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Abstract

The drag of spheres and disks has been measured in a flow of liquid
sodium with an aligned magnetic field. The experiments were carried out
for lOl’L< Re< 25 x lO4 and N , the interaction parameter, satisfying
0.1< N< 80 . The sphere CD was not a function of N for N & 0.3,
began to inerease appreciably for N 1.0 , and reached an asymptotic
dependence proportional to VN for N>10 . The disk gave a CD wnich
was relatively unchanged for N<10 , began to increase for N-10 ,
and had approximately the same value as for spheres for N>20 . We
conclude, that for high N , flows are characterized by Cp insen-
sitive to body shape and emphasize this range in our discussion. A
physical medel is presented which involves stagnant regions which grow
in length as N increases, and are sevarated from the outer flow by
thin dissipation layers. A singular perturbation technique is suggested

for the theoretical treatment of such layers.
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CHAPTER I

Introduction

Magnetonluid dynamics (MFD) has been widely heralded in recent
years as a subject of promise and worthy of great interest. Its.mar-
riage of the fundamental principles of electromagnetism and fluild
mechanics has provided numerous authors with challenging new problems.
Unfortunately, ﬁnless the work was motivated by actual engineering
applications, its direction has generally been away from problemé which
are physically realizable. This is understandable because of the com=
plexity of the exact eguations which have forced various authors into
using certain simplifying assumptions. Many of these assumptions are
clearly non-physical, whereas others are meant to retain some of the
characteristic features of certain flow regimes. One restricted
problem, MFD flow over bodies, has been particularly popular as evidenced
by an admittedly incomplete bibliography given by Sears and Resler (1)
of some Tl articles. It is clear that in spite of thelr eftfort, few
authors would have been willing to predict the outcome of any actual
MFD measurement. This aslone is sufficient reason for attempting such
an experiment.

The experiment discussed here is concerned with the drag of bodies
in a flow of liguid sodium with an applied magnetic field parallel to
the free stream velocity. We will first discuss only that portion of
the theoretical effort which deels with incompressible fluids and aligned

fields. In practice, leboratory experiments would have to be done in



liguid metals and we will emphasize the material properties of such
fluids in our discussion. We must Tirst define the important param-

eters which appear in the steady dimensionless equations of motion:

V.VV+UP =N(TAB) % B+, vV (=)
VxB = Rm (VxB) (b) (1)
V.8 = v.V=0 )

where - i

the primed quantities being the physical variables. One can show
from the TT theorem (2) that in addition to the forece coefficient,
we can choose three non-dimensional parameters which characterize

the problem. The three found most convenient for our work are

2
N = —B—/‘jgd , interaction parameter
0
Re = V—Q))—d—- , Reynolds number (2)
Rm = O’/u\éd , magnetic Reynolds number

N and l/Re are, respectively, the ratioc of magnetic and viscous

forces to the inertial force. The physical interpretation of Em



is not as clear due to the coupling between the momentum equation
(1a) and the induction equation (1b). Childress (3) has pointed
out that by making N /arbitrarily large with BRm fixed, the
relative importance of the induced field can be decreased. This
is in contrast to the prevalent view of Rm alone defining the
perturbation of the magnetic field.

Let us, at this point, further limit our discussion by consid~-
ering only the case of aligned fields, i.e., problems in which the
applied magnetic field is taken to be parallel to the velocity at
infinity. Considerable interest has been shown ip the mdre general
problem of obligue fields (4%, 5) or the crossed field case (6).
Stewartson (7) considers the inviscid finite conductivity problem
for oblique fields and shows that the aligned field case is not a
continuous limit of the nonaligned problem due to a singular nature
of the wake structure. We must therefore be careful in extending
any conclusions from this special case to the more general one.

We are unable to discuss the relationship of the three parameters
already noted unless we consider the coupling between (la) and (1b).
This is most easlly done by linearizing the velocity and magnetic
fields. Gourdine (8) has doné this for the general steady problem
of flow over a body, finding two rotational modes described by the

equations

(V= B,23%) W .70 (&) (3



where

a

I

=5 Re [P /(14 P, 4P, (R )

The ratio Rm/Re =0'/(/(7) has been replaced by the symbol Prm
termed the magnetic Prandtl number. This material property has

the following values:

Sodium at 135 C. Prm = 107
Nak at 20°C. Py = 1070
Hg at 20°C. Prm = 107°

-

B

X
The ratio N/Rm more commonly appears as X = == 2 , the
- SN
Alfvén number, and we can consider it as further classifying the

types of flows. For &X* 27| (sub-Alfvénic), and Prm< < 1

A= %ZRe [1E/1+4 o ] W

Again, we consider typical values which could be realized in an

experiment:



B = 10,000 gauss, v = 50 cm/sec

o -2

Sodium at 135 C. N/Re = 10
-2

Nek at 20°C. N/Re = 10
Hg at 20°C. N/Re = 107

We therefore write:

L]

a . =—-N,Re

4

On the other hand, for o(‘z((/ (super-Alfvénic):

A% TRe[1+Pn t (1-B. )]

?:)“2_5" BRe, Rm

we can then deduce the general character of the far field from
Eq. (3a) for these two cases. This is shown in Fig. 1 (9). The
super-Alfvénic flow has two wakes extending downstream, whereas
the sub-Alfvénic case has a diffuse forward lwake and an ordinary
visgous wake downstream. |

By considering physical parameters, we have eliminated the

- cases N/Re >»1 and Prmy» 1 . Few authors have treated

(5)



Prm >> 1 problems, but the case N/Re >> 1 has attracted & great
deal of attention. Chester (10) and Chang (11) have solved the
rodified Stokes problem under the above restriction. Childress (12)
emphasizes that the value of N/Re delineates the important cases.

He considers the case N/Re >2 1 in detail using an inner and outer
expansicn technigue. He also includes a brief discussion of the more
general case suggesting an outer expansion which is seen to depend on
N only for N/Re << 1 . Unfortunately, he does not discuss solutions
of the outer problem for that case in this work, but only shows that
this general limit is consistent with his conclusions for N/Re>> 1 .
Chang's work contains essentially the same conclusions but utilizes
several expansions in various regions of the flow. Although the last
two papers discussed do not solve the physical problem, they do point
the way to techniques which seem very promising.

Much emphasls has also been placed on flows of inviscid, perfect
conductors. This rather singular case has proven to be the source of
a greav deal of controversy. Here the material property Prm is
indeterminate and Stewartson (13) argues that Prm—» 0 be taken as
the proper limit in accordance with physical problems. If we consider
sub-Alfvénic flows, then this describes the limit N—» ©0 , Re—co0
in the linear problem already discussed. Both wakes shown in Fig. 1
collapse into the x-axis and the problem appears to have the inherent
* uniqueness difficulties as does the infinite Re case in ordinary

viscous flows.



