22 
-

0.19 
-

0.18 
-
-
-

0.17 
-
-
-
-
-

0.16 

N 

_ 

0.78 
-
-
-

0.75 
-
-

0.73 
-
-

0 .71 
-
-
-

0.72 
0 .72 

T a p s 1 
a n d 2 

N a K F l o w 

0.13 
-

0 .11 
-

0 .11 
-

0.10 
-
-
-

0.09 
-
-
-

0.09 
-
-
-

0.08 

aK F l o w =: 

0.40 
-

0.39 
-

0.39 
-

0.38 
-
-

0.36 
-
-

0.35 
-
-
-

0.34 

o p , p s i 

T a p s 2 
a n d 3 

P r e s s u r e 
T a p 1, 

p s i 

= 14.5 I b / m i n ; 0 G a u s s 

. 

-
-
-
-
-

0.10 
-
-
-

0.08 
-
-
-

0.08 
-

0.08 
-

-

14.5 l b / m i 

„ 

-
-
-
-
-

0 .40 
-
-

0.40 
-
-

0 .40 
-

0 .42 
-
-

. 

1.34 
-

1.27 
-

1.21 
-

1.15 
-

1.11 
-

1.12 
-

1.13 
-

1.18 
-

1.24 
1.31 

n; 4300 G a u s s 

„ 

1.87 
-

1.79 
-

1.75 
-

1.71 
1.67 

-
1.73 
1.71 

-
1.75 

-
1.82 
1.89 

a 

B e f o r e 
B 

_ 

0 .077 
-

0 .219 
-

0 .325 
-

0 .461 
-

0 .478 
-

0 .554 
-

0 .542 
-

0 .572 
-

0 .571 
0 .594 

-

0 .124 
-

0 .264 
-

0 .386 
-

0 .497 
0 .540 

-
0 .545 
0 .552 

-
0.633 

-
0 .640 
0 .652 

A f t e r 
B 

„ 

0.081 
-

0 .207 
-

0 .355 
-

0 .422 
-

0.480 
-

0 .532 
-

0 .560 
-

0 .577 
-

0 .594 
0 .616 

™ 

0.099 
-

0.209 
-

0.330 
-

0.433 
0 .484 

-
0 .514 
0 .515 

-
0 .614 

-
0 .634 
0.659 



Table II (Contd.) 

I b / m i n 

0.0038 
0.0042 
0.0073 
0.0093 
0.0120 
0.0200 
0.0202 
0.0310 
0.0385 
0.0395 
0.0500 
0.0642 
0.0824 
0.0950 
0.1190 
0.1422 
0.1700 

0.0172 
0.0200 
0.0262 
0.0280 
0.0295 
0.0472 
0.0492 
0.0500 
0.0512 
0.0803 
0.0950 
0.1133 
0.1308 
0.1400 
0.1501 
0.1690 
0.2100 
0.2610 
0.2730 
0.3200 

Total F 

Taps 1 
and 3 

r e s s u r e Dr 

Taps 1 
and 2 

NaK Flow ^ 

1.89 
-

1.83 
-

1.83 
-

1.85 
-

1.89 
-
-

1.87 
-
-
-
-

1.91 

0.279 
-

0.280 
-
-

0.282 
-
-
-

0.282 
-
-
-
-

0.296 
-
-
-

0.339 
-

0,88 
-

0.89 
-

0.89 
0.90 

-
-
-
-

0.88 
-
-

0.87 
-
-

0.89 

NaK Flow 

-. 

