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INTRODUCTION

In this progress report are summarized the findings of experimental
and analytical research concerning NASA Contract No. NsG547 entitled
"Theoretical and Experimental Studies of Magneto-aerodynamic Drag and
Shock Stand-off Distance.” This report covers the period July 8, 1965
through January 7, 1966.

In the progress report covering the preceeding six months period a
critical survey of the existing literature was completed and a variety
of design calculations comparing "in flight" with "laboratory" data
were presented.

It is evident from the literature survey that almost all existing
analyses assume that either the magnetic Reynolds number tends to in-
finity Rem - ® or that the plasma density is constant p = ¢, Al=-
though neither of these assumptions is realistic it appears that the
latter is more plausible. However, this anticipation remains to be
Jjustified and it is the objective of the present study to do so.

The present progress report addresses itself to the following
aspects of the research program:

1) THEORETICAL CONSIDERATIONS
1.1) Plasma diagnostics
1.2) Magnetogasdynamic drag
2) EXPERIMENTAL STUDIES
2.1) Electromagnet performance

2.2) Plasma diagnostic measurements



2,3) Effect of magnetic field on the flow field and shock

stand-off
2,4) Magnetogesdynamic drag
2,5) Magnetogasdynamic heat transfer
3) CONCLUSIONS

1., TEEORETICAL CONSIDSRATIONS

The analytical studies performed since the previous progress report
deal with plasma diagnostics and the magnetogasdynamic drag.

1.1) Plasma Diagnostics

A digital computer program has been employed to obtain tables of
data concerning superscnic flow about wedge pressure and total pressure
probes, The flow is assumed to be chkemicelly frozen., Preliminary charts
for wedge probes of 10, 15 and 20 degree hzlf angle have been prevared,
Entry into the charts with experimentally determined wedge pressure and
total pressure ratios allows determinaticn of the Mach number and specific
heat ratioc. The charts of the programs further allows determination of
these quantities through measurecment of the wedge pressure of two probes
of different half augle.

A second digital computer progrem has been developed. This program
converts the measured radiatinon intensity distribution from an axisys~
metric placma jet into a radial intensity distribution, The noveity of
the program is:

a. It does not numerically calculate derivatives and is,
therefore, accurate in the presence of shock waves;
bo It avoids slow access storage space and can divide the

jet into a greater number of zones than before.
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The program is used for diagnostics of photographs of flow about
bodies with and without magnetic field after the photographs have been
analyzed by the GDL iso-densitometer. It is also used in spectroscopic
diagnostics.

12,) Magnetogasdynamic Drag

Some simple theoretical predictions of percentage increase in
drag have been compared with GDL experimental data, The flow was
nominally Mach 2.75 at ,0005 atmospheres with two stagnation tempera-
tures estimated at 7600°K (Run 1) and 10,900°K (Run 2) respectively.
Argon was used, Figure 1.2.1 was used to estimate the magnetic inter-
action parameter. This figure was based on equilibrium flow and is
an updated version of that of Reference 1. The engineering estimates of
Reference 1 are compared with experiment in Figure 1.2.2. Also shown
(dashed curves) are results of a consistant linearized theory based
on constant property viscous flow. Both theories assume that the flow
and magnetic field are undisturbed and apply only for low magnetic
interaction parameter. Since the effect of high interaction is to dis-
tort the flow and flux fields in such a way as to tend to redice the
driving effect, the theory would be expected to be high compared with
the actual case. This is the case in Figure 1.2.2 but part of the
discrepancy may be in non-equilibrium effects., A more exact theory,
now in progress, should help to define the situation and evaluate ex-
perimental results and existing theory.

The evaluation of existing theories is continuing. A discre-
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pancy between shock stand-off distaﬁce predicted by Reference 2 and
Reference 3, is described in Reference 4 by the present investigators.
Essentially, Reference 1 predicts a much larger increase in stand-off
then the earlier work of Bush (Ref. 2). Reference 1 employed a more
elaborate computational scheme and this scheme was employed by the
present investigators. Results are shown in Figure 1.2.3., Unfor=-
tunately, the method fails to converge to the correct solution at
large magnetic parameter (as was the case in Reference 1). Our com-
putation reduces the discrepancy, but is got yet conclusive since the
full range of parameters have not yet been duplicated.

Our calculation of Figure 1.2,3 employs the quasilinerization
algorithm to obtain the solution to the non-linear, two point bound-
ary value problem that describes the constant property flow behind
the bow shock in high speed magnetogasdynamic flow (the technique
of Reference 1), Other algorithms are currently being explored.
These include "back and forth integration" and the application of an
extremal condition for obtaining a solution. It is believed that
these techniques will allow a solution over a much wider range of
parameters and allow better evaluation of experiment and theory.

2, EXPERIMENTAL STUDIES

The underlying objectives of the experimental studies performed
during this period were to: (a) calibrate the electromagnet perfor-
mance; (b) determine some of the plasma properties and (c¢) to obtain
a qualitative and quantitative understanding of the interaction be-

tween the plasma flow field and the magnetic field.

2,1) Electromagnet Performance
-4




The electromagnet incorporated into the model is a solenoidal magnet
wound on a soft iron core. A variety of magnets were designed and tried
out. Typical characteristics of these magnets are approximately as
follows: wire - 19 gauge anaconda HML copper wire; core - 3/8" diameter
Armco ingot iron; coill resistance - 1.8 Ohms; approximate outside
dimensions - 1 1/2" long x 2 1/2" diameter, (round nose). In the cur-
rent series of tests magnetic field strengths up to 7 kilo-gauss were
vsed,

Two types of power supplies have been used, a commercial power
supply and a battery supply. The specifications are as follows: Com-
mercial supply - Davenport Model VD 2~30K-1E; DC power supply - 30
amp, 200 volts., Battery supply - Volta commercial grade storage cells
rated at 60 ampere hours. The commercial supply provides continuous
current for magnetic fields less than 4000 gauss, The batteries are
used in 4 banks of 8 cells, each bank providing 100 volts. These
banks may then be connected in series or parallel arrangements to pro-
vide currents to 200 amps for short times at various voltages, The
commercial supply is then used to recharge the batteries thus providing
a versatile supply for a wide variety of experiments, In Figure 2.1l,1
ig shown the performance characteristic of the commercial power supply
and in Figure 2.1.2 the performance with the battery power supply. Our
experience indicates that we will be able to increase the magnetic
field strength further.

Tests were conducted to determine the configuration of the mag-
netic field distribution both on and off axis., To determine the gen-

eral shape of the field lines a point mapping of the lines of force was
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accomplished by using a small (1/2") compass needle. These results
and the field lines of a true dipole at the center of curvature of the
body are shown in Figure 2.1.3. Here the solid lines represent the
actual field mapping and the dashed lines represent a dipole super-
imposed on this mapping for comparison. Probe measurements along the
axis to determine the drop-off of field with distance are compared to
a theoretical dipole in Figure 2.1.4., The disagreement between experi-
mental and theoretical results is not severe, especially in the regicn
of interaction.

2.2) Plasma Diagnostic Measurements

For purposes of determining the free stream Mach number, M°° and
the ratio of specific heats, y, it is assumed that the plasma is a
chemically frozen perfect gas. Hence, the specific heat and molecular
weight are assumed constant.

We have employed two methods for determining M and y. The first
consists of traversing, in a normal direction, the plasma stream with
a blunted 15° come which measures the stagnation impact pressure.

Also, the plasma is tranversed with a single wedge probe which mea-
surss the wedge pressure, (See Figure 2.2.1 for a typical survey).
Then a digital computer program is used to determine M and y. The
program generates M , stagnation pressure ratio, and wedge pressure
ratio from imputs of wedge half angle, Mach angle, and y for a given
wedge-half-angle. The required data are, stagnation pressure ratio,

wedge pressure ratio, and wedge-half-angle.

1.



The second method consists of surveying the plasma stream with three
wedges of half angles 10°, 159, be. Then utilizing the aforementioned
computer program and two wedge angles and the two corresponding wedge pre-
ssure ratios, M and y are determined. The second method using the data
from the 10° and 15° wedges has proved to be more satisfactory. It is
believed that the 20° wedge and the stagnation pressure probe disturb the
flow to an extent that y is not constant across the respective shocks.

Some difficulty has been encountered in accurately measuring the
wedge pressure for wedge half angles of 10° and less. But efforts are
being made to resolve the problem,

The results of this part of the diagnostic work indicates that y is
between 1,1 and 1.2 and that qw is about 2,75 under present operating
conditions,

2.3) The Effect of the Masnetic Field on the Flow Field Around the Body

Ordinarily the data in such work are interpreted visually and manual~
ly. However, this leads to inconcistencies and to crude readings, Ac~
cordingly, we obtained a microdensity tracer which is able to perform
the following operations:

a, Plot film density as a fuanction of lateral position for a
single line across a film negative (or positive print),

b. Automate this bperation providing successive scans at
small intervals perpendicular to the scan direction.

c. Present this density information for a magnified area of
interest from the negative in the form of contours of

equal film density.



The experimental set-up consists of the hyperthermal arc jet
facility shown in Figure 2,3.1, A hemispherical model containing an
electromagnet is introduced into the supersonic plasma stream, Ob-
servations are made with and without the magnetic field, In Figures

2,3.2 and 2,3,3 may be seen photographs of the plasma flow about the

3" hemispherical model., In Figure 2.3.2 the electromagnet is inactive

whereas in Figure 2.3.3 it is operative., It is clearly evident that
the flow configurations are quite different, For example, the in-
tense luminous regime ahead of the body is thickened and enlarged.
Second, the configuration of the upstream jet becomes more diffuse.
Third, the dark regime ahead of the intense luminous zone in Figure
2,3.2 becomes more diffuse in Figure 2,3.3 although it still exists
qualitatively, This dark regime ahead of the "fng¢ense luminous re-
gime has been considered by Talbot and Grewal (Reference 5) who sug-
gested that it is due to a rise in the electron temperature, They

indicate that the dominant recombination reaction is

%
Af + 22 ,A +e

*
A LA+ hy

The recombination coefficient & is
-9
O n 5.6 x 10727 (z,) /2 N,

Thus a rise in the electron temperature would decrease @ and, there-
fore, the radiation,
The displacement of the luminous region by the magnetic field

has been interpreted previously as a thickening of the shock layer,
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Careful study of Figure 2.3,3 indicates, however, that the change in
brightness extends farther out than what appears to be the shock front,
This is eapecially promineat in the region away from the center line
of the body. This may be explained by the fact that the G(V xB) x3B
force can slow down the electrons in front of the shock except those
along the center line, and as a result the electron number density Ne
increases locally, Since @ is proportional to Ne, an increase in Ne
wculd mean more radiation and, therefore, brighiness.

In Figure 2,3.4 may be ssen a typical isodensity trace of Figure
2.3.2, The position of the model has heen drawn in., The flow con-
figuration is clearly syminetric, In this trace the sequence btlank-
dot-dash means increasing optical density and the seguence dash-dot-
blank means decreasing optical density, If we compare the 150 density
trace in Figure 2,3.4 with that in Figure 2,.3.5 (for the photograph
in Figure 2.3.3) we find that the flow field ahead of the model nose
1s distorted taking on a steeper configuratizcn, Also, the darkened
regime ahead of the luminous tract is lengthenad, Finally, the unl-
form flow upstream is affected farther upstream than in the non-mag- -
netic case, These indicate that the color change which we mentioned
in our previous progress report may have fluidmechanic implications,

Figure 2.3.6 shows typical film density traces along the center
line of the body for different magnetic field strengths, The traces
all show a substantial rise in density near the body and a minimum
which corresponds to the dark space in front of the shock, Then there
is a gradual rise far away from the body indicating a return to the

free stream condition,



The shock stand-off distances are determined by two different methods,
One is to draw a line of constant density corresponding to the free stream
density until it intersects the density trace near the body., The distance
between the body and the point of intersection is called the shock stand-
off distance, The other method is to take note of the fact that the dea-
sity traces decrease almost as straight lines near the body. The distance
between the point of intersection of this straight line and the line of
constant deneity corresponding to the minimum density and the body is cal-
led the shock stand-off distance, The absolute values of the shock stand-
off distances by the two methods are different but they give approximate-
ly the same percentage increase in shock stand-off, A typical curve of
the percentage increase in shock stand-off distance as a function of the
magnetic field is shown in Figure 2,3,7. Although there is some scat-
tering in the data, a straight line can be drawn through the data with-
out too much trouble,

It was found that the percentage increase in shock stand-off distance
under the same coundition is much larger than that of the increase in drag,
One plausitle explanation is that in the present experimental condition,
the friction drag is not negligible, This was predicted in the theore-
tical analysis in Reference 1. The effect of magnetic field is to re-
duce the velocity and, therefore, the friction drag. Thus, in the case
of drag measurement, the effect of the magnetic field is to increase the
Lorentz force and the pressure, but decrease the viscous drag., Hence,
the compensating effect makes the total increase in drag small, On the
other hand, the increase in shock stand-off distance is simply a con-

secquence of the conservation of mass which does not depend on the vel-

I : -10~-



ocity profile, but only on the velocity, Another plausible explanation
is that the shock stand-off distance is determined by a measurement of -
the intensity of radiation. Since the magnetic field can change the
luminosity in front of the shock, the present method of measurement may
overestimate the change in shock stand-off distance due to the magnetic
field,

The usual definition of the shock front is a sharp increase in
the particle number density. From spectroscopic work we can find the
number density as a function of distance, This will ensble us to have
a direct check on the above measurement, Meanwhile, further work will
be done on the densitometric analysis of the negatives, Particularly
we would like to f£ind out the actual variation in density along the
center line of the body by the use of Abel inversion,

The problem that appears to be of paramount interest is a cate-
goric understanding and delineation of what the shock front actually is,.
We are now in the process of undertaking the appropriate measurements,
These are as follows:
ot & guantitative measurement of the electron density
Ne and the electron temperature Te we shall measure the
Stark broadening of the HB(4861 2) line, For this pur-
pose we have borrowed a Hilger Model E383 F/20 prism
spectrograph and constructed a high resolution optical
system, This system will also facilitate investigation
of the entire optical spectrum at all positions in the

flow field, (A similar experiment has been carried out



by Chen (Reference 6) for the case when there is no applied
magnetic f£ield), It should be noted that the effect of the
magnetic field on line broadening (Zeemah.effect) is negli-
gible in comparison with the Stark broadening for a magnetic
field below 10 K3, This method should enable us to deter-
mine quantitatively the effect of magnetic field on Ne and
T;.

Another problem that we intend to investigate more thoroughly is
the change in color ahead of the shock when a magnetic field is present,
A prelimina:y experiment with a spectrograph has shown that in general
the effect of a magnetic field is to increase the intensity of a given
line although exceptions to this have been observed., Figure 2.3.8 shows
the general increase intersity for two typical argen lines, Line B,
for example, is approximately 1.3 times moxe intense with a magnetic
field {2) than without (1) at the maximum intensity.

Figure 2.3,9 shows the decrease in intensity as a function of axial
position, the least intense profile corresponding to the position far-
thest from the body, Although this set of profiles was taken with no
magnetic field, the effect of increasing iatensity with magnetic field
has been observed to be a general effect at all axial positions., Line
widths appear to be altered with axial position and with magnetic field,

The result of a change in intensity and line width with magnetic
field would indicate a change in Ne,Te and thus @, the recombination

coefficient mentioned earlier., It is expected that much more conclu-

sive results will be obtained from new experimental apparatus now being
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tested and a complete Abel inversion of the data.
2.4) Drag Measurements

The drag measurement system currently being used is shown in Figure
2.4.,1. The electrical output is derived from a commercial force trans-
ducer of the linear differential transformer type. Calibration experi-
ments have shown the system to be extremely accurate and linear to alout
200 grams, Time response is approximately 1 1/2 seconds., The calibra-
tion curves are shown in Figures 2.4,2 and 2,4,3,

Considerable effort has been expended to eliminate mechanical and
aerodynamic fluctuztions in order that the electrical output may ba
read accurately, This is accomplished by electronic filtering, a surge
tank in the water supply line and a mechanical padding and suspension
system,

Using the system described, a number of drag tests were conducted
under a variety of £low conditions. The best axial position with re-
spect to aerodynsmic fluctuations was found to be at 12 1/2" from the
nozzle exit., The tests discussed here were conducted at that position,

Xt is seen from Figure 2.4,4 that the effect of increasing gas
flow to the torch is to decrease the percent alteration in total drag.
This is to be expected since the enthalpy of the flow and thus the
electrical conductivity decreases and the aerodynamic drag increases.

Figure 2,4.5 showe a number of separate features, The effect of
increasing power and thus enthalpy is shown by comparing rums 1 and 2,
The effect c¢f increasing the sambient tank pressure is seen by compar-

ing run3 2 and 3, There is no significant change in this case when
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the pressure is altered by a factor of nearly 2, For all three runs
the effect of increasing magnetic field is shown. Run 2 was the most
thoroughly investigated and the solid line is a least-squares linear
curve fit to the data., This curve will be extended and runs at higher
torch powers are planned,

In addition, a body of - 1/2" diameter and the associated magnet
have been constructed, The magnet has been tested and is capable of
producing a field of abcut 6000 gauss. The effects of reducing the
body sizes are:

&, Reduce the aerodynamic drag

b. Because of the non-~uniform flow condition a smaller body
would tend to reduce the effect of nou-uniformity espe-
cially in the electrical conductivity.

Although the increase in drag due to the magnetic field is smaller
than the theoretical results, the aerodynamic drag without the magnetic
field between theory and experiment indicate good agreement, The cal-

culations are based on the equation
2

Da=qeaT CD
where q, is the free stream dynamic pressure and CD is thz drag coe-
fficient. In this calculation we use M = 2.75 andy = 1.1, C, is
taken to be l.44 based on previcus estimates of pressure, friction and
base drag coefficient (from Reference 1), The results of the estimated
drag is between 117 gm to 124 gm as compared with the measured value
of 112,5 gm, This indicates that the method and accuracy of measure-

ment are basically sound, The large discrepancy between theory and
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experiment for total drag is probably due to the simplifying assump-
tions involved in the calculation,

2.5) ¥sgnetogasdynamic Heat Transfer

An experimental program has been initiated to determine the effect
of a magnetic field on the total heat transfer from a supersonic plesma
stream to a blunt body, The purpose of the heat transfer work is to
provide an experimental check on the theory which predict a reduction in
stagnation magnetogasdynamic heat transfer,

The initial phase of this project consisted of a 3 irnch diameter
£lat faéed, thin shell mcdel having a single thermocouple on the inside
surface of the body at its centerline, Within the non-water cooled body
was an electromagnet coil which produced a dipole-like field about the
body centerline, The body was kept at an initial uriform temperature
by means of a heat shie’d which was rapidly opened to expose the model to
the plasma once desired operating conditions were reached; the heat shield
was then closed to permit the body to cool after a test time of about 3
seconds,. The highest magnetic field used was 3000 gauss at the stagustion
point,

Assuming one dimensional heat transfer to an insulated body, the
total heat tronsfer is proportional to the time-rate of temperature-
vise of the body, The initial tests indicated a scaiter in the non-
magnetic temperature-time slope of the same magnitude as any changes
due to a magnetic field., Part of this scatter is believed to be due
to the fact that the body never cooled down to the same initial tem-~

perature for each test, Thus, it was decided to design and test a
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more sophisticated model,

The second heat transfer model consists of a three inch diameter
hemispherical thin shell copper body as shown in Figure 2,5,1, The
body has thirteen thermocouples located on the inside surface, Within
the body is an electro-magnetic coil which prcduces a dipole-like
field about the body centerline, The zfterbody has a water cooled lLase
which will cool the body by conduction to the same initial temperature
after each test, By monitoring the transient temperature rise of the
entire body it will be possible to calculate the heat flux through
the body to correct the ona dimensional heat transfer assunption.
Also, it will be possible to determine the MED effect on heat transfer
at positions on the body other than the stagnation poirnt, The magnet-
ic field has been mapped over the hemispherical portion of the body
(see Figures 2,5.2 and 2,5.3). The highest field at the stagnation
point is rather low, only about 4400 gauss. The reason for this is
that the thermocouples insgide the body make it difficult to position
the coil as close to the stagnation point as would be desired.

Initial heat transfer measurements with the hemispherical body
indicate that the stagnation temperature rise without magnetic field
is repeatable for several tests, These tests also indicate that the
transient temperature has a gradient over the surface of the body,
Thus, a correction to the one dimensional heat transfer assumptior may
be required., The initial measurement with a magnetic field of 4400
gauss indicates that the field affects the temperature rise of the

body, At the stagnation point the rate of temperature increase is
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reduced; the effect appears to be more pronounced away from the
stagnation point. Consequently, further measurements are being
undertaken to obtain a concrete picture of the temperature rate and
magnetic field interaction, With more information, it will be pos-
sible to establish the reduction of total heat transfer to the body
due to a magnetic field, Also, using the diagnostic results, it may
be possible to determine the change in the heat transfer coefficient
due to the magnetic field,

3. CONCLUSIONS

From the vssults of our research program we conclude the follow-
ing:

1) A diagnostic technique has been developed and used to measure
M; and y, This technique involves interpretation of experimental pres-
sure measurements by means of computer-genarated tabular data.

2) Magnetogasdynamic drag measurements have been made under a
variety of flow conditions and these results gre compared with theore-
tical predictions, It appears that the observed discrepancy is due ¢o
simplifying assumptions made in the theoretical predictions.

3) The shock stand-off data presented was measured by a method
which depends on the luminosity of the flow. It is found that aside
from the predicted increase in shock stand-off the luminosity is altered
ahead of the shock,

4) 1In conjunction with the general program of research, an experi-
ment is in progzsss to determine the alteration in heat transfer to the
body with magnetic field,

—-17—
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