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SUMMARY

Reported here are the results of a systematic study of a model of
the direct-current electromagnetic pump. Of particular interest is the
motion imparted to the electrically conducting fluid in the rectangular
duct by the body forces that result from applied electric and magnetic
fields. The purpose of the investigation is to associate the observed
fluid motion with the characteristics of the electric and magnetic fields
which cause them. The experiments were carried out with electromagnetic
fields that moved a stream of copper sulphate solution through a clear
plastic channel. Ink filaments injected into the stream ahead of the
region where the fields were applied identify the motion of the fluid
elements as they passed through the test channel. Several magnetic
field configurations were employed with a two-dimensional electric cur-
rent distribution in order to study and 1dentify the magnitude of some
of the effects on the fluid motion brought about by nonuniformities in
the electromagnetic fields. A theoretical analysis was used to guide and
evaluate the identification of the several fluid motions observed. The
agreement of the experimental data with the theoretical predictions is
satisfactory. It is found that sizable variations in the velocity pro-
file and pressure head of the output stream are produced by the shape of
the electric and magnetic fields.

TINTRODUCTION

A given electric current and magnetic field will exert the same force
on a fluid in a container as on a wire in an electric motor. A difference
exists, however, in that the wires are constrained to move in one pre-
determined direction, whereas, the fluid is free to move in any direction
permitted by its boundaries. As a result, particular characteristics of
the imposed fields are displayed in the fluid motion, and complex flow
patterns may arise. If the individual motions imparted to the fluid can
can be associated with particular features of the applied fields, modifi-
cations can be made to the structure of the magnet, electrodes, or channel
to tailor the flow to fit a particular need. The purpose of this



investigation was to construct and operate experimental apparatus in

which it would be possible to observe the fluid motions and to identify -
these with the impressed fields by means of theoretical considerations.

In this way, the information on the characteristics of electromagnetic

flow devices is extended by the quantitative theoretical and experimental
treatment of the fluid motion reported here.

In order to realize a simple configuration for the present study
that would be amenable to analysis and for which experimental results
could be obtained, the arrangement shown in sketch (a) was chosen. It
is basically a laboratory model
of direct-current electromagnetic
pumps (see appendix A) which are
in use in various industries.
The electric and magnetic fields
are produced by an iron-core
electromagnet and by two copper
electrodes embedded in the chan-
nel sides. A two-dimensional
current distribution is achieved
by extending the electrodes the
| full depth, 4, of a rectangular .
| duct made of transparent plastic.

The copper sulphate solution,
used as the working fluid, flows
at a velocity from 1 to 4 inches
per second under the influence

Sketch (a) of 0.4 to 1.6 amperes current

and a magnetic field of about

4000 gauss. Since both the fluid and channel are transparent, motion of
the liquid is visualized by injecting seven ink filamenits periodically
into the centerplane of the stream.
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The electric current and flow rate for the tests are sufficiently
low that the secondary or induced magnetic and electric fields are more
than 1072 times smaller than the primary or externally imposed fields.
Numerical values for several of the dimensionless parameters that
characterize the flow field are

Hartmann parameter = f% BS = 1072

Es: 103

Applied/counter (or back) emf

Magnetic Reynolds number = opUd & 10-8

Viscous Reynolds number %? = 300 to 1000
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where U, 1, v, g, and ¢ are the fluid velocity, viscosity, kinematic
viscosity, magnetic permeability, and electrical conductivity, respec-
tively. The quantities B and & are the magnetic field strength and
the characteristic length of the flow field.

Presented here are the results of a systemstic series of tests and
of a theoretical study carried out on the device shown schematically in
sketch (a) and in figure 1. Various flow phenomens that appeared in the
tests are associated with certain features of the impressed fields.

Local values for the pressure head of the fluid as obtained from theo-
retical expressions are compared with the measured results to corroborate
these associations. A resumé of the literature is presented in

appendix A.

A description of some of the results of this investigation was
presented at the International Symposium on Magneto-Fluid Dynamics held
at Williamsburg, Virginia, January 17-23, 1960, and is published in the
Reviews of Modern Physics (ref. 1). Although primary emphasis will be
given here to material not contained in that article, scme repetition
will be made in order to aid the continuity of this paper.

SYMBOLS
B maghetic induction
c half length of electrodes
d depth of channel
E electric field intensity

F(A,k) elliptic integral of first kind

H total pressure head, p + % pU=

i Vo1

J electric current density

k modulus of elliptic integral

k! complementary modulus of elliptic integral,wﬁijgz
K complete elliptic integral, F <§, k>

X* assoclated complete elliptic integral, F (g, k‘>
1 half length of magnetic field

bak ot W orleontal or xa GPee N\
axis. The symbol F() denotes the ‘ﬁ{_.
incomplete elliptic integral of the 0=9,/2 % P-9/2

first kind and expresses a Schwarz-
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Hartmann number, GBHS
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to = F(sin™1t 1,k) =b/\ ” dw = Xp + 1y (1)
o J (1-w2)(1-k=2w2) "

where w 1is a dummy variable of integration. The transformation given
by equation (1) folds the walls and electrodes into the rectangle shown
in the lower part of sketch (b). The potential distribution for this
rectangular boundary is simply a linear drop between the two electrodes
with no current flowing in the iy, direction. The desired solutiont
is then given by the complex potential function

S it >
=@+ iv=——=F ==k 2) A
oK 28”7 ( 2
7
where 6
- % il )
i 2
w:%omF 1;—6“, >=-§2F(B,k') (%) i

The function K is the complete elliptic integral of the first kind and
the quantities k, k', a, and B are determined by the relationships

1
cosh( ex/28)

k' = J1 - k°

sin a1 - k'2s1in2p
-sin ZE-cosh XX . (5a)
20 2 cos2B + k2eina sin2B

1an alternate derivation that may be used to find the complex
potential is to transform first with respect to wy = 5% 2% " gnd then
with respect to ws = F(sin~lwi,k). A different but equivalent result
for equation (2) is then found as
It . ok
® (G+e+id) - =
o = 5% F [sin'leg5 ¢ se o
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cos ZE sinh X _ COS Q cOs B sin B N1 k<sin<a (5b)
25 2% cos2B + k3sin2a sin3p

The rate of efflux of electricity from the electrodes at each point along
their surface is found as

dao

a(x) = ic T . = dEy(x,6) s Ix| S ¢
- o L , xS (6)
hex N/ cosh(xﬁ/26)}2
1 - | S2EIMX/ 07
[cosh(cﬂ/Eﬁ)

Since the electric potential on the electrodes is a constant, no current
Tlows along the surface of the electrodes in the stream direction. Equa-
tion (6) then represents the strength of the electric source distribution
on the electrodes.

