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Abstract
The  feasibility of ~ a hypersomc
Magnetohydrodynarmc (MHD) engine was investigated
in the RPI Hypersonic Shock - Tunnel (HST) by
decelerating the flow in a MHD channel. The effect of
power extraction was observed by measuring current

and noting changes in shock position through Schlieren-

photography ~The MHD combined cycled engine

proposed that the application of crossed electric and

magnetic fields to the plasma, created by the high
- temperature compressed gas, would -accelerate or
" decelerate by the Lorentz body force.! The creation of
this force would also change the pressures in the
desired region and therefore the shock positions. The

~ axisymmetric 7-in Plexiglas model was fitted with 24

MHD channels, three MHD channel impact pressure
* probes,

the RPI 24-in HST and integrated to the 50-kJ, 10-kV
Maxwell Pulsed Power Supply (PPS). The same model
contour was previously investigated in the RPI HST to
obtain the flow field near the cowl;® however, no
MHD studies on this model were conducted. The
plasma characteristics were determined by extracting
power from MHD channels and observatlons were
made of the flow behavior. ’

Introductmn

. The MHD engine was orlgmally de31gned asa
second stage investigation of the Lightcraft."*
motivation for the present study is based on .the
limitations that rocket and jet propulsion systems
exhibit in the upper atmosphere. The limit comes
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and internally, two 4-in Bitter solenoid’
electromagnets. ‘The model was installed and tested in’

The -
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basically in the amount of fuel that the craft can carry.
At an altitude where air is sparse and the Lightcraft’s
ground based laser propulsion system would be
insufficient in providing an adequate amount of thrust,
the MHD engine would be in it’s altitude regime
cruising at Mach 8 with it’s airbreathing, near fuel-less
design. - The MHD accelerator would be used in
conjunction with an Air Spike,” modifying the bow
shock wave to reduce drag and heating while creating
external plasma in the shock layer.

. The primary objective of this investigation was
to determine the feasibility of the MHD engine by
attempting to decelerate the flow and extract power or
essentially change the kinetic energy of the flow into

‘electrical potential energy. This model was incapable

of accelerating the flow for two reasons: First it was
determined that a high voltage would be necessary for
the production of the electric field since the naturally
occurring conductivity was low. Also this model was

~equipped with two Bitter solenoids réquiring a high

voltage power supply to produce a strong .magnetic

‘field and the originally designed electrodes would not

withstand such a high power. Currently, researchers at
RPI are testing a 2D wedge model used to attempt flow
acceleration utilizing permanent magnets instead of
electromagnets. This model is essentially one of the 24
MHD channels of this axisymmetric model. The 2D-
wedge experiment incorporates Y4-in. copper electrodes
to withstand high current from the PPS.

" 'Experimental Apparatus

The MHD model consisted of a Plexiglas 7-in
diameter complex contour scaled from the Lightcraft,’
24 electrodes, and two Bitter solenoid magnets. Figure
1 shows a cross sectional view of the MHD model and
all of its components. The compression surface inlet
geometry had been previously designed and details of
the contour can be found in" Ref. 6. The
electromagnets, called Bitter solenoids, were designed
to produce a 10 T field at the centerline and a 0.15 T
field at the radial location in the MHD channel. Four,
model 111A22, PCB quartz pressure transducers were
used. Three were located 120 degrees apart to measure
impact pressure through the MHD channels and one
was used as a pitot probe. All pressure transducers
were recalibrated in the RPI Low Pressure Shock Tube
after testing to insure that no damage ‘was done due to
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the magnetic fields. The axisymmetric model, designed
and fabricated at RPI, was installed in the RPI HST test
section and integrated with the Maxwell Capacitor PPS.
Figure 2 shows the model installed in the test section. A
simple co-axial cable was constructed to integrate the
* Maxwell capacitor bank, the model and the test section.
A 2-in copper pipe was used as the outside conductor, a
welding cable as the inner conductor and 1-in thick
nylon discs were used as spacers for the construction of
the co-axial cable. Inside the test section, another
coaxial power line using 1.5-in copper pipes and the
same welding cable was assembled and a special
vacuum feed through plate was made, cf. Fig 2. The
two Bitter electromagnets and the Maxwell Capacitor
PPS were used to produce the magnetic field and were
donated by US Army.

The original model was equipped with iron
core laminates between the two electromagnets which
were machined to fit the model contour. They were
removed and replaced with a Plexiglas piece for reasons
stated later.

Attempting to extract power from all 24 MHD
channels proved to provide indiscriminate and
inaccurate results, and tests were modified to extract
power from just one MHD channel.

RPI 24-in. Hypersonic Shock Tunnel

The RPI 24-in HST, cf. Fig 4, hosted all MHD
slipstream interaction tests. The equilibrium interface
mode of operation was used to obtain higher enthalpies,
producing more electrical conductivity than the tailored
mode of operation.” Enthalpies can be up to 6.5 MJ/kg
when run in the equilibrium interface mode. All runs
were conducted at Mach 8, the lowest Mach number
available at the RPI HST that enables the most test gas
to enter the test section, allowing for more density,
while still keeping a high temperature, high speed flow.
Figure 5 shows the shock tunnel instrumentation and
setup. The HST has a 15-ft driver with a 4-in internal
diameter. Room temperature helium was used as the
driver gas at a maximum pressure of 2000 psig. The
double diaphragm section was filled with argon to limit
contact surface mixing. The 55-ft long, 4-in internal
diameter, driven section was evacuated and loaded with
dry air as the test gas to 25 torr. A thin (0.015 in)
aluminum diaphragm separated the driven tube from
the nozzle and test section. The 24-in exit diameter
brass nozzle exited into the 200 ft* test section/dump
tank, which was evacuated to 70 uHg on average. A
detailed explanation of the Shock Tunnel can be found
in Ref. 8.

Resuits and Discussion

Tests of the electromagnets were conducted to
characterize the magnetic field within the MHD
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passages. These tests were performed outside of the
tunnel test section for simplicity. Several minor
problems were detected during these tests when the
output power of the Maxwell bank was varied from 10
to 50%. Such problems encompassed arcing in the
electrical contacts and insufficient sampling rate in the
data acquisition system. Improving the electrical
insulation of the conductors as well as removing the
iron core laminates solved the arcing problem. This
was justified by a very small loss in the magnetic field
strength at the location of interest. Consulting with an
independent research engineer from Army Research
Lab’ provided insight to the cause of the small increase
in the magnetic field that the iron laminates provided.
Iron core laminates are useful for low currents and low
field requirement, but application of large currents
cause the metal laminates to saturate and there would
be no significant increase in the magnetic field. In this
situation, the coils are in a bucking configuration where
the field at the centerline is approximately 10 T. The
iron core laminates saturate at 1-2T and therefore
provided no increase in the field at all until the radial
position where the field is below 1-2 T. Since the field
drops off rapidly as a function of radial position, only
the very ends of the laminates were helping increase the
field. Test concluded that the field with and without the
laminates did not differ drastically, cf. Fig 6. Figure 6
shows the peak radial field intensity as a function of the
coil current for various configurations.

Luminosity photographs were taken both with
and without a pulse of the electromagnets. Results
from runs at an average free stream Mach number of
7.6, a stagnation temperature of 4,050 K, are presented
in Fig. 7. A photograph was also taken of a pulsing of
the coils without a shock tunnel run to determine that
no luminosity was present from the pulsing of the coils.
It is clear from Fig. 7 that the pulsing of the coils
induces a force, which slows the flow down, making
the open shutter luminosity photograph much brighter.
During the open shutter luminosity photographs a 50 Q
resistