HARD COPY
| MICROFICHE

vl

Research on the Interactions of Plasms Flov

2nd Magnetic Tields
Army Missile Command

Contrsct Number DA-23-0T2-AMC

Best Available Copy

-168(2)

DDC.

—— o p— T

mfg‘u-_;;:b...;wi ,
)

'\ fony tn 1‘47‘).‘3

oo

DUCIRA

e



INTRODUCTION

This guarterly progredés report covers the third quarter of a
one-year research contract on Interactions cof Plasas Flows and Hagneticl
Fields. The study includes both theoretical and exparimental wvorx in
magnetohydrodynanmics and superconductivity.

The third period has been spent cperating the prograns initiated
ard daveloped in the first and second periods. This report covers
these activities.

Denys 0. Akhurst
Preject Director
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A. PRESENT STATUS OF EQUIPMENT
To facilitate measurements on the plasma jei, two water flov meters
have been added in order to megsure the quantity of water cooling the
mcysble and fixed elsctrodes. Several thermistors have also been alded
st various points in the cooling system for heat transfer measurements.
Construction of a solencidal electromagnet for further plasma-magnetic
field interacticn studies is nov in progress. The clectromagnet will be
wounited inside the first section of .he dump tank in order to allow the
plasma stresa to pass coaxislly through the field region.

B. THEORETICAL STUDIES OF PLASMA INTERACTION WITH A MAGHET FIELD

In the induction MHD generator, Figure 1, slugs of moving plesma
interact with the magnetic field of s sclenoid to produce elecirical energy.
Yor this type of geometry, there have been few investigations of either an
experimental or theorefiesl nature.}" e Hovever, by making certain assumptions
and approximations, an eXpression for the genersted voltage can be determined.

The approach used is to divide the plaszs slug intc several small,
finite rings. Using the mutusl inductance belv een two conducting loops an
expression is then found for the induced voltage produced by the interaction
of a plasma ring with a current carrying conductor. The results can be
generalized to the case of a solencid and & conducting slug by nuperical
integration or by graphical means.

Assuming the plasma ring moves coaxially with a constant velceity U as
shovn in Figure 2, then the instantanecus value of the mutual inductance
between the current carrying conductor and the plasma ring can be written:3

' 2
M = 31";191- [(1 . %—-)K(k) . z(x)} (1)
vhere:
2 Lab
Kk = (2)
(a + B)242

and 2 is given by z = Ut. Expanding the elliptic integrsls K(k) and E(k)
in infinite series in terms of the modulus k yields:

. 3 % 21-1 \
M =xu (ab) 151 c,k (3

¥

vhere Ci is & coefficient resulting from the combination of the coefficientsa
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o? the series expansions of the elliptic integrals. By finding the flux
1inking the two loops and differentiating sccordingly, the induced voltage
in the carrying conductor is found to be:

oAy 2
. 1, am . fa ]
e [u i <d2> (4)

%

Where 7 is the plasma corductivity, A the cross-sectional area of ithe
plasma, Il the current in the staticiary loop, and M is from equation {3).
Equation {4} 45 presented in Figure 3 in terms of the normalized

parameters D = 2/b, R = /b, and E = ~——§2§~——. The values of R chosen
Kguﬁugilﬂ

correspond to values which vill be used in the numerical integration. An
apparatus has been constructed to verify the preceding calculations, and

a computer prograin has been writien for the numerical integration. Details
of the development of eguation (U4) are given in Report UAPL No. 18.
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C. PLASMA ELECTRICAL CONDUCTIVITY

1. Theoretical

The electrical conductivity of an fonized gas, or plasma, is dependent
upon several variasbles, i.e., tempe.ature, pressure, cross-section, ete,,
wvhich are not all independent. Because of this complexity it has been
necessary to develop thecretical expresgions which are applicable only to
certain ranges of jonfzation. To provide numerical values of the conductivity
for comparisnn with experimental results, these conductivity expressions have
been taken from the literature and programmed on an IH! 650 computer.
Tabulated values and graphs which show the relationship btetween the various
thecries are presented for a temperature range 3,000 - 30,000 °x. Results
for five different gases at various pressures are given ir. Report JAPL N¢. 16.



2. Experipental Measurement

Because of the difficulties sncountered with using direct probe
and microwsve techniques for plasma conductivity measurement, an R, F.
probe using a crystal controlled oscillator has been constructed. The
oscillator ig coupled to an inductance or search coll vhich {s mounted
on & ceramic tube, and when plasma is present, R. F. pover is dissipated
and appears as an additicnsl resistive losd to the oscillator. By proper
calidbration of the instrument sbsolute conductivities can be measured.

Calibration was accomplished using XC1 and NaCl sclutions at
di{fferent normalities with the zerc conductivity condition determined by
the use of digtilled waier. The oscillator was also checkaed for drifting
and a drift of cnly 1.5% was observed over a 2h-hour period of time.

Figure L indicates a typical conductivity curve for the plasma jet
at low input power as a function of the discharge current in the Jjet nozzle,
The voltage drop across the electrodes was constant at 39 volts, and the
gas {nitrogen) flow rate was 0.6 grams per sec. A more detailed descripticn
of the apparatus and measurements is given in Report UAPL N<. 17.