The solution for the electric field, equation (2), is verified in
this paragraph by comparing its form at the limit where the electrodes
elther are very long or are points with the known solutions at these
limits. It is found that eguation (2) does reduce to the correct form
when c/B is taken to the 1limit, o or 0. In the first case, when the
length of the electrodes is allowed to grow without limit, so that
k * 0, the complex potential becomes

(Po ig?‘f
o= 527 (255 0)

From reference 2, the result is found as

_ 198
(Dc—)oo - o8 (7)

At the other extreme, when the length of the electrodes is reduced to
zero while the total efflux of electric current is held equal to a con-
stant q = o K'/K, equation (2) reduces to a result that is in agreement
with a relation that can be derived from an expression for a source cas-
cade given by Lamb (see p. 71 of ref. 3); that is, when the quantities,
¢ > 0 and k = 1/cosh(cen/28) -+ 1 in the complex potential, the various

functions become
S 1. 1+t
(2 = =% Inc:
o 1l - w2 2 1-¢,



and
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in ] (8)
1 - i sinh(ils/25)

q 1 + i sinh(ifn/28)
T

If real and imaginary parts are taken, the electric potential and current
functions for point electrodes are found as

q sin®(yn/28) + sinh®(xm/25)
¢ =0 2 2 > 2 (92)
ax 4 sinh®(xn/28)sin” (yn/28) + cosh (xnt/28)cos®(yn/28) ]
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1

_q o1 -sinh(xn/28)
Fl [ sin(ymn/28) ]

Equipotential and current lines computed by means of equations (3),
(4), and (5) are shown in figure 2 for several values of the ratio of the
length of the electrodes to the width of the chammel, 0/8. v

In practice, the infinite current density at the ends of the
electrodes will only be approximated by a high but not infinite current.
In order to see if the over-all potential would be affected an appreciable
amount, the theoretical values are compared with measured values in figure
3 for an electrode length to channel width ratio of 2:1 as found on a
resistance paper analog. The experimental points are seen to be in good
agreement with the theoretical curves.

In the present experiment, the ratio of the electrode length to the
channel width was chosen as 1:1. Since details of the electric field for
this configuration contribute to some of the fluid motions observed, the
electric field intensities, Ex and Ey, in the x and y directions are
plotted in figure L on a sheared coordinate system in order to present
the nature of the two-dimensional current distrlbution. The infinite
current density at the ends of the electrodes, the symmetry of Ey, and
the antisymmetry of Eyx about the ¥ axis are illustrated. The field
distributions are not shown for the -y half plane. It is known, however,
that the field quantities in the +y and -y half planes are mirror images
of each other. -

Magnetic Field -

In order to complete the information needed for a theoretical analysis
of the fluid motion, it is necessary to procure expressions for the mag-
netic field strength variation in the region occupied by the channel.
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A theoretical prediction of the magnetic fields produced by the wvarious
iron-core shapes was felt to be too involved. Therefore, measurements
taken of the magnetic fileld generated by the several magnet shapes are
used instead.

Pressure Head Imparted by Pump

An estimate of the momentum increase given to the liquid by the pump
is obtained by integrating the differential equations for the fluid along
a streamline. For steady flow, the equations may be written as
Ohm's law:

T = U(E + U X B) (10)

Momentum equation:

p(UVT + Vp = 20 + I x B (11)
Continuity:
V-U=0 (12)
Maxwell's equations:
VB -0 (23)
V.E=0 (11)
u3 = curl B (15)

where | 1s the magnetic permeability and % 1s the viscosity. The
vorticity in the fluid is given by

?=%cmlﬁ (16)
and the total pressure head by
U2
H=p+p 3 (17)

If equations (10), (12), (16), and (17) are introduced into equation (11)
and the fluid motion 1s assumed to be two-dimensional, the following
expressions are obtained for the variation of H as the fluid passes
through the electromagnetic fields

%% - 2pvw = c’BZ(Ey - uBZ) + TV2u (18a)
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0
HE 4 oouw = -0Bz(Ex + vBz) + nv4V

oy
W = J—‘.@—‘f-- -a£>
2 \ox By

is the =z component of the vorticity vector ?.

where

The terms uBy and vBy express the electric potential developed by
the motion of the fluid through the magnetic field and are referred to
as the back or counter emf, because they oppose the emf impressed across
the pump by an external source. The magnetic field strength, By, consists
of a combination of the field imposed by the electromagnet and of the
field generated by the electric currents flowing in the fluid. An estimate
of the magnitude of this induced field can be obtained from the relation

K=ﬁff{[3f’ (19)

>
where A 1is the magnetic vector potential defined as curl A =3 with

r = J?k -x)% 4 (y - yZ% + (z - z')% and V as the volume in which the
electric currents, J (see eq. (10)), are flowing. As mentioned previ-
ously, in the experiments to be considered, both the back emf and the
secondary magnetic field given by equation (19) are at least 1072 times
smaller than the imposed electric and magnetic fields and they may there-
fore be ignored in the present analysis.

Equation (18a) can be simplified further by dropping the term 2pvw
which is small in view of the fact that the cross-stream velocity 1s
generally near zero and the vorticity, W, is not large. Similarly, the
viscous effects are small over the short distance occupied by the electro-
magnetic fields, so that the terms v2u and V2v can be deleted from
equation (18a). If the relation oEy = -3y/dx 1is used and the terms

just discussed are dropped, equation (18a) may be written as

@{— = 'Bz él{ (208.)

ox ox

Similarly, equation (18b) reduces to

OH

— + 2Puw = -Bg
Y

(20b)

<

NI 0 >
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Since the cross velocity, v, is small, the streamlines will lie nearly
along y = constant lines so that the integration of equation (20a) can
be carried out to yield
X
H(x,¥) - Hoy) = 0 f BzEydx (21)

-00

where H,(y), the pressure head upstream of the pump, may be a function

of the cross-stream distance, y, if the viscous boundary layer is suffi-
ciently developed. The pressure head H(x,y) in equation (21) is assumed
to be a function of only x and y within the electromagnetic field region.
Downstream of the electromagnetic fields, however, it is a function of
only y if viscous forces are assumed to be negligible. In both of these
regions, the vorticity  can be computed from equation (20b).

In the discussion to follow, it is convenient to simplify equation
(21) by assuming that the magnetic field strength B, is of constant
strength in the region covered by the plan form of the iron core of the
magnet and zero elsewhere.® The values for the extremities of the mag-
netic field, *1, correspond then to the edges of the iron core. Equation
(21) can then be written as

H(y) - Hyo = Bz[¥(-1) = ¥(+1)] = BzAV (22)

The quantities ¥(-1) and V(+1) are the values of the electric current
stream function at the assumed upstream and downstream edges of the mag-
netic field and Ay is the total current flowing in the magnetic field.
These quantities may be determined from equation (4) or figure 2.

EQUIPMENT

Figure 1 presents a schematic diagram of the test arrangement used
for the experiments. Various components of this equipment were chosen
so that the motion of the fluid could be observed visually. In the
vertical position shown for the channel, the copper sulphate salt solution
(see appendix B) circulates through the test portion of the clear plastic
channel (1 by 3-1/2 inches in cross section) from the bottom to the top
reservoir. (For convenience of presentation, the photographs of the ink

2Inasmich as the air gap between the magnet pole pieces is generally
kept small in comparison with the width of the iron core in order to
produce a strong field, it is also conducive to containing the magnetic
field in this region. It can then often be assumed that the magnetic
field is constant in the air gap between the pole pieces and zero else-
where so that the area covered by the field is the same as the cross
section or plan form of the iron core.
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filaments to be presented in the succeeding figures will show the channel
in a horizontal position with the fluld flowing from left to right.) -
Fluid in the upper reservoir returns to the lower reservoir by means of
the second chamnel shown in figure 1 so that the same fluid (about 2-1/&
gallons) can be circulated continuously. Antiturbulence screens and a
contraction section in the lower reservoir produce a uniform laminar
stream at the entrance (or bottom) of the test channel. Most of the tests
were conducted with the back side of the channel pushed against the rear
pole face as shown in sketch (c) for convenlence in alining the channel
\\~_———_’___\\.////,,——-_ accurately. Only in one test was
a small but detectable flow dis-
turbance observed to be caused by
Magnet pole piece the fact that the channel center-

av=a o >

plane was 1/8 inch from the center-
Lucite walls of channel plane of the magnetic field. This
case will be discussed in the
section on test results.
- = i Channel . .
5 3% r centerplane Since both the fluid and =
Ll “— channel walls are transparent,
g ‘\\\\ i it to inject ink
2 . trod it was necessary to inject i
J__ AW Electrode into the stream to identify par- .

ticular fluid elements. BSeven

ink tubes were located on the
channel centerplane at the entrance
to the test channel (sketch (c)

and fig. 1) and fed by gravity
pressure from an elevated reser-
voir. A hand operated cam served

Tubes for ink filaments

— 7 to cut off and regulate the rate
at which ink was fed into the
Sketch (c) stream. Since the fluid and ink

densities were closely matched
(specific gravity = 1.040 #0.001), the shape and length of the filaments
remained nearly constant throughout the test section. The time-distance
history of the various sets of ink filaments was recorded by a camera set
to take one picture per second automatically. Location of these filaments
in the photographs is aided by means of a reference grid that is graduated
in inches and fastened to the rear surface of the test channel. Once the
velocity of the filaments is determined, the dynamic pressure
(1/2)p(u2 + v2) can be computed.

The pressure rise across the electromagnetic field region was measured
with a two-fluid manometer (fig. 1). Since the density of the two fluids
was nearly the same, the small difference in pressure between the 5-inch
and 20-inch stations, where the pressure taps were located, resulted in v
about a l-inch deflection of the manometer fluid interfaces. A reading
accuracy of about *0.002 inch made it possible to measure the rather small
pressure differences (1072 to 107* psi) to within an accuracy of several
percent. This measurement of the static-pressure rise through the pump,
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together with the determination of the velocity (and hence, dynamic
pressure), yields experimental values for the local pressure head,

H=p + (l/2)pU2, of the stream. A correction for the fluid friction on
the channel walls between the 5-inch and 20-inch stations was obtained
by circulating the fluid through the test channel with ancther pump and
recording the pressure drop that occurred at the various flow rates.

The electric field was impressed on the fluid by electrodes made of
copper bus bar 3-1/2 inches long and energized by wet cell batteries
capable of delivering several amperes at up to 2k volts. The electrodes
extended over the full depth of the channel and were mounted flush with
the ingide of the channel walls. Most tests were carried out at 6, 12,
and 24 volts (or 0.4, 0.8, and 1.60 amperes) impressed across the elec-
trodes in order to see how the fluid motion would be affected by the
amount of power applied.

A C-shaped iron-core magnet was used as the basic megnet on which
the various modifications (fig. 5) could be added. Blocks of SAE 1020
steel were added to this basic 4- by k-inch design in order to shape the
magnet cross section and air gap according to rules to be developed in
the next section. Results of a survey of the fields on the channel center-
plane produced by the various shapes are shown in figures 6 and 7 for a
current of 10 amperes through the windings. The field at the center of
the air gap is shown in figure 8 for the range of currents available.
Inaccuracies in these measurements do not exceed a probable error of about
50 gauss (i.e., about 1 percent).

A motor-generator set supplied the excitation current for this
electromagnet. The voltage could be controlled to supply a current
through the windings (1800 turns) at any desired value from about 2 to
15 amperes. A current of 10 amperes was chosen for the tests because the
magnetization curves (fig. 8) tend to level off at about that value.

TEST RESULTS

In the previous sections, equations have been developed to provide
an estimate of the momentum imparted to an electrically conducting fluid
by electric and magnetic fields. The equipment used in the experiments
has also been described. It is now possible to proceed with a description
of the several tests carried out, to identify particular flow phenomena.,
and to associate them with the elements of the electric and magnetic fields
which cause these various fluid motions.
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Consider first the flow induced in the test channel by the fields
of the 4= by k-inch magnet and the 3-1/2-inch electrodes. Figure 9(b) .
presents a typical photograph of the locations of several sets of ink
filaments that depict the motion of the fluid through the channel. BSince
each set of filaments is released simultaneously, a displacement between
them indicates a velocity difference in the fluid near the filaments. A
small velocity difference causes a sizeable streamwise separation if it
prevails for an appreciable distance along the channel. For this reason,
the ink profiles near the exit of the test channel amplify any variation
in the velocity possessed by the stream as it leaves the region where the
body forces are applied. ILocal values of the velocity are obtained from
the slope of the time-distance history of the ends of the filaments.

The distance decrement shown in figure 9(b) for the center filaments
expresses a velocity deficiency in the fluid flowing along the center of
the charmnel. In order to determine what characteristics of the electro-
magnetic fields cause this velocity variation, a comparison is made in
figure 9(a) of the 4- by 4-inch magnet plan form with the electric current
pattern of the 3-1/2-inch electrodes. Since the ends of the magnet do -
not follow any particular current line but cross several of them, the
momentum imparted to the fluid by J X B (see eq. (22)) on each streamline
is a minimum at the center where the fringing or spreading out of the v
electric current lines is a maximum. Near the walls, all of the current
interacts with the magnetic field to produce the highest momentum possible
for that arrangement. Since the flow velocities across the channel are
negligible (v =% ), the pressure gradient, Bp/ay, across the channel is
also negligible. Therefore, any variation in the streamwise momentum or
pressure head, H, appears in the dynamic pressure or velocity of the
fluid as exhibited by the filaments in figure 9(b). Sketch (d) presents the
momentum increase as computed by
equation (21) and equation (22) and
25 measured in the test channel. All
| of the data have been normalized to

an assumed current of 1 ampere. The
two curves obtained with equation (22)
represent two assumed variations in
the magnetic field. The first,
€ 1 = %2 inches, assumes that the
magnetic field is constant (4800
gauss) and is confined to the air
gap between the magnet pole pieces.
The second field distribution,
1 = £2.75 inches, is the approximate

ON=J N =

AHXx10 3psi

Eq.{22),1 =120
+27

Experiment

T 888°W”*5 | rectangular fit (see fig. 6(a)) to
T Cie " the measured data for the square
s ) o 5 s magnet. Results obtained with equa- T
y, inches " tion (21) for the pressure head, also
shown in sketch (d), are the most
Sketch (d) accurate of the three theoretical

curves since measured values for

|
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B, were used in the integration of equation (21) for AH. Polnts shown
in sketch (d) for the experimental data were determined from the measured
values for the static pressure rise across the pump, the pressure drop
due to fluid friction, and the local dynamic pressure variation expressed
by the measured velocities on the centerplane of the channel.

The quantitative agreement of the experimental data with the theoret-
ical curve shown in sketch (d) verifies the assoclation made there between
the velocity deficiency of the fluid near the center of the channel and
the mismatch of the square shape of the magnet with the spreading out of
the electric current lines.

The variation across the channel in the velocity (or pressure head)
leads to vorticity that is introduced into the stream by the electro-
magnetic body force distribution. At low or nearly zero flow rate through
the pump, this vorticity will roll up to form a vortex pair at the exit
of the electromagnetic fields as shown in the upper part of figure 10(a).
Fluid that is in the electromagnetic region, and hidden from view by the
magnet pole pieces, also circulates in such a way as to form two more
vortices. The relative strength and position of these four vortices
depend on the applied power, flow rate, and viscous Reynolds number.
Figure 10 was obtained by permitting fluid to circulate until ink filaments
extended throughout the channel. The net flow was then stopped by a
paddle and the picture taken as the filaments rolled up. The ink filament
pattern shown in the lower part of figure 10 illustrates the streamline
locations when the magnetic field has been designed to eliminate the
circulation observed for the square magnet plan form., Details that lead
to such a design are discussed in the next section.

Local values for the electric current components, Eyx and Ey, induced
in the fluid by the 3-1/2-inch electrodes are presented in figure 4. The
body force distribution is related to Ex and Ey by the products, oExBg
and oEyBy - In the ideal one-dimensional situation, Ex would be zero and
Ey would be a constant. Although the distribution shown is quite non-

uniform, none of the steady-state cases investigated here exhibited a
measurable flow irregularity that was sustained outside of the pump and
that could be traced to the peaks or valleys in the body force distribu-~
tion. A particular streamline is deflected sideways about 1/8 inch by
the high current densities at the ends of the electrodes, but it very
nearly returns to its original path as it emerges from under the magnet.

One such disturbance does manifest itself in the unsteady case when
the pump is turned on or off. It is caused by the nonuniform current
densities at the ends of the electrodes (see fig. 4) and the resultant
cross-stream variation of the pressure head at the ends of the magnetic
field. Forward (+x) displacement of the fluid near the four ends of the
electrodes as the fields are first applied causes sidewise motion of
fluid a short distance from the center so that the ink lines buckle in
the manner shown in figure 11. Such a streamline distortion occurs when
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the magnet or electric field is turned on or off, This particular picture
was taken a few seconds after the magnet was turned off while the fluid
coasted to a stop. Eddy currents are induced in the fluid (and in the
magnet core) by the rise or decay of the magnetic field, but the body
forces® they induce appear not to be the cause of the streamline distor-
tion shown in figure 11.

Magnet Plan Form Adapted to Electric Current Pattern

The previous discussion indicates that the choice of a square (or
rectangular) magnet plan form is not in conformity with the electric
current pattern of the 3-1/2-inch electrodes. In order to recover a uni-
form or one-dimensional stream, the magnet contour should then be shaped
or adapted to fit the electric current pattern. Two magnet shapes that
approximate the 90-percent (¥ = #0.45) and the 98-percent (¥ = +0.49)
current lines are indicated in sketch (e) by the heavy lines. The plan

Electrode Electric current

P /2 / lines

¥=-49 -1 o 2 4 |45 49
98 % contour / Square magnet -‘PO/Z
90%
contour
Sketch (e)

SCopper bars l7g'by'l by 4 inches held in the edge region of the
magnet air gap will experience a small inward force when the magnet
current is cut off abruptly. If a liquid metal were belng pumped, it would
then, because of its higher electrical conductivity, probably undergo
motion not observed with the copper sulphate sclution if the magnetic field
strength changes rapidly.

NI 0 =
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form of the 4- by L-inch magnet is also shown. Irregularities arise in
these shapes from the edges of the iron plate stock used in constructing
the pole-piece additions. No effort was made to round off the corners
because they did not seem to affect significantly the strength of the
magnetic field near the centerplane of the channel. The magnetic field
strength B, on the centerplane of the channel is presented in figures

6, 7, and 8 for these magnet plan forms. The 90-percent and 98-percent
contours represent an attempt to produce fields which cover equal amounts
of electric current on all streamlines so that, according to equation (22),
the pressure head will be constant over the cross sectlon of the stream

at the exit of the region where the body forces are applied. Photographs
of typical sets of ink filaments presented in figure 12 show a progressive
change in the flow uniformity as predicted by equation (22). The velocity
of the filaments nearest to the wall of the 90-percent contour is noted

to be larger than those near the center. The small cross-stream variation
in the velocity is attributable to the fact that about 10 percent of the
electric current at the center of the channel is not covered by the magnet
and therefore it is not effective in accelerating the fluid.

Cross-stream variations in the velocity are shown in figure l3(a)
for a potential @, of 6, 12, and 24 volts (0.4, 0.8, and 1.6 amperes)
applied to the electrodes. From these velocity curves and the pressure
differences measured for those runs, a comparison is made in figure 13(Db)
of the variation in the theoretical and experimental total pressure head
imparted to the fluid by the various contours for an assumed current of
1 ampere. The reduced flow rate experienced with the 98-percent contour
is a result of a reduced magnetic field strength compared with the square
magnet shape. Since the number of ampere turns is the same for all three
magnets, the local field strength decreases with an increase in the plan-
form area.

It is to be noted in figure 13(a) that at 6 volts the boundary layer
on the side walls builds up enough in 15-20 inches to include the outer
ink filaments. At 12 volts and 24 volts the Reynolds nunmber is high
enough (Re > 600) so that the boundary layer on the side walls does not
enclose any filaments. In the plane perpendicular to the one being
observed, the boundary layer develops fully in about 15 inches. If the
boundary layer were ever to become fully developed so as to fill the
entire channel, the ink filament at the center of the channel would be
accelerated to a velocity 1.83 times the average velocity of the fluid in
the channel.?

4The fully developed velocity distribution in a rectangular channel
is given on page 197 of reference 4 as

L 2 ( l)n+1
- 2 g2 2y X2 Nd
w =3 K [8 =3 N3 sech > cosh Nz cos Ny
n=o
where
[v0]
2n+l) x 2 8 -
N=(—§—)—andK<§d63-g Nstanh%—i- = 2 adlyy

n=o
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The high degree to which the 98~percent contour matches the electrie
current pattern is borne out also in the lower part of figure 10 where
the shape of the streamlines 1s shown when the flow rate has been reduced
to zero. No change in the streamline pattern occurs even though the fluid
was held stationary for a number of seconds. Under the same circumstances,
the pump with a square magnet pole piece will induce two substantial
vortices at the exit of the magnetic field regiocn as shown in the upper
part of figure 10 and some circulation under the pole pieces. Weak, dif-
fuse vortices appear when the flow with a 90-percent contour is stopped
with the hand paddle. It was in this case that the ink filaments did not
stay on the channel centerplane but progressed in a corkscrew fashion in
the =z direction. No motion in the =z direction occurs when the channel
and alr gap centerplanes are alined.

The unsteady flow case for both the 90-percent and 98-percent contours
was also examined. With the 90~percent contour a pattern similar to that
in figure 11 occurs, but the deflections or humps are much smaller as a
result of the smaller pressure head deficiency at the center than for the
square contour. No change in the streamline pattern is cbserved with the
98-percent magnet shape when the electromagnetic fields are turned on or
off.

An additional flow phenomenon that was observed after several minutes
of operation of the pump was a small and almost uniform velocity gradient
across the channel. The cause of this gradient was traced to the electrode
surfaces which begin to become contaminated in a nonuniform fashion after
about 1 minute. In appendix B, it is shown that the condition of the
electrode surfaces deteriorates with time at a rate that increases with
the current density. Since the electric current density from the elec-
trodes (see eq. (6)) is nonuniform, the contamination and the resultant
interface resistance will vary along the electrode length. This variation
will distort the electric field distribution from that predicted theoret-
ically. The ends of the anode are affected first and bring about a reduc-
tion in the fringing of the electric field on that side of the channel.
Near the anode then, a larger portion of the current is effective in
accelerating the fluid than on the cathode side in keeping with the
observed data. These difficulties are avoided by taking all the data
within the first minute of operation before the anode contamination
becomes appreciable.