0.14 
-
-

0.14 
-
-

0.14 
-
-

0.15 
-
-

0.16 
-
-

0.17 
0.17 

-
0.18 

op, p s i 

Taps 2 
and 3 

P r e s s u r e 
Tap 1, 

p s i 

14.5 Ib /min ; 7840 Gauss 

1.0 
-

1.0 
-

1.0 
0.98 

-
-
-
-

1.01 
-

1.01 
-
-
-

1.06 

= 50 l b / m i 

-

0.14 
-
-

0.14 
-
-

0.14 
-
-

0.15 
-
-

0.15 
-
-
-
-
-
-

_ 

2.95 
-

2.94 
-
-
-

2.89 
-
-
-
-
-

2.90 
2.95 
3.00 
3.11 

n; 0 Gauss 

_ 
-
-

1.43 
-
-
-
-

1.44 
-
-

1.58 
-
-
-

1.76 
-
-
-

2.80 

a 

Before 
B 

— 

0.108 
0.167 
0.231 
0.300 

-

0.419 
0.478 

-
0.520 

-
0.563 

-

0.599 
0.608 
0.629 
0.658 

„ 

-
-

0.233 
-
-

0.304 
-

0.329 
-
-
-

0.473 
-
-
-

0.535 
0.560 

-

0.603 

After 
B 

„ 

0.056 
0.135 
0.175 
0.266 

-
0.328 
0.371 

-
0.434 

-
0.462 

-
0.492 
0.536 
0.521 
0.570 

„ 

-
-

0.234 
-
-

0.295 
-

0.325 
-
-
-

0.447 
-
-
_ 

0.542 
0.568 

_ 

0.598 



Table II (Contd.) 

I b / m i n 

0.0155 
0.0200 
0.0295 
0.0500 
0.0503 
0.0824 
0.0937 
0.0950 
0.1210 
0.1322 
0.1400 
0.2100 
0.2600 
0.2610 
0.3200 

0.0155 
0.0200 
0.0280 
0.0295 
0.0500 
0.0512 
0.0824 
0.0950 
0.1133 
0.1322 
0.1400 
0.1690 
0.2100 
0.2600 
0.2610 
0.3200 
0.3220 

Total P 

Taps 1 
and 3 

r e s s u r e Drop , p s i 

Taps 1 
and 2 

NaK Flow = 

2.21 
-

2.19 
-

2.20 
-

2.21 
-

2.20 
-
-

2.25 
-

2.29 
2.31 

! 

5.78 
-

5.79 
-
-

5.86 
-
-

5.88 
-
-

5.97 
-
-
-
-

6.13 

_ 

1.08 
1.05 
1.04 

-
-
-

1.00 
-
-

0.99 
0.96 
0.96 

-

0.99 

^aK Flow = 

„ 

2.75 
-

2.75 
2.76 

-
-

2.74 
-
-

2.73 
-

2.72 
2.71 

-
2.73 

-

Taps 2 
and 3 

= 50 Ib /min 

-
1.24 
1.24 
1.28 

-
1.31 

-
-
-

1.34 
-
-
-
-
-

- 50 Ib /min 

_ 

3.11 
-

3.11 
3.13 

-

3.19 
-
-

3.27 
-
-

3.30 
3.37 

-
-
-

P r e s s u r e 
Tap 1, 

psi 

; 43 00 Gauss 

3.22 
-

3.18 
-

3.14 
-

3.22 
-

3.26 
-
-

3.67 
-

3.89 
4.25 

; 7840 Gauss 

1 

6.97 
-

6.97 
-
-

7.00 
-
-

7.28 
-
-

7.57 
-
-
-

8.78 
-

a 

Before 
B 

0.149 
-

0.278 
-

0.349 
-

0.459 
-

0.485 
-
-

0.542 
-

0.579 
0.604 

0.120 
-

0.209 
-
-

0.337 
-
-

0.437 
-
-

0.494 
0.524 

-
0.558 
0.590 

-

After 
B 

0.145 
-

0.210 
-

0.312 
-

0.415 
-

0.442 
-
-

0.541 
-

0.563 
0.596 

0.057 
-

0.160 
-
-

0.270 
-
-

0.365 
-
-

0.443 
0.485 

-
0.533 
0.543 

-



T a b l e III 

VOID DISTRIBUTIONS 

g, 
I b / m i n 

Af te r F i e l d 

P o i n t 
1 

P o i n t 
2 

P o i n t 
3 

P o i n t 
4 

P o i n t 
5 

B e f o r e F i e l d 

P o i n t 
6 

P o i n t 
7 

P o i n t 
8 

P o i n t 
9 

P o i n t 
10 

NaK F l o w = 14.5 I b / m i n ; 0 G a u s s 

0.0042 
0.0093 
0.0180 
0.0310 
0.0432 
0.0545 
0.0712 
0.1190 
0.1422 
0.1700 

0.061 
0.154 
0.272 
0.296 
0 .371 
0.487 
0.501 
0.48 6 
0.509 
0.545 

0.078 
0.244 
0.424 
0.466 
0.498 
0.572 
0.580 
0.615 
0.649 
0.658 

0.108 
0.264 
0.417 
0.543 
0.571 
0.601 
0.580 
0.641 
0.672 
0.683 

0.096 
0.245 
0.376 
0.490 
0.559 
0.571 
0.625 
0.590 
0 .631 
0.625 

0.064 
0.129 
0.284 
0.316 
0.400 
0.430 
0.516 
0.555 
0 .511 
0 .571 

. 

0.038 
0.160 
0.223 
0.360 
0.334 
0.455 
0.445 
0.520 
0.520 
0.476 

0.104 
0.264 
0.377 
0.512 
0.524 
0.554 
0.580 
0.580 
0 .621 
0.644 

0.099 
0.267 
0.425 
0.546 
0.596 
0.699 
0.629 
0.657 
0.646 
0 .672 

0.099 
0.216 
0.361 
0.502 
0.569 
0.573 
0.575 
0.604 
0 .571 
0.657 

0.046 
0.189 
0.241 
0.386 
0.368 
0.488 
0.481 
0.498 
0.496 
0.520 

NaK F l o w = 14.5 I b / m i n ; 4300 G a u s s 

0 .0042 
0.0093 
0.0180 
0.0310 
0.0432 
0.0545 
0.0712 
0.1190 
0.1422 
0.1700 

0 .071 
0.146 
0.227 
0.343 
0.404 
0.438 
0.398 
0.501 
0.535 
0.549 

0.106 
0.228 
0.366 
0 .461 
0.534 
0.536 
0.565 
0 .681 
0.693 
0 .727 

0.123 
0.269 
0.417 
0.488 
0.546 
0.579 
0.600 
0.700 
0.700 
0.740 

0.120 
0.232 
0.387 
0.489 
0.526 
0.561 
0.577 
0.670 
0.695 
0.696 

0.076 
0.169 
0.250 
0.384 
0.406 
0.455 
0.432 
0.519 
0.547 
0.578 

0.083 
0.202 
0.241 
0.407 
0.415 
0.419 
0.421 
0.545 
0.527 
0.528 

0.144 
0.268 
0.428 
0.559 
0.600 
0.605 
0.627 
0.684 
0.709 
0.703 

0.153 
0 .324 
0 .531 
0 .594 
0 .664 
0 .644 
0.673 
0.710 
0.716 
0.743 

0.141 
0.302 
0.455 
0.515 
0.586 
0.597 
0.617 
0.650 
0.691 
0.721 

0.096 
0.225 
0.272 
0.411 
0.433 
0.458 
0.422 
0.576 
0.555 
0.566 

NaK F l o w = 14.5 I b / m i n ; 7840 G a u s s 

0.0042 
0.0073 
0.0093 
0.0120 
0.0202 
0.0310 
0.0395 
0.0642 
0.0950 
0.1190 
0 .1422 
0.1700 

0.063 
0.121 
0.132 
0.259 
0.213 
0.319 
0.332 
0.415 
0.448 
0.470 
0 .422 
0.453 

0.063 
0.132 
0.184 
0.265 
0.368 
0 .424 
0.483 
0.499 
0.516 
0.582 
0.588 
0.649 

0.067 
0.196 
0.216 
0.308 
0.368 
0.417 
0.483 
0.510 
0.526 
0.590 
0.598 
0.647 

0.063 
0.136 
0.188 
0.272 
0.365 
0.396 
0.493 
0.475 
0.529 
0.552 
0.540 
0.616 

0.024 
0.090 
0.157 
0.224 
0.289 
0.298 
0.376 
0.410 
0.439 
0.485 
0.455 
0.485 

0.073 
0.023 
0.138 
0.197 
0.342 
0.328 
0.405 
0.465 
0.480 
0.506 
0.535 
0.580 

0.119 
0.217 
0.275 
0.354 
0.471 
0.524 
0.588 
0.600 
0.654 
0.661 
0.674 
0.710 

0.126 
0.293 
0 .322 
0 .391 
0.523 
0.646 
0.624 
0.673 
0.709 
0.724 
0 .701 
0.728 

0.124 
0.212 
0.254 
0.350 
0.477 
0.531 
0.594 
0.625 
0.666 
0.663 
0.659 
0.712 