D. JET VELOCITY MEASURBMENTS

Meagurement of the let velocity was accomplished by discharging a banx
of capacitors acrogs the electrodes and measuring the velocity or the
luminous ionized gas crested by the discharge. The previously described
three-gap triggering mechaniam was used for a total capacitance of 10,
and 12,000 volts.

To find the velocity, twc photocells {Figure 5) were placed a known
distance apart and the time of travel of the luminous pas between the photo-
cells was measured with an oscilloscope. Several tests were pertformed under
twe different types of measurementg: those of ateedy state conditions
{i.e. those conditicns of rlow end dump tank pressure which could be held
constant for a sufficient length of time) and those of transient conditions
(i.e. those conditions of high flov rate and low dump tank pressure which
could be held constant only for a short pericd of time due tc the efficiency
of the vacuum pump)

Figure 6 shovr & typical run for a nozzle with 3[&” input diameter

and 1-11/16" outpu’ diameter. These measurements werc of the transient type.
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The vacuum pusp vas alloved to pull the dump tank pressure down to a
apecific value and the flov was then set at variocus levels.

Stealy state measuremants vere made by setting the flov at a specific
level and then allowing the pump to stebilize. Measurements vere made at
vericus levels and typical values are given below in Table I.

TARLE I
Pressure Plow Velocity
m R &r/sec n/sec
13 ! _0.59% 410
15 0.890 380
17 1.190 350
23 1.780 320

E. HEAT TRANSFER MZASUREMENTS

Pigure 7 shows the distridbution of water supply and the locstion of
the thermistors used for heat transfer measurements. The thermistors wvere
calibrated with a standard thermometer so that absolute values of temperature
could be measured.

Severgl tests were condugted to find the angunt of heat exchange at the
electrodes, but, because of burnout difficulties with the electrodes, the
tests were conducted only st low power inputs. Data obtained during a test
is given telow:

Input Power = I = 39 x 135 = 5,25 kv
Duration = 10 minutes
Mass flov rate of gas = 1.k gr/sec
Dump tank pressute = 15 mm Hg
Heat exchange
(a) Fixed electrede = 135 BIU/min = 2.37 kv
(b) Moveable electrode = 27 BTU/min = 0.475 kv
Water flow in movesble electrode = 1.35 Gel/min
Water flow in fixef @lectrode = 4 Gal/min
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¥. VZAR OUT GF SLECTRODES ]

Eeveral tests have bacn conducted at diffsrent inmput power levels
fcr che purposs of finding the confiticns for stable operstion. It wes
found that input power levels of § tc 7 kv give steedy operstion up to
10 minutes end the electrode wear is rcasonadle. Pigure 8 shovs two enode
tungsten electrodes. Before they had heen used both the electrodes had
flat heads and their length was oee inch. The electrods (a) (anode) wvas
used at 5.5 kv pover input (discharge voltage x discharge current) for a
paricd of 15 minutes. As shown in the picture, the anode wes partly
melted close to the end, and only & very sasll smount of material vas
dissipated. During this period the cathode shoved no effaects. When higher
input power wee applied to the electrodes it wvas found that the operation
ves unstable. Another run wvas copducted st 14.5 kv for a period of 2
minutes, during vhich time the anode vas shortened by half an inch
(Pigure 8b). The csthode also bdegsn tc shov signs of dissipation.

It io apparent that for higher then 10 kv input power a different
configuration of ¢lectrodes must b2 uecd. At the present time, differenmt
experiments are in progress to investigate the influence of current density
on the wear of eslectrodes. By having a better distridbution of current
density, it is anticipated that the life of the electrodes vill de increased
anpd the arc operation vwill be more stabdle.

G. EVALUATION OF AC )iD CBMERATOR POR RE-EWIRY

The replacement of metallic conductors by gaseous ccnductors has already
led to the generation of electrical power. This type of gentrator, called
8 4c magnetohydrodynsmic generator, utilises the interaction of an ionized
gas flov through a transverse magnetic field. A component of cwrent is
produced transversely to the stream and to the applied magnet field. Thus
net dc clectric power can be produced. This type of generator has some
inherent problems in the design and operation. For this reason it has deen
proposed]' tc investigate the feasidility of adapting the theory of ac imduction
generators to magnetohydrodynamic pover generation. Bernstein et 11.2 have
solved the problem for a cuanmel with a rectangular cross section. Multiphase
coils are arranged cn the upper end lower sides of the channel to provide &
magnetic field of the form B exp) (kx - @t) which sdvancee downstress with a
phese velocity ®/k. The g2s flows in the same direction with s velocity

wGe
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greater than the phase velocity, such that on interaction between the
conducting gas and the megnetic Iield takes piace. This type of inter=-
action produces ac power. For efficlent operation, the conductivity of

the gas must be above 100 mhos/meter. During re-entry of a space vehicle,
the conductivity of s shock-wave in air at 184,000 feet and Mach No. 20

is b0O mcs/mters and rises rapidly to 1200 mhos/meter at Mach No. 24,

Thie indicates that &n induction msgnetohydrodynsmic generator could
efficiantly provide power during the re-entry period. In order to investi-
gate this possibility a theoretical stuly has been initisted and the resulis
will be published soon in & lster repprt.
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