Long Electrodes

As stated previously, most one-dimensional analyses assume that the
electric and magnetic fields are uniform across and vary slowly or not at
all along the channel. A completely uniform electric field can be procured
by choosing the center portion of the field induced by electrodes which
are long compared with the length of the magnetic field. The magnetic
field of the L4- by L-inch magnet is wide enough to produce a field uniform

™oL T DY s
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across the channel. 1In this model then, only the center portion of the
total electric current passing through the electrodes interacts with the
magnetic field to accelerate the fluid, and the nonuniform electric current
densities near the ends of the electrodes are well outside of the region
of the magnetic field. The filaments shown in figure 14 illustrate the
character of a stream propelled by such an arrangement; the electrodes

are 16 inches long (electrode length/channel width = 4.57). End effects
of the electrodes are eliminated as evidenced by the uniformity of the
stream. Irregularities in the relative location of the ink filaments are
believed to be caused by nonuniformities in the stream as it leaves the
lower reservoir and enters the test channel. The velocity profile that
exists in the fluid in front of the electromagnetic field region is not
changed by the body forces so that it persists throughout the test channel.
It can then be assumed that nonuniformities are not introduced into the
stream by the force field. However, less than one-third of the current
interacts with the magnetic field to increase the momentum of the stream.

Electric Current Barriers

Sizable changes can be brought about in the electric current pattern
of a set of electrodes by placing insulators at various locations in the
paths of the current. Such current barriers have been proposed as a means
by which the electric current can be forced to flow more nearly straight
across the channel rather than in large loops that extend upstream and
downstream of the electrodes (see, e.g., ref. 5). Figure 15(a) illustrates
the effect of twoc such barriers on the electric current lines for the
3-1/2-inch electrodes in the 1- by 3-1/2-inch channel. In principle, the
ratio of electrode length to channel width is changed from 1:1 to 2:1
because the current distribution in the gap is the same as at the elec-
trodes. A large number of these barriers would force the current to flow
straight across so as to eliminate all the nonuniformities that arise from
the finite length of the electrodes. In practice, however, only a limited
number can be installed and their length will be finite. As part of the
systematic study on the direct-current pump, test results obtained with
the channel equipped with 3-1/2-inch electrodes, a square magnet, and two
1l-inch barriers are presented in figure l5(b). The barriers are partially
effective but a loss in momentum occurs at the center because the barriers
are not infinitely long and thereby permit current to leak around the ends
that are not under the magnet. An estimate of this current is obtained
from a consideration of the length of the two current paths. Since the
barriers are each 11 inches long and the channel is 3.5 inches wide, the
ratio of the path length around the end of a barrier to that straight
across is about (25/3.5) = T. In the experiment, the total electric
current and the current around the ends were measured as O0.77 and 0.1
ampere , respectively, or a ratio of 0.1/(0.77 - 0.1) = (1/7) in agreement
with the predicted value. This ll-percent loss in current leads to an
equal loss in pressure head at the center of the channel and to the wveloc-
ity decrement demonstrated in figure 15(b).
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Magnet Air Gap Adapted to Electric Current

An alternate method of producing a uniform stream with the square
magnet and the 3-1/2-inch electrodes is acquired by satisfying equation
(22) in a second way. It consists of an adjustment to the field strength
rather than to the plan form of the magnet to fit the electric current
pattern. In order to achieve this, the air gap is constructed so that
the magnetic field strength By will compensate for the deficiencies in
¥(1) - ¥(-1) = & along each streamline. Inserts for the square magnet
were first determined by simple one-dimensional considerations in which
it is assumed that the local magnetic field strength varies inversely with
the local air gap. Coordinates for the air gap computed in this way are
shown in sketch (f) as the values labeled first approximation. Results
W for such a magnet and the 3-1/2-inch
electrodes are compared in figure
Magnet pole piece 16 with the flow induced by a con-
stant l-l/2-inch air gap and already
presented in figure 9(b). These air
gap inserts cause the magnetic field
Zgg:oxirmﬁon h=2.00 170 45 134 31 134 i45 170200 to overcompensate at the center of
Final h*200 186 78 175 173 178 178 186200 the chamnel., The velocity profile
has then an excess rather than a
deficiency along the center line.
Turbulence arises in the stream from
the nomuniform pressure head in the
output stream and from the vorticity

v generated by the curvature of the

magnetic lines as they pass through
Sketch (f) the channel. Several trial and error

modifications to the air gap size
were then made to correct the first approximate design. A stream which
has a uniform velocity is produced by the final model tested but turbulence
is imparted to the stream by extraneous body forces which arise from the
curvature of the magnetic lines of force. More satisfactory results could
have been obtained by a combination of air gap inserts with magnet addi-
tions to contour the iron core cross section in order to achieve a desired
velocity profile.

|- Air gop inser!

Air gop inser!

Magnet pole piece

Three=-Dimensional Fields

Two additional tests are described here to illustrate how the flow
out of a pump is affected by components of the electromagnetic fields in
a third direction. A cross-sectional view of each of the models studied
and the resulting flow patterns are shown in figure 17. In both runs,
l/8-inch-thick iron plates are bolted to the pole faces in order to
increase the magnetic field along the center line of the channel. The
center portion of the electrodes 1is replaced by an insulator as shown

ON=2 0 >
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in figure 17(b) in an attempt to make the current flow as indicated. It
was hoped that the current and magnetic lines would then intersect more
nearly at 90o and the turbulence would be reduced. The low current den-
sity in the vicinity of the insulated portion of the electrodes appears

to increase the turbulence so much as to offset any other advantages which
may have been obtained by the curvature of the electric current lines.
These examples illustrate that the flow out of the pump is sensitive to
variations in the field strength in the third dimension. In the absence
of an adequate theory to guide such a design, it is difficult to produce

a satisfactory arrangement by these techniques.