0.098 
0.083 
0.167 
0.208 
0.282 
0.363 
0.390 
0.453 
0.488 
0.488 
0.576 
0.551 

NaK F l o w = 5 0 I b / m i n ; 0 G a u s s 

0.0280 
0.0492 
0.0512 
0.1308 
0.2100 
0.2610 
0.3200 

0.194 
0.226 
0.266 
0.372 
0 .454 
0.484 
0.510 

0.254 
0.323 
0.392 
0.504 
0.586 
0.648 
0.654 

0.274 
0.352 
0.386 
0.538 
0.624 
0.660 
0.684 

0.271 
0.355 
0.330 
0.482 
0.586 
0.582 
0.656 

0.175 
0.217 
0.252 
0 .341 
0.458 
0.465 
0.485 

0.160 
0.169 
0.232 
0.405 
0.435 
0.443 
0.487 

0.232 
0.368 
0.383 
0.490 
0.574 
0.601 
0.668 

0 .282 
0.399 
0.386 
0.544 
0.613 
0 .665 
0.677 

0.264 
0.371 
0.374 
0.510 
0.613 
0.664 
0.672 

0.228 
0.214 
0.270 
0.416 
0.439 
0.429 
0.515 



I b / m i n 

0.0155 
0.0295 
0.0503 
0.0937 
0.1210 
0.2100 
0.2610 
0.3200 

0.0155 
0.0280 
0 .0512 
0.1133 
0.1690 
0.2100 
0.2610 
0.3200 

Tab le III (Contd.) 

Af te r F i e l d 

P o i n t 
1 

0 .111 
0.181 
0.233 
0.384 
0.366 
0.458 
0.464 
0.512 

0.050 
0.098 
0.194 
0.314 
0.394 
0.423 
0.427 
0.452 

P o i n t 
2 

0 .181 
0.249 
0.355 
0.461 
0.478 
0.594 
0.609 
0.650 

0.074 
0.208 
0.318 
0 .421 
0.464 
0.517 
0 .601 
0.587 

P o i n t 
3 

P o i n t 
4 

P o i n t 
5 

N a K F l o w = 5 0 I b / m i r 

0.191 
0.292 
0.366 
0.480 
0.516 
0.621 
0 .651 
0.675 

0.158 
0.228 
0.339 
0.446 
0.477 
0.571 
0.595 
0.643 

0.085 
0.099 
0.268 
0.306 
0.376 
0.459 
0.494 
0.501 

NaK F l o w = 5 0 I b / m i r 

0.078 
0.234 
0.356 
0.417 
0 .501 
0 .541 
0.624 
0.604 

0.044 
0.185 
0.303 
0.376 
0.481 
0.518 
0.582 
0.605 

0.038 
0.075 
0.179 
0.296 
0.375 
0.424 
0.43 2 
0 .471 

P o i n t 
6 

Be 

P o i n t 
7 

; 4300 G a u s s 

0.069 
0.205 
0.252 
0.390 
0.425 
0.441 
0.503 
0.491 

i; 7840 G 

0.120 
0.104 
0.220 
0.351 
0.372 
0.429 
0.434 
0.500 

0.174 
0.326 
0.373 
0.499 
0.508 
0.601 
0.622 
0.683 

a u s s 

0.127 
0.250 
0.383 
0.493 
0.553 
0.596 
0.631 
0.650 

fo re F i e 

P o i n t 
8 

0.198 
0.324 
0.437 
0.531 
0 .551 
0.652 
0.658 
0.685 

0.151 
0.308 
0.452 
0.506 
0.579 
0.605 
0.669 
0.667 

Id 

P o i n t 
9 

0.181 
0.289 
0.373 
0.485 
0.530 
0.574 
0.626 
0.658 

0.131 
0.217 
0.380 
0.455 
0.536 
0.557 
0.601 
0.637 

P o i n t 
10 

0.122 
0.248 
0.309 
0.391 
0.407 
0.439 
0.490 
0.501 

0.072 
0.165 
0.251 
0.380 
0.428 
0.43 2 
0.456 
0.492 

1 
Points I h -\ ! After Field 

-Bn 

Points 1 1-
l /64 [*-^ 

•! 1 Before Field 

Flow 

• channel width = l / 4 
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