For this case, Stewartson (13, 1k) finds that flows over bodies
result in stagnant regions extending to infinity, whereas Sears and
Resler (15) obtain a solution which involves irrotational fields
outéide of an infinitesimally thin "magnetic boundary layer' attached
to the body. Svewartson (13), using a linear theory, and Ludford (16),
by considering the manner in which Alrvén waves alter the flow field,
treat an initial value problem and state that the Sears, Resler so=-
lution can not be set up from a state of rest. In addition, Stewartson
(17) considers the magnetic boundary layer concept in detail showing
that for sub-Alfvénic flows the boundary layer would have to include
reversed flow at the leading edge. He suggests that a more likely
consequence would be separation of the layer and formation of a forward
wake. It would indeed be exciting to be able to resolve this controversy
through experiments. We are, in fact, tempted to compare the sub-
Alfvénic, large N reoults with the predictions for large BRm . The
linear theory seems to point to this since Rm is no longer a parameter
for very sub-Alfvénic flows, Eq. (5). Unfortunately, this is solely a
consequence of the linearilzation, and such a comparison would be mis-
leading.

In order to show this, we must consider the non-linesar prcblem.
This is best done by utilizing an equation derived by Tamada (18).

He considers the inviscid momentum equation rewritten in terms of the

. dimensionless Bernoulli function H =P + V2/2



VH+ V(T *V) 2 <* T B

Dotting both sides with v , we get
— - 2-—- — ——
V.VH==-ZTF.(VXB) (7)

If Bm = <@ and we require v parallel to 3 at infinity, then

one can show from (1b) that

VxB=0
Hdence -

V- VH=0 (8)
On the other hand, we can have N-—» ©9with Rm finite by letting

0(1-’900 . Then
— X *
TH==-Z— g2 (9)
V.V Rm 97

and H can decrease along streamlines in contrast to the result for
Rm = € ., If we consider the physical problem again, we get for

d =1lcn, By = 10,000 gauss Vo = 50 cm/sec
2 © 2 2 Q

o]
Sodium at 135 C. N = 100 Rm = 0.1 o= 10C0
Nak at 20°C. N = 100 Rm = 0.1 ' = 1000
(o]
Hg at 20 C. N =1.0 Rm = 0.01 & = 100



We must conclude that for physical problems, large N flows are
compatible only with BRm—> QO , and experiments are incapable of
shedding light on the sub-Alfvénic infinite conductivity problem.
Other authors have considered problems of greater physical
interest, and also of much less mathematical complexity. Reitz
and Foldy (19) consider the first-order perturdation to the pressure
distribution by using the unperturbed potential velocity field and
magnetic fields to calculate the current and the body force. They
also show that drag found from integrating the pressure gives the
same result as integrating the total joule dissipation. Lecnard
(20) considers the same approximation, but in addition treats the
case of small interaction but arbitrary Rm by using a relaxation
method. Under similar corditions, Seebass and Tamada (21) find an
exact solution for the magnetic field by using an integral equation
derived from a Green's function technique. TFinally, we must note
that Tamada (18), by considering a perturbation expansion for small
N , predicted that a nondiffusive velocity disturbance would exist
doﬁnstream of the body, and Leonard confirmed this in his work.
These small interaction approximations could describe flows in
which boundary layer separation plays no role; however, one certainly
could not expect that such solutions would be of any relevance to high
. Re flows. over bluff bodies. On the other hand, one could use such
a technique to describe flows about semi-infinite bodies. Ahlstrom

(22)has investigated the magnetic field distribution upstream of a
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Rankine body moving through a tank of mercury. He utilizes such
small interaction assumptions to predict the decay rate of the
magnetic field in an unbounded fluid. Fe finds, however, that

the shielding effect of the field coil on the moving field dis-
turbance is dominant but is able to take this into account by
considering an effective boundary value problem. One other experi-
ment has been carried out that falls into this class. Motz (23)
has measured the drag of an o¢scillating sphere immersed in mercury
in an aligned field. There too, the zero order problem (no field)
is describable by an inviscid flow field. He uses a theoretical
explanation identical to that employed by Reitz and Foldy and,
finds excellent experimental correlation with those predictions;

In the above discussions, the operator V.,V in the equations
of motion is replaced by VB-V , Where V; is given by the poten-
tial velocity field. In this way a simpler linear problem is obtained.
Another approximation is that of Oseen, V,V and B,V replaced by

§& . This is done for‘arbitrary values of the parameters in dis-
cussing the wake behavior as CGourdine (8) does. Another view is to
consider a thin airfoil theory which permits one to obtain a uniformly
valid approximation throughout the entire flow field. This technigue
is used by Lary (24) for inviscid flows, who finds limits on the

valldlty of such an approximation. He finds for o >>|, ka

finite, two-dimensional problems:
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¢, v €% for N< 1

N EMT  fer € < ¥ <z

where iS is the slenderness ratic of the body. He attempts, however,
to extend his results to the case N :>T>'ééz by using the magnetic
boundary layer concept developed by Sears and Resler (15). The
resulting no~slip condition on the magnetic field may be a consistent
model for steady infinite Rm flows, but it certainly can play no role
where diffusion of the magnetic field is present. As we saw earlier,
the analogy between infinite Bm and infirite N flows was a mis=-
leading consequence of the linearization, and that the infinite
conductivity approximation can have no physical relevance.

In an attempt to resolve the infinite conductivity problen,
Stewartson (7) extends the invigeid thin airfoil approximation for
fluids of Tinite conductivity by considering three separate problems.
He first considers a linear problem similar to Lary's, but unsteady.

He then takes the limit of the non-aligned problem ac the angle between
the veloecity and magnetic fields tend to zero. There is general agree-
ment on the charscter of the flow field and the predicted drag if N
and the slenderness ratio sre limited as Lary described., Stewartson
emphasizes the restrictions on this linear theory and points out that
a different point of view is required for very sub-Alfvenic flows with

finite Rm , d.e., N becoming arbitrarily large. The third problem
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1

he considers, the "strong field case,"” is not completely resolved

though. He suggests that stagnant regions exist in this case, but
he does not answer how one is to mateh sueh a near field to a far

field approximation which is uniformly wvalid at infinity.

We have seen that consideration of the non-linear aspects of
MFD problems have led in many cases to conclusions entirely different
from those of the linear versions of the same problems. We can see
from Eq. (9) that any linear theory will satisfy Eq. (8) since J
is a perturbation guantity, and the change of the Bernovlli function
is totally lost. The principal consequencé of this, as pointed out
by Tamada (18), is that the Oseen approximation misses the existence
of the downstream vortical disturbance for inviscid flows. By con-
sidering the non-linear inviscid problem, Childress (3) concludes
that general soluticns are not necessarily continuous at infinity.

He too admits the possibility of a "stationary wake" or a non-diffusive
vortical region allowing finite veloclity disturbances to reach to
infinity downstream. The action of a small viscosity will be to
diffuse this velocity perturbation leading to continuous behavior

at infinity.

The problem then appears to involve & consideration of a non-
linear near field and the matching to the proper far field vwhich
‘includes both joule and viscous dissipation. This theoretical problem
is seen to coincide with the experimental restrictions which have

already been delineated:
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Re »» 1 , N/Re<< 1, Prm<< 1 , and (20)
Em , N arbitrary.

If in addition N>>1 , Rm<<1l, then we could expect that magnetic

forces are dominant near the body and an inviscid analysis could

be attempted for the near field. The difficulty of the problem

is apparent and one would like t0 have some experimental knowledge

that at least the description of the problem is correct. It was

hoped that a measurement of the drag would tell us which parameters

were important and what ranges of those parameters were critical.
Liepmann pointed out the importance of such an experiment, and

~ attempts to measure MFD drag on bodies by timing the rise of buoyant

spheres in the GALCIT mercury tow tank were begun in 1960 (2). These

experiments proved to be unsuccessful and a technique using a sting

mounted drag balance was started simultaneously with our work (25).

Maxworthy, utilizing the terminal velocities of spheres falling

through a column of sodium in an aligned Tield, noted a marked increase

in drag for strong fields (26). The parametric renge agreed with condi-

tions (10) , but was limited to N< 3.7 . He states that the drag

coefficient scales with N/Re only. Private communications wiﬁh him

‘since then indicated that those resulits should be viewed with skep-

ticism dué to difficulties involved with the experiment. Upon his

suggestion, measurements of the drag of bodies were carried out using

the JPL Sodium Flow Facility (27). There were definite advantages over
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the previous techniques:

a) The field boundary conditions encountered in an unsteady

experiment would not exist.

b) Conventional drag balance technigues could be used.

c) High values of N and Re could be obtained.

In the following chapters we will discuss the experiment and
its results. We will present, in Chapter VI, a theoretical model
motivated by the experiment, but a complete analytical treatment
will not be attempted. We will, however, suggest the proper de-
scription of the physical provlem and one possible way of solving

it.
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CHAPTER II

Description of Experiment

" The liquid sodium flow facility at the Jet Propulsion Laboratory,
shown schematicélly in Fig. 2 (27), was designed to function as a basic
research tool in magneto-fluié dynamics, its role being similar to that
of the wind tunnel in ordinary fluid dynamics. Although much enéineering
interest has been stimulated in cross~field flows, we have seen the con-
siderable amount of theoretical efforts contributed to the aligned field
case., 1n particular, it was desirable to create flows in which the
interaction pérameter could be made much larger than one. Because of
its high conductivity and low density, sodium seemed ideal for thais
purpose, but as Cowling (28) points out, "no liquid can be regarded as
such when it forces an experimenter to wear asbestos clothing when
approaching his apparatus."

Not withstanding the difficulties involved with handling the fluid,
the next most important concern is to really achieve a situation simu-
lating aligned fields. Due to the physical constraints on the length
of the test section and maguel, end effects are of concern. At the
ends of the magnet, the fringing field interacts with the flow, giving
currents which can be convected to the central portion of the test
section. -In an attempt to minimize the currents generated at the entrance
to the test section, an entrance nozzle which approximates the shape of

the field was employed. Although this proved to be gquite successful,
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no such attempt was made to minimize the disturbances created at
the exit. As a result large disturbances were created there and
under the most severe conditions did reach the central portion of
the test section.

It was therefore necessary to measure the velocity at the same
location as that of the drag measurements. In order to do this,
the stagnation pressure was measured in the entrance nozzle, and
the static pressure was measured using a conventional static pressure
probe. The results of these measurements at several field strengths
-are shown in Fig. 3. An extensive experimental investigation of
this "exit effect" has been carried out by Maxworthy (29). He
discusses there the suitability of the Pitot tube in such flows and
limitations on the usefulness of this flow facility. He concludes
that the velocity distribution is sufficiently uniform over the central
half of the test section diameter to study flows over bodies under the
most severe conditions that we can presently achieve. It is clear
though that measurements at stronger fields than now presently employed
would necessitate the use of either a longer test section or a shaped
nozzle to minimize the interacfion at the exit.

We can see from Fig. 3 that the centerline velocity without field
is not & linear function of the flow meter output voltage. An inte-
graticn of the velocity profiles shows that the flow meter voltage is
indeed a non-linear function of the flow rate below 6 mv. The flow

meter is of the standard circular, transverse-field type manufactured
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by the MSA Research Corporation, and such a meter is generally con-
sidered tc be linear in its behavior. This is true only if the
velocity profile is axially symmetric, and the field uniforn.
Shercliff (30) discusses this matter and emphasizes that difficulties
can occur in liquid metals for low flow rates. We have already dis-
cussed the importance of the interaction parameter and expect that
for N>1 the velocity profile can be aliered by the field with a
resulting loss of the axial symmwetry. In fact, N , based on the
flow meter diameter, has a value of 5 for an output voltage of about
6 mv and it is not surprising that it has non-linear behavior for
lower flow rates.

The mognet was designed so as to maximize the length over which
the interior field was uniform. The actual distribution was measured
using a RFL Hall effect gaussmeter. The field was found to be uniform
over the central 70% of its length to within 3%. A calibration of
the magnetic field at the body location, as a function of the power
supply shunt voltage, was carried out using a Bell model 240 incremental
gaussmeter. The Hall element used with this iastrument was calibrated
using a standard reference magnet giving an accuracy of T l%. This
was not done with flow and one might consider the possibility of the
field being perturbed due to currents propagabing upsbreum from the
exit. From the pressure distribution measurements, Maxworthy (29) has
estimated-the Tleld perturbation due to the exit effect and states that

it would be less than 1%.
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Two magnet power supplies were used: A. 0. Smith Company
rectifier power supply, 1100-2500 Amps, £ 8% ripple peak-to-peak;
Cristie Electric Corporation rectifier pover supply, C-1000 Amps,
=< l% ripple peak-to-peak. Fortunately, the ripple in both cases
occurred at 360 cps which results in a skin depth in aluminum of
~ .3 cr1.  Since the test section wall is «—.5 cm thick, we can
safely assume that the magnetic field was steady at the body lcecaticn.

A strain gauge balance was chosen for the drag measurement due
to its simpliecity, small size, and high temperature capability. A
full strain gauge bridge was attached to an a2luminum beam located
in a chariber adjacent to the test section wall (see Figs. 4 and 5).

A wire suspension system was chosen so as to minimize support drag
and interference effects. The bodies were suspended from three
tungsten-rheniun wires attached to three identical beams and Tre-

set at an angle that maximized the sensitivity. The wires pass from
the interior of the test section inta the gauge chamber through 1/16"
hoies. The chamber was packed with a silicone grease, Dow Corning
11, to damp beam oscillations and to prevent sodium from reaching
the gauges. No other protection was provided for the gauges, but
all solder joints in the chamber were encapsulsted in silicone rubber.
The strain gauge bridge input voltage was provided by a Dynamics
Corpora’cipn, Model 63)|3, bridge supply, and the steady componen’b of

the drag was measured on & Keithly model #149 milli-microvoltmeter.
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The drag balance also served as an indication of the unsteadiness
of the flow, although it was by no means intended to provide quanti-
tative information of that kind. The unsteady component was ampliTied
using a Dynamics Model 6496 differential D. C. amplifier and recorded
on a Honneywell Visicorder oscillograph.