]

CONCLUDING REMARKS

Results have been presented that illustrate the interaction of
several configurations of electric and magnetic fields with an electrically
conducting fluid in a channel. Certain flow peculiarities associated with
these arrangements are identified with the characteristics of the electro-
magnetic fields which cause them. The approximate theory developed in
the analysis predicts the total pressure head variations in the rectangular
channel as accurately as could be determined experimentally. Other flow
phenomenon, that was not considered here and not included in the final
form of the equations developed in the analysis, will appear when gases
and liquid metals are used as the medium to be accelerated under conditions
in which the induced fields are comparable with the applied fields. Addi-
tional motions will occur in the fluld because of eddy currents that are
induced by variations in the stream velocity. A number of variations and
possibilities for the production of streams with certain characteristics
could also be investigated. For example, consideration could be given to
the possible advantages and effects which may occur when ideally curved
shapes for the electrodes and for the channel walls are used in combina-
tion. It is of interest to note that it was possible to obtain a large
variation in the velocity profile of the output stream in the rectangular
channel tested here by a suitable choice in the form of the electric and
magnetic fields.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Aug. 24, 1960
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APPENDIX A
RESUME OF THE LITERATURE ON ELECTROMAGNETIC PUMPS

Although the electromagnetic device used in the present investigation
is operated at a low power level compared to some liquid metal pumps, it
is informative to consider the data avallable on and some of the diffi-
culties encountered with the operation of electromagnetic pumps. The
material in this section is drawn from papers by Cage (refs. 6 and 7),
Barnes (ref. 5), Woollen (refs. 8 and 9), Watt (ref. 10), and Franco and
Pedretti (ref. 11). Some of the power supply units which may be used to
operate these pumps are described by Brill in reference 12. The units
described in these articles cover a range of flow rates and sizes. The
flow rate capacity varies from 1 to 10 gallons per minute for the small
devices to several thousand gallons per minute for large pumps. These
flow rates are sustained for a pressure difference across the electro-
magnetic field region of from several pounds per square inch to about
45 psi or 3 atmospheres. An electric current of several hundred amperes
is used in the small units and over 20,000 amperes are used in the large
pumps. The applied voltage is generally less than 2 volts. The largest
current mentioned in the references cited here is that produced by a -
homopolar generator that is capable of supplying 200,000 amperes at 75
volts (see Brill, ref. 12).

The magnetic field strengths appear to be about 4000-6000 gauss and
are generated by an electromagnet. The electric current used to drive
the fluid is sometimes used to excite the magnet as a one or two turn
coil. The low voltages remove the necessity for insulating materials
which may be destroyed by the high operating temperatures of the fluid
and pump. The operating efficiency is about 10 to 20 percent for the
small pumps and 40 to 50 percent for the large pumps (see Barnes, ref. 5).
These pumps are capable of operating at temperatures as low as the melting
temperature of the fluid and up to about 15000 F.

If an alternating current power source is used to excite the magnet
and to drive the fluid, eddy currents and nonsteady flow phenomena will
arise in the fluid. The result is usually a less efficient operation than
in the direct-current pump. Although power is more readily available
for the a-c pump, the losses inherent in its operation may make its use
uneconomical.

If the electrodes and the magnetic field extend along the channel
for a number of channel widths, the flow will be one-dimensional because
irregularities near the ends of the electromagnetic fields exert a negli-
gible effect on the flow in comparison with the over-all impulse imparted
to the fluid by the pump. The theoretical expressions for the velocity,
pressure, etc., for the flow in such a channel have been found by Hartmann
(ref. 13) when the fluid is viscous, incompressible and has constant
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electrical conductivity. A number of complicating phenomena appear,
however, when the length of the electrodes and of the magnetic field is
gbout one channel width. The electric current, in this case, does not
flow straight across the channel but a portion of it flows through fluid
that is upstream or downstream (i.e., outside of) the magnetic field (see
figure 9 so that a loss in the pressure head imparted to the fluid
occurs in the vicinity of the center of the chamnel when the pressure
head pumped against is near the maximum imparted to the liquid by the

pump .

Several analyses have been carried out on the current contained in
these fringe loops. Barnes (ref., 5) and Franco and Pedretti (ref. 11)
discuss the fringe currents on a qualitative basis by use of an equivalent
circuit that consists of resistances in parallel. 1In treating the problem
of removing power from a hot gas stream, Sutton (ref. 14) and Fishman
(ref. 15) derive an expression for the electric current distribution in
order to compute the amount of current in the fringe field. The effect
of several different longitudinal magnetic field distributions on the
output of the device is investigated but the motion of the fluid is not
considered. It 1s pointed out in these four references that the fringing
of the magnetic field can also cause appreciable losses and nonuniformities
in the stream if it extends much beyond the electrodes. Mention is also
made of the fact that the eddy currents induced in the fluid by the over-
hanging magnetic field can cause turbulence and pressure losses. The
amount of current flowing in the fringe loops of the electric field is
increased by the so-called back or counter emf generated by the motion of
the fluid through the magnetic field. Since the current flowing through
the fluid in the magnetic field is opposed by the back emf and the current
in the fringe loops is not opposed, the net result will be that a larger
percentage of the total current will flow outside of the magnetic field
region.

A nonuniformity arises in the imposed magnetic field as a result of
the secondary magnetic field generated by the electric current flowing
through the fluid. The increased field at the entrance to the pump and
the decreased field at the exit can be largely compensated for (refs. 5
and 12) by either tapering the pole faces or by bringing an electric
current lead from an electrode back across the top (or bottom) of the
channel in order to generate a magnetic field opposite to the one gener-
ated by the current through the fluid. While both methods offer only
partial compensation, the folded current configuration is a better approx-
imation over a much wider range of electric current. It has the disadvan-
tage that the space required for the current lead increases the air gap
of the magnet and, therefore, the power required to produce a given field
strength is also increased.
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APPENDIX B
DEVELOPMENT OF COPPER SULPHATE SOLUTION

The requirements of the medium to be used in the present investigation
are that it be transparent and of uniform density and electrical conduc-
tivity, that it should not change radically as a result of transmission
of an electric current, or give off gas at the electrodes. It would Dbe
preferable that the medium did not give off toxic or poisonous vapors.
Since liquid metals are opaque, one is forced to turn to salt solutions
in which the current carriers are ilons rather than electrons. 1In so
doing, an electroplating process occurs at the electrodes whereby the
passage of an electric current causes the anode to lose, and the cathode
to gain, metal.

Some preliminary experiments were carried out with a sodium-chloride
(NaCl) salt solution because it had a high electrical conductivity com-
pared with other electrolytic solutions. Metal from the anode was taken
into solution by the electric current and a sizeable quantity of gas was
liberated at the electrodes. The gas caused a marked density variation
in the fluid so that the electromagnetic effects were mixed with and
often masked by the nonuniform properties of the solution. A copper sul-
phate solution (CuSO4) with copper electrodes was then used for all sub-
sequent tests because it is a nearly perfect plating solution and is easy
to handle. No gas is emitted for potentials as high as 24 volts and the
composition of the solution does not change perceptibly by the passage
of the electric current. Some difficulty does arise in the current-voltage
relationship as a result of the high current densities required to obtain
a body force on the fluid that is large enough to support a satisfactory
flow rate or pressure head. Theoretically, an infinite current density
ocours at the ends of the electrodes (see eq. (6)), and so difficulty
should be expected for the configuration being studied even for very small
total currents through the pump. In order to minimize these variations
with time, a series of tests were carried out with a uniform electric field
- in a rectangular box. The change
" in the electric current with time
was due to some condition which
develops at the surface of the
electrodes (and not in the solu-
tion) after a certain amount of
current has passed, A curve that
illustrates the current as a func-
tion of time for a fixed voltage
is shown in sketch (g) for a typical

. L ) test, The starting, minimum, and
Time final asymptotic values of the
current were recorded for several
Sketch (g) values of the applied voltage

Asymptotic

Minimum
Breakdown

Current
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and specific gravity of the copper sulphate solution., Each test was
started with freshly sanded electrodes and unused solution.® Sketch (h)
illustrates the variation of the current with the applied voltage for a
solution with a specific gravity of 1.100. The objective was to find the
conditions which would yield the highest current density without an
appreciable drop in the current. Also, the asymptotic curve should lie
very near the starting curve. It was found that the more dilute solutions
had the more desirable characteristics. Sketch (i) presents the current
density (breakdown current) at which difficulty occurs at the surface of
the electrodes as a function of [
the specific gravity of copper
sulphate solutions. The conduc- 12k
tivity of the solution is shown
in sketch (j) as a function of
the specific gravity. It becomes
necessary to choose a solution
with a specific gravity such that
the conductivity is high enough
to conduct enough current for the
test without appreciable heating
of the fluid and so that the
breakdown current is as high as
possible., Since these two
requirements are in conflict, a
solution with a specific gravity
of 1.040 was chosen as an accept-
able compromise for the present %0 108 3 24
investigation. The initial and Specific gravity

asymptotic current values do not Sketch ()

differ by more than 1 or 2

3

amp/sqin.
volts/ in

Conductivity,

2

L

pddition of even a small amount of sulphuric acid results in
emission of gas at the current densities of interest in this paper.
Therefore, acid was not added to the solution.
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percent in such a solution. It was found that the electric current
remained steady for a longer period of time when the solution was heated
‘with activated charcoal and then filtered.

Several types and colors of ink were tried as filament indicators.
It was found that the most suitable substance was any blue ink commonly
used in fountain pens. The density was adjusted to correspond to that
of the fluid (specific gravity = 1.040) by dissolving copper sulphate
crystals in the ink. Ink filaments composed of such a combination did
not diffuse enough to be objectionable throughout the test section of the
chammel., In turning the corners of the channel and passing through the
screens the ink mixes readily with the copper sulphate sclution so that
distinct filaments are erased and repeated use can be made of a given
batch of fluid. The ink causes a gradual darkening from light to dark
blue but the solution remains transparent.

A few drops of liquid detergent were added to the solution in order
to make the solution wet the walls of the channel and to prevent gas
bubbles from clinging to the walls and screens.

N
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(a) Electrode length/channel width = 1/5.
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(c) Electrode length/channel width = 2/1.

Figure 2.- Equipotential and current lines in a two-dimensional channel.

AN=J NV >



31

*T/2 = u3pT™H
HmdﬂdQO\gpwde ppoxgooTe fFoTeur Joded 90UBGSTSSI UFTM POUTBIQO SonTBA
TequswTgadxe UY3TM sOUTT TeTausjodInbs TeoTgedosyy Jo uosTaedwo) - oan3Tg

-O——0—0 -
¢~
< e Vo U P
PN P ey ot - o g™ ) O e ) )
S Y] NS A\ \ rO.\ J ./ , -/ -/ A
PaJnsSDa || o S
o/
CRINCE S
/N\. S Y
o e
Mo N/

P

Q

,
0!

0

iy

< QI [—=\O



32

! J
e |
! | )
! !
' 1
' l
' |
|
|
|
|
I |
Ex | 1
| |
— A ! “AL 1 : y=IL75
T e
- ) |
/ | "
| y=1.0
N |
/\ 7 B y=0.5"
’ =0
1 1 i 1 lL
§ 1 1 Q_ _
-6 ~4 = 0 2 4 o 8
X, inches
(a) Streamwise component, Ey. .
| |
| |
| €
| N
l |
l
I !
, | |
| |
| l
1 |
| 1 1 y- LL?S“
y=1.5"
xﬂd’
y=0.5"
j S y=0"
7 r 3 8 &

X, inches
(v) Cross-stream component, Ey.

Figure 4.- Electric field intensity for electrode length/channel width=1/1.
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Figure 5.- Electromagnet with 4- by
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Lh-inch pole pleces and additions.
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(b) 90 percent contour; 1-1/2-inch air gap.

Figure 6.- Magnetic field strength on centerplane of chamnel with 10
amperes through field windings.
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(a) Square pole pleces; 1-1/2-inch air gap.

(b) 90 percent contour; 1-1/2-inch air gap.

Figure T.- Contours of constant magnetic field strength on channel
centerplane.
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(c) 98 percent contour; 1-1/2-inch air gap.
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(d) Air gap inserts designed so that By[¥(1) - ¥(-1)] = constant.

Figure 7.- Concluded.
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(a) Electric current lines compared with magnet plan form.
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Figure 9.- Test channel with 4- by k-inch magnet and 3-1/2-inch electrodes.
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(a) Reduction in fringing of electric field brought about by very long
barriers.

Barriers
(b) Flow pattern.

Figure 15.- Test channel with il-inch electric current barriers placed
on channel center line. .
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(a) Electrodes unaltered.

Figure 17.- Flow produced by square magnet with l/8—inch metal slab
inserts in the air gap.
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Figure 17.- Concluded.
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