The drag balance test section was Ifabricated in two halves to
allow for easy installation of various bodies and to permit cali-
bration before and after each run. The upper half of the test secticn
is shown in Fig. 6 attached to the balance used for calibration. The
accuracy of the balance was T gram and the full scale of 1600 grams
(force) was utilized. Although the strain gauges were mounted on a
thin strip of aluminum within close proximity of each other providiag
excellent temperature compensation, the drag balance itself was still
quite temperature sensitive. This wés due to the lengthening of the
wire and slight changes in the gauge factors of the strain gauges.
It was therefore necessary to carry out the calibration at the operating
temperature of 13500. The temperature of the gauges was measured using
a chromel-alumel thermocouple embedded in the beam. During the cali-
bration, the test section was filled with Dow Corning 200 fluid, wrapped
with an electrical-neating tape and insulated. It was necessary to heat,
then cool, the test section many times prior to calibration to remove
alr bubbles trapped in the grease. On cooling, the volume which had

been occupied by the air was filled with the silicone fluid. If this
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were not done, the jas bubbles adjacent to the beams would expand
or contract with changes in test section static pressure. Some
difficulties that arose for small loads, less than 10 grams, were
attributable to this effect.

The two types.of models used in this experiment, disks and
spheres, were made from either non-magnetic stainless steel or
brass. Tungsten~rhenium wire was employed for its high tensile
strength and improved ductility over ordinary tungsten wire. Dif-
Tficulties in supporting bodies arose due to fracture under fatigue,

‘particularly at any edges over which the wire passed. In the final
configurations, shown in Fig. 7, we see that all sharp bends are
contained within the bodies and that the wires are constrained between
two surfaces as they pass from the body.

Data was ‘taken by pre-setting the magnet current and varying
the pump speed. With the field on, all zeros were set and the flow
rate was increased in regular increments. The following quantitiés
were measured for each data point:

1. Dbridge output voltage;

2. strain-gauge beam temperature;

3. magnet power supply current;

L. flow-meter output voltage.
A selector switch was used to choose between these inputs which were
all measured with the milli-microvoltmeter.

A separate apparatus was employed to study possible interference

of the bodies on the tunnel boundary layer. The Reynolds number based
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on the length firom the start of the test section, ReL , ranged
between 140 x 103 and 3,500 x 103. The laminar wall boundary layer
which would exist at least at the lowest velccities empléyed might
have separated due t0 a small region of adverse pressure gradient
created by the presence of the sphere (31). In order to investigate
this possibility, an air flow visualization experiment was set up
using an entrance nozzle previously employed in another experiment
(32). An appropriately scaled test section made of plexiglass was
used, and the velocity of flow was measured with a Pitot tube and. a
Betz manometer. Two visualization techniques were employed, oil
injected into the boundary layer and cotton tufts attached to the
suspension wires, neither of which gave any evidence of separation.
We concluded that the tunnel boundary layer remained attached for

Rer, > 100,000.
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CHAPTER III

Analysie of Data

The following configurations were utilized:

Run #1 «.250-in. sphere - .005-in. support wires
Run #2 .500~in. sphere - .010~-in. support wires
Run #3 .750~in. sphere - ,0l0-in. support wires
Run #& .500-in. sphere - .CO5-in. support wires
Run #5 .500-in. disk - .010-in. support wires.

In each case the drag balance was calibrated before and after each run
to ensure reliable results. IA typical calibration curve is shown in
Fir. (8). For this particular run the balance was linear for loads
less than 300 grams. The extent of the linear range varied greatly
for different runs, being extremely sensitive to the initial angle

of the suspension wires. The linear behavior existed generally only
over a small portion of the ftotal range of values measured, and most
of the measurements had to be converted to drag in grams using such

a curve. The calibration and interpolation could be carried out with
an accuracy of * 1%.

Raw data for the .750-in. sphere is shown in Fig. (9). Smooth
curves were drawn through the data points, and the values used in the
final computation were taken frbm these curves at flow rates denoted
by the daéhed lines. This facilitated computation and reduced the

scatter for a particular field strength. There was some latitude in
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drawing these curves, and we can attribute an accuracy of : 2% at
best to this technique.

The effect of strong fields on the centerline velocity has
already been noted. The results of the velocity measurement were
shown in Fig. (3). We see there that the largest magnet current,

2500 amps or 7050 gauss, has a measurable effect over the entire
velocity range, whereas currents less than 1500 amps, 4260 gauss,
do not affect the velocity for flow meter voltages greater than

1 millivolt. ZFor each combination of magnet current and flow meter
voltage, we find a free-stream velocity either from these curves or
by interpolating for other fields. Inaccuracy in this separate
measurement, curve fitting, and interpolation contribute an inac-
curacy which can be estimated as © 2%.

The material properties for sodium at the operating temperature
of 13500 were found by interpolation from data appearing in the Liquid
Metals Handbook (33). They are

A = 518 x 100 kg/ud
o} T
7

Although the temperature of the entire facility is regulated, records

.911 x 10 mho/meter

]

575 x 10—3 kg/meter second.

of the test section temperature show a variation between 13200 and
o)
138°C. This results in an additional inaccuracy in ,/’ of T 1%,

in @ of 1% , and in ] or I,
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In calculating the sphere drag we must subtract the wire drag
from the total force measured. We assumed that the wire drag coef-
Tiecilent was not affected hy the field arnd used values for this quantity
given in Sehlichting (31). This assumption will be discussed later.
The entire length of the suspension wires was used in this calculation
with no allowance made for the test seection wall boundary layer. On
the other hand, the free stream velocity was used in this calculation
which does not take into effect the accelerated flow near the body or
the blockage effect.

Fortunately, this uncertainty is relatively unimportant in most
of the measurements because the wire drag itself is only a small per-
centage of the total drag. This is true because the ratic of the
projected area of the wires to that of the sphere for Runs #l-4 are,
respectively, .25, .1C, .05, and .05. We see that the greatest diffi-
culty arises for Run #l, and we expect that inaccuracices in cstimating
the wire drag will appear most strongly there. If we estimate an
inaccuracy of I 5% in the wire drag caleculation, the resulting in-

accuracy in the calculated drag coefficient will be, respectively,

t 2.5%, 1%, .5%, and .5% for Runs #l-4 for the no-field case. As the
Tfield strength is increased, the wire drag becomes a smaller percentage
of the toval, and tnis lnaccuracy becomes unimportant.

The calibration of the magnet as a function of the power supply
shunt voltage was carried out with an accuracy of : 1%. However, due

to the changing temperature of the magnet and drift of the power supply
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itself during a run at a given current setting, we must attribute
an inaccuracy of T 2% to the value of magnet field used. in the
calculeation.

Without field the resulting maximum inaccuracy in the calculated
drag coefficient is, respectively, x 9.5%, < 8%, ¥ 7.5%, and 7.5
for Runs 1-4%. For strong fields the lnaccuracy in wire drag becoumes
negligible and this estimate becomes I 7% for all runs. We will see
later that the only other important nondimensional parameter is N ,

; X X X +
and we estimate its maximum inaccuracy as = 3.5%.



-P5-

CHAPTER IV

Experimental Results

The drag coeffileient, Cp , is plotted in Figs. 10, 11, 12 as
a function of Re for Runs 1-3. The ranges of parameters can be
summarized:

10,000 < Re < 250,000
0< M < 1660

The range of Re 1s that which is characterized, for no field, by
a laminar sphere boundary layer, separation upstream of the center
of the sphere, and CD relatively insensitive to Re . For a fixed
Re the Cp increases monotonically with field, and for a fixed M
it decreases monotonically with Re . Any exceptions to this are
attributed to experimental scatter.

In Figs. 13, 1k, 15 we see Cp plotted as a function of the
interaction parameter N for various values of the Hartmann number

M . The range here is

0 < N<80
o . 82erd
The correlation with the parameter, N = ———-— , can not be
AV,

completely checked except by carrying out experiments in different
fluids. In each run we only vary B, and V, and we see that Cy
behaves like a function of BOQ/VO . The results of these runs are
summarized in Fig. (16) where we show smooth curves fitted to the data

shown in Figs. 13, 1b, 15. We see that d/D , where D is the test
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section diameter, remains as an independent parameter.

For N = 10 +the dependence of Cp is seen to be proportional
to N2 and for N < .3 it is independent of N . In both of these
ranges we can estimate the blockage correction using a straightforward
technique and compare it with the results shown in Fig. (17). There
ve see Cp plotted as a function of d4/D for N=0 and N = 10 .
The experimental scatter, shown by the horizontal bars, is approxi-
mately that predicted in Chapter III. Smooth curves are drawn and
an extrapolation is made to d/D =0 .

We assume that the blockage constraint has the simple effect of
increasing the velocity that shoulid be used 1n calculating the appro-
priate nondimensional paramcters. Maskell (34%) and others have
discussed a blockage correction for bluff bodies, but this author was
unable to find any experimental or theoretical results for spheres.
For flows about bodies with a sharp edge, the separation point is
fixed; however, it is possible that the blockage mignt have the
additional effect of shifting the point of separation on a sphere.

We attempt, nevertheless, to use a blockage correction based simply

on the solid body blockage constraint:

v,/V = A/, = (1 - dg/DE) =K

For the no-field case the extrapolated value is found to be Cp = 4o,

and for N > 10 it is given by Cp/VN = .33 . This then yields
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' and

Cp = .33 VI g~3/2 ; N> 10

The following table gives the results of applying such a correction:

a/p ¥ 32 ¢y CyVF  K° Cp/ . 40 K3/20D/.33 Vi

N=0 ©N>10 N=0  N>10
0 1.00  1.00 .40 .33 1.00 1.00
.125 L968 .977 ke .34 1.02 ©1.01
.250  .878  .906 .45 .38 .988 1.04
.375  .738  .795 k9 k3 .90k 1.04

The correction is seen to be well within the scatter for N > 10 but
seems vo overestimate the blockage correction for N = 0O s L/D = 375 ,

For N <10 neither Cp nor CD - 1 obeys any simple power law
with N . I{ was found that although no simple blockage correction
could be applied, CD/CDO , where CDo is the drag coefficient without
field, is independent of d/D . This is shown in Fig. (18).

As we have seen, the sphere drag cocefficient is relatively unchanged
for N< 1l . In reducing the data we assume that the wire drag has
similar behavior, and since N < 1.0 , based on the wire diameter of
.010-in., we have strong support that this is a good approximation. In
addition, Run 4 was specifically carried out to check this. The drag

coefficient for the .500~in. sphere was remeasured using .005-in. support
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wires. The results of this measurement are shown in Fig. (19), super-
imposed on those for Run #2.

In order %o investigate the effect of body shape, the dfag of &
.500-1in. disk with .010-in. suspension wires was measured. CD vs Re
for Run #5 is shown in Fig. (20). We see that the simple monotonic
behavior which was characteristic of sphere drag does not appear here.

At nigh Re , CD is in fact lower with a field applied than without.
In order to clarify this, we must again consider the effect.of the
blockage constraint.

Fortunately, considerable experimental and theoretical work has been
carried out concerning the problem of blockage effect on disks. Maskell
(34) points out that solid body blockage alone is.insufficient to explain
measured drag coefficients. With no blockage the disk wake is roughly
twice as wide as the disk itself, and wake blockage must be taken into
account. He establishes a model which is partly based on empirical evi-
dence since no complete theory for bluff-body wakes exists. He presents

a formula which is supported by the experiments of Fail, Lawford, and

Eyre (35).
2/,.2
Cp, = Cp/(1 + 2.5 ¢ a7/D%)
where CD is the measured value and CDc the corrected value. The

effect of this correction applied to the M =0 result is shown in Fig.

(21) along with the behavior of Cp as a function of N . We see that
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although Cp drops below the no-field value in the range 1< N<10,
it rises again for N~ 1 . Within the accuracy of the experiment, it
never drops below the corrected value. |

Figure (21) also shows a comparison with the results for theé .500-in.
sphere. We see that for N > 20 there is good agreement between the two,
and the asymptotic behavior of Vﬁ’ is again reached.

The drag balance is sensitive to both unsteady 1lift and drag. Its
response to an unsteady force is dependent on not only the frequency
range, but also the steady force. Guantitative results would necessitate
a difficult calibration procedure and at least one additional gauged beam.
Hopefully, by measuring unsteady force at locations 1200 apart, one could
separate the iift and drag. This was not attempted, and oscillograph
traces of the unsteady force were used only to give a rough idea of the
dominant frequencies.

The traces demonstrated the existence of unsteadiness under certain
conditions, and one could define the approximate range of the Strouhal
number, S = nd/Vb , that appeared. Without field 8 was approximately
.20 and it was clear that marked changes could occur even for weak fields.
Fields of about 0.30 web/m2 appeared to give steady drag over the full
velocity range. Unsteadiness was apparenﬁ again for fields of approxi-
mately 0.50 web/m2 and the frequencies decreased as the field was
further increased. The Strouhal number of these strong fileld oscil-
lations was quite small and dropped from a value of approximately .09 at

0.50 web/u2 to .03 at 0.70 web/u? .
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CHAPTER V

Discussion of Results

The results of these measurements as illustrated in Figs. (17), (18),

and {21) can be sumarized here:

Pl

[ (1) Cpz .m0 (1 - a%10f) N=0

sphere -3/2
drag (i1) Cp 2 .33VF (1 - a%/D°) N > 10
(iii) Cp = CDO F(N) 0< N <10

where F(N) is relatively unchanged from F(NN = 0) for O<N<l , and

approaches the behavior VN as N approaches the value 10.

-1
(iv) Cp = .11 (1 - 2.8 d2/D2) N=0
aisk . 2 2 -3/2
drag (v) ¢y 2 .33 Vi (1-4/D) N > 20
(vi) Cp = a(N) 0<N=<20

where G(N) is relatively unchanged from G(N =0) for O<N<1,
decreases to the value ~ 1.10 for 1< N<10 , and approaches the
behavior VN as K approaches 20.

We mﬁst first compare the measured sphere Cp Tor N=0 with
results quoted by others. Although we have loosely described the drag

coefficient as being constant in the range 10,000 < Re < 250,000,
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previous empirical evidence does in fact show a systematic variation.
Schlichting (31) exhibits a compilation of the work of various experi-
menters clearly showing this. One can see there that Cp increases

from .39 to .48, then decreases to .40 as Re increases from 10,000

to 250,00C. Due to the scatter in our zero field data, no such system-
atic variation can be obocrved. The extrapolated value of CD = .k0 Zfor
'd/D = 0 should be compared with the range of CD that exists for the
same Re range. The accuracy attributed to our value is I 8% so the
range of CD found here is .43 - .37, and overlaps the previous experi-
mental evidence.

We have already pointed out that the solid body blockage correction
seems tO overestimate tae increase in drag for d/D = .375 with no field.
It is possible that movement of the separation point downstream is respon-
sible for this effect. If this exists, it is also possible that the
extrapolation to d/D = 0 does not properly take it into account. It is
beyond the scope of this experiment, or for that matter, its intention to
investigate this effect more fully. We are primarily interested in the
strong field case, N > 10 , and we noted that the solid body correction
factor adeguately described the behavior of CD as a function of d/D .
We can therefore surmise that the fleld acts both to fix the point of
separation and to constrain the wake. We conclude from this that the
boundary iny increases the effective free stream velocity which must be
used in calculating the proper nondimensional parameters.

For N <10 we saw that CD/CDO was only a function of N, d/D

being eliminated by this normalization. Additionally, the critical value
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of N at which CD/CD began to increase appreciably was 1, and the
o

value of N at which the final behavior of VN was reached is given

approximately by 10. N is thus seen to delineate various flow regimes,

which we might describe as follows:

N/Re << 1

Rn w1

N<l Separation of laminar viscous boundary layer dominates.
Field has little effect.

l< N <10 { Intermediate range where separation of viscous boundary

Rm &1 layer and MFD forces both play a role.

N> 10 MFD forces dominate.

Rm<<l Asymptotic high N behavior is reached.

We have shown that N/Re was also an important parameter in our discus-
sion of the theory. We must emphasize that N/Re < 1072 throughout this
experiment so that the asymptotic behavior N > 10 must include the
restriction N/Re << 1 . We expect that N/Re would again enter if we
continued to increase N , holding Re fixed, so that N/Re exceeded 1.
As already mentioned, this is not possible‘using conventional field
strengths, B, 1 web/m2 . In the laboratory these high values of N
are achieved by reducing the free stream velocity, and as a result we are

3l1s0 restricted to Rm << 1 .
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We argued that the wire C, had similer behavior with N as that

D
of the sphere. OSince N ;i,..< 1.0 we assumed that CD is given by its
zero fileld value and had no interference effect on sphere drag. This was
also supported by experimental results shown in Fig. (19). Such wire
supports have been investigated by others, and it is known that as long
as the flow is suberitical (laminar boundary layer separation on upstream
side of sphere), the wires have little effect (36). Such a support does,
however, have a marked effect for the supércritical range which is never
reached here. We conclude that the wire interference is negligible
wifhout field as long as the separation point is upstream of the point

of attachment of the wires, and with field and N >1 the magnetic field
dominates the sphere wake behavior and drag coerticient.

The disk drag coefficient was shown to be adequately corrected fér
zero £ield from Cp=1.35 £ .15 to 1.10 .10 . This shovs good
agreement with the value given by Fail, Lawford, and Eyre (35) of 1.12.
For N< 1 the disk drag coefficient is little affected, and as before,
1< N< 10 appears to be an intermediate range. Although the separation
point 1s fixed, the blockage effect leads to an additional complication.
For 1 <N =10 Cp is actually lower than the value for N =0 , but it
does not fall below the corrected value within the accuracy of the experi-
ment. The magnetic field in this intermediate range nas the apparent
effect of .eliminating the blockage constraint. We must emphasize, however,
that we do not expect that the physical situvation is a simple one. One
can conclude that more detailed measurements of the flow and magnetic

fields are required before we could hope to understand any such range
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where two or more different effects are important.

For N > 1C +the disk CD is very close to that of the sphere and
appears Lo reach lhe suume asymptotlc dependence for N> 20 . This
strongly implies that for N> 10 the flow field is relatively insen=-
sitive to the shape of the body.

We have already stated that insufficient evidence was obtained to
draw quantitative conclusions concerning wake stability. There were
indications though that weak fields were able to completely damp the
dominant frequencles that existed without an applied field. This is
consistent with the physical concept of the field providing a strong
restoring force for oscillations normal to it. Similar results were
obtained by Maxworthy (26) who noted non-oscillatary wake behavior for
N~ .5 ., In addition, the suppression of turbulence due to an aligned
field was noted by Globe (37) using a pipe flow of wmercury in an aligned
field. In this light; the reappearance of unsteadiness at much lower
Trequencies for strong fields is somewhat surprising. These low fre-
quency oscillations appeared when the steady drag and presumably the flow
configuration were considerably different Ifrom that with no field. It 1s
possible that the wake was able to selectively amplify long wavelength
disturbances which existed in the flow.

Wake measurements of the fluctuating field or velocity would be
required in order to understand this result. The trend toward lower
Strouhal numbers with increasing field seemed clear, although there
seemed TO be no dependence on N itself, On the contrary, Cp was a

function of N only, over the entire range of N . We concluded from
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this that the oscillations were not an important factor in determining
the steady drag. - The converse is not necessarily true and more guanti-
tative wake measurements appear 4o be required if one is to more fully
understand this interesting observation.

We suggest a steady model, but realize that our support is based on
incomplete evidence. Complete justification of ithe use of this model
could follow only from further measurements of wake structure or a self-
consistent analytic solution based on the model. We can nct present
either here, but suggest the former as being the most likely of success.
We will, nevertheless, propose a steady model which we hope would contain
the dominant features of the flow. The experiment suggests at least one
range of parameters where such a model might be simple. This range was
discussed in the introduction as being one that has not béen emphasized

in the literature:

Re >>1, NRe<<1l, Pm<<1l, BRn<<1, N¥>>1(11)

With the additional information derived from this experiment, it is hoped
that further theoretical progress can be made Tor this case. The key
results which would have to be an integral part of such a theory ﬁould
be:

a1)  Cp— VF . - (12)

b) Cp is insensitive to shape of the body.
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CHAPTER VI

Theoretical Discussion

Our objective is to provide a theoretical model which will include
the results {12) under the conditions (11). Unfortunately, we héve not
succeeded in this although certain general concepts can be exposed. Cur
purpose then is to present a picture of the relevant problem and & pos-
sible physical ﬁodel.

We suggest that for high N , finite disturbances in the velocity
can propagate along the magnetic field to large distances by means of
weakly damped Alfvén waves. Stewartson (7), (14) proposes that for

& >>1 ;s N —» oo , such waves can bring the flow to rest within
the area projected by the body in the direction of the applied magnetic
field. Consequently, the final steady flow is characterized by stagnant
regions extending to infinity upstream and downstream of the body. We
consider a flow configuration for finite but large N which involves
stagnant regions of finite length and ask: Eow long will such regions
be, and what will the pressures be in them?

Let us first consider the question of Alfvén wave propagation for
finite N . In low N experiments such as that of Ahlstrom (22) or
Motz (23), propagation of Alfvén waves can play no role. Motz has shown
that one can safely use the local potential flow field in calculating
currents and body forces. On the other hand, if N >>1 , A fvén wave
propagation is almost ideal in an unbounded fluid and must be impprtant
in setting up any final steady state from a fluid initially at rest.

Lundquist (38) points oulb lhal Lhe necessary condition for the existence
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of undamped Alfvén waves in a medium of infinite extent is

2
W << B}, g (23)

If we substitute &/ = Vb/d as an eflfective frequency for the initial

motion of a body, this condition becomes

N>> 1 (14)

Lundquist and Lehnert (39) consider the problem of torsional waves
set up in a tank by a rotating plate for both mercury and sodium. In
their problem the currents flow radially and the condition J =0 at
insulating walls results in an additional mechanism for dispersion.
Lundquist shows that low frequencies are strongly damped since the
corresponding wave lengths normal to the applied field are larger than

the dimension of the apparatus and gives the additional condition:

|
D*Cumw

L < | (15)

where D 1s a length on the order of the dimension of the apparatus
normal to the applied field. He cambines conditions (12) and (14) to

give the reguirement:

2,e2p2
2. B oD
//9

(16)
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oDVl .
The number L = ggL————ﬁﬁi- can be interpreted as a magnetic Reynolds

G,
number based on the Alfvén speed rather than the fluid free stream speed,
and has been called the Lundquist number (4O).

It is not clear to this author that the Lundquist.number is an
important parameter in high N flows over bodies. This thought is
based on the above model that involves dilsturbances strongly constralned

.to the projected area of the body, in the direction of the field. If
such a model is correct, the only importan. boundary condition is fluid
dynamic, no flow normal to the walls. In such a case condition, (14)
rather than (16) is appropriate. The experiment confirms this since N
alone appears to be the important parameter and a simple blockage cor-
rection is adequate for N > 10 . We must emphaslze though that for our
experiment L ~ 1 and one would have to carry out a similar experiment
for L << 1, N >>1 +to show that L does not enter. Such an
experiment might be carried out in mercury since, for the same field
strength and length scale, DLgyqiym R 3D Lmercury . Since the fluid
velocity does not enter into L , the same value of K éould be obtained
but at a lower value of L . |

If we allow that slightly diffused Alfvén waves can exist, what
support is there for a description of the flow field which involves such
large stagnaﬁt regions? First, such a model would explain the experi-
mental result that Cp is insensitive to the shape of the body for
large N . Second, we think that work in rotating flows lends support
to such an idea. Many authors have suggested that certain analogiles can

exist between the two problems. One case in particular is gquite similar,
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that being for strong rotation, slow flow, so that:

20d?

(Ekman number) = coriolis force/viscous force = 71

v
(Rossby number)-:L = coriolis force/inertial force = E%EEL :’j’A 1
In that case the results i'or flow about a body are summarized in the
-Taylof-Proudman theorem (41): "All slow steady motions in a rotating
fluid are two-dimensional." Hide and Roberts (L2) state that the
analogy is not complete, but this seems to be a result of the order of
which they take the strong field, inviscid limits\in the MFD case.
Gourdine (8), on the other hand, utilizes field splitting prior to
taking this limit and avoids the ambiguity of taking limits in one
equation which involves two dissipation mechanisms. The result is given

in equations (3)-(5) and for N-—o0q, Re —» oo is:

which is identiéal to the conclusion in the rotating case. Recent experi-
mental evidence due to T. Maxworthy (private communication) lends
aedditional support to this model for rotating flows. Ile has found that
spheres moving through strongly rotating flows do show such stagnant
regions. It_is noped that detailed measurements of the flow field as

well as the drag in that case will assist in our understanding of the

MFD problem.
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Let us consider the two-dimensional problem of steady flow over a
finite conductivity body which contains no sources or sinks of magnetic
field. Oince the problem is steady, wx E =0 , and it follows from
conditions at infinity that E is a constant equal to zero throughout
the flow field. The tangential electrical field is continucus at the
surface of the body, so it must be zero inside. Hence,no current flows
inside the body and the Lorentz force does not contribute directly to
the force on the body. The body force does affect the pressure distri-
bution though, and thusly the drag of the body.

We begin with the inviscid problem for N large, but finite, ana
will show that in order to have a consistent picture including arbpi-
trarily large drag, non-zero viscosity will again be required. In the

limit
Ri—+> 0, N-—» co , BRe —» oo

we consider the thin dissipation layers which separate the stagnant

regions from the undisturbed outer flow. We write the vériables

wn

x=%X=0(1); (y-1) =§/£(W) = 0 (1/£(N))

Ve = Vo =o0(1) 5 v, =V /2(N) =0 (1/2(m)
B, =B =0 (1) 5 B = B/e) =0 (1/2(w)

P =g(N) P =0 (g(N)
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where all tilde quantities are 0(1), and f'l(N) and g(N) give the
order of the layer thickness and pressure. We assume that f£(N)— co
as N —»oc0o , and since Rm —» 0 , that the magnetic field is only

slightly disturbed. We take a linear approximation for the magnetic

field:
B =1+ ¥y
By = § by an
3'<:<:l

The induction equation (1b) yields

ob, v
2] =Y
(18)
¥ = Ro/2(N)°

The momentum equation becomes:

{55+ : 5‘%) N teW) 55 7N 0¥ by h'\fy (19)

SV

and
L5 o 3, 20 _ =N o
(%%4.\/1’ 'a'-a?) R;{,—)ﬂ“f@l)g‘CN)aq TTOD M (20)

The inertial term in (20) can be neglected for a thin layer and the

pressure gradient across the layer is balanced by the body force; as

N = oo
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E (21)
2
g(N) = nw/£(N)
By combining with (18), we get

a "

5—?— (P +bx) =0 (22)
which is analogous to the condition of constant pressure across an
ordinary viscous boundary layer. ©Since BRm —» 0 , (19) becomes

A
2
2 Dy NS, N2 o PR
s 7 == - 2
k%raﬁ \Y aV/ K*gUV)gx e (23)

In order to choose g(N) » we must consider the conseguences of
the non-linear equation for the Bernoulli furction (9).

V.9 B = - (o&/Ra) J°

We cee that the Bernoulli function H dis5 otrictly dcercasing along
streamlines that pass through any regions of current. Along the center
streamline J = 0 , from symmetry, and the Bernoulli function is constant
up to the face of the body. Consequently, the maximum pressure on the

front of the body is stagnation pressure and within the stagnant region

VP=0.
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For x*>>1 and any N , Joule losses provide a dissipation
mechanism within the forward wake and undisturbed conditions exist ?t
infinity upstream. The non-linear dissipation mechanism which results
in a change in the Bernoulli function can exist within the thin layers
described. Any streamline that passes through such a layer will reach
downstream infinity, resulting in a distribution of DBernoulli function
there. The linearized equations apply far downstream but allow for
only exponentially small currents outside of the parabolic wake which
lies upstream for aCz:> 1l . Parallel flow is reached if we go far
enough downstream for any finite N . If we require uniform pressure
at infinity, a non-zero %;%%‘ exists there, and this is termed a

"non-diffusive vortex trail" by Tamada.

Let us consider a model consistent with these requirements. We

choosé
£(N) , Vi
(2k)
g(h) = 1
giving
" - - P
(VX~%C‘+Vy§a%/‘)VX+%‘§ =0 (25)
and ‘
3P _ o __ ab
37 --Vy_-a.g (26)
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Such layers are suggested by Childress (12) for N/Re << 1 out never
used in his later work. Let us consider the maximum drag which such a
model would provide. As upstream, the Bernoulli function is conserved
along the center streamline downstream. If we require uniform pressure
at Infinity, the Bernoulli function can nevef be negative, and the base
pressure is constant equal to zero (relative to PO) within a stagnant
region,

Dissipation layers spreading like l/Vﬁr extend only upstream, and
the mathematical description of the flow field would have 1o be completed
by describing the matching of such layers to the upstréam wake which also
spreads like l/kJﬁ_ . Since the pressure is everywhere uniform down-
stream, no current flows and the linear approximation is valid everywhere
except possibly at the edges of the body. The magnetic field is uniform
downstfeam and equal to its undisturbed value. We can integrate (22)
and determine the constant et ¥ —w oo . We then have the field dis-
tribution in the layer from the solution for the pressure. The
determination of the magnetic field is completed by matching the layer
solution to a potential distribution in the stagnant region and body.

Tre consequence of this model is that the meximum drag coefficient
equals one. Childress (43) utilizes a successive approximation technique
and only conslders terms of the first order in solving equations (25)-
(26). EHe finds Cp (first approximation) = .721 . It seems clear that
for finite N , inviscid, steady flow, we can not account for the large
drag measured. The model we have described for the flow upstream seems

to be on firm ground, but we need to propose another model for the
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downstream flow.

In order to have drag which increases with VN » Wwe must allow
g(N) = VN on the body. Since the maximum pressure on the front
face is stagnation pressure, we must have an increasingly large suction

on the back as N increases, Making this assumption, we get

) - (27)
and the equations
.g—‘g =0 (28)
and
%:g- =-Vy=- g%"' (29)

We note that the only difference between the equations valid for
layers of thickness l/ VI and the equations valid for layers l/N%
is the existence of the inertial term in equétion (25). The solution
to equations (28), (29), along with the continuity equation, includes

two undetermined functions D(F

~—

and Pl(‘j'r) :

- __dP
Vy——-a-q—-
v - d”?; -
Vk = X erih + Pl



e

whereas equations (25) and (26) can in principle provide complete
solutions. This difficulty might be resolved by substituting a full
expansion for the tilde variables in terms of a small parameter such
as l/ Vif , each higher order providing sufficient information to
determine the next lower order.

The model we propose is identieal on the upstream side to that
described by equations (24) - (26) , but differs downstream due to the
large but negative pressure inside the stagnant region. For N large
but finite, the layers spread and merge at a distance X = o( Vir)
Gownstream and x = O(N) upstream. The behavior of the far field for
N large but finite is describable by the solutions of Gourdine (8).
Upstream a wake spreading parabolically like l/Vﬁ- can be matéhed to
the layer solution, but no diffusion mechanism exists downstream. Sincé
the Bernoulli function is conserved along the center streamline, 1t must
be large and negative at downstream infinity. This is inconsistent with
the required Jar wake behavior.

Such a near field can exist, though, if we relax the condition on

Re and only require that Re be large but finite:
Re >> 1 N/Re << 1

We then have a mechanism to permit the pressure to return to P, and
the drag to be distributed as momentum defect in the viscous wake. For
N finite we are still faced with the difficult problem of matching the

layer solution with the viscous wake. However, a rather simple flow

results for N—» oo while still mainteining the condition N/Re <<1 .
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The layers become infinitesimally thin sheets extending to infinity, and
the flow is superficially similar to the infinite conductivity, zero
viscosity model proposed by Stewartson (13). In that case ihfinitely
long slugs are formed, both sides of the body contribute equally. to the
drag, and the drag coefficient is proportional to the Alfvén number.

Here we find that for:

Re —p» oo

N/Re — ©
that
Cp~ VN

and the large drag is due to suction on the base. The pressure jump
across the layer tends to infinity with Vif, and is balanced by current
flowing in the thin layer which interacts with the applied field. The
current is estimated for finite N to be:

A Bx
A4

“ 0 (Rm/N%)

J

and for Rm =+ 0, N — oo

The wltimate flow for N —= oo is shown in figure 22.
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Initial measurements, carried out by T. Maxworthy (private communi-
cation), of the pressure distribution on a sphere for high N show
excellent agreement with the drag measurement. They show that the drag
is in fact due to low Dbase pressureé, but do not in themselves confirm
or deny the model proposed here.

The question of how viscosity enters for large but finite N seems
to have features in common with the ordinary high Re problem of sepa=-
rated steady flow,which is itself unresolved (44). The problem here is
different in that the separation and the base pressure are governed by

another body force. In both cases we muist connect a boundary layer
solution with the viscous wake through a rather poorly understood inter-
mediate region. We expect that progress in either problem would be

beneficial to the other, but are unable to make that contribution here.
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CHAPTER VII

Conclusion

In our survey of the literature of this field, we noted that many
authors have chosen to emphasize what are clearly non-physical problems.
There seemed to be a tendency to treat MFD problems as éf an exceptional
nature and to divorce ones +thinking not only from physical MFD flows,
but from other problems in fluid mechanics as well. On the other hand,
consideration of the physically realizable cases led to a definitive
set of conditions and to similarities with two other areas of fluid
mechanics currently under investigation. These Qere strongly rotating
flows and steady high Re flows. One must be careful in carrying over
exact results from one problem to another, but a successful approach in
one might prove to be fruitful in the others.

A measurement of the drag coefficient of spheres and disks was
carried out over a fairly wide range of N . We found that the sphere
Cp was not a function of N for N &.3 , began to increase appreciably
for Nw-l , and reached an asymptotic dependence proportional to Vi for
N«10 . The disk Cp was relatively unchanged for N<10 , began to
increase for Nw10 , and for N>20 the drag for spheres and disks was
approximately the same. We conecluded that the high N range was charac-
terized by Cp dnsensitive to body shape. The intermediate range
(1= N=10) did not give any simple dependence on N , and we expect
that the .physical situation involves a complex combination of both viscous
and Lorentz forces. We chose to emphasize the high N bebavior because

of its simplicity.
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We noted the analogy between the Taylor-Proudman theorem for strong
rotation and similar results for high N flows. This suggested a
physical model involving large stagnant regions both upstream and
downstream of the body. Equations were presented to describe thin
dissipation layers separating.the inner stagnant region from the uniform
outer flow. The similarity between these Joule dissipation layers for
high N and viscous dissipation layers for ordinary high Re flows
became apparent. Finally, the importance of matching the near field to
a viscous wake downstream appeared, and we polinted out that this unan-
swered question was crucial to both steady high Re flows and high
N flows. We expect that such a physical model should be amenable to
a theoretical analysis. We suggested a singular perturbation technique
similar to that used by others, but were unable to provide a solution
here, We feel that work should continue both on this theoretical
approach and on further measurements. Detailed rflow and lield measure-
ments in the vicinity of the body would be particularly useful and we
'intend to pursue such an experimental progran.

This experiment is to our knowledge the first successful measurement
of a gross physical quantity for MFD flows with strong interaction. In
itself, it has solved few,if any, of the many unanswered questions which
have appeared. Its principal value is to lend direction t¢ the research
which must continue if one is'to understand these phenomena. By demon-
strating a physical set of conditions and a consegquence of them, we have
gained an orientation in our view to this problem. It is hoped that

because of this, further advance can be made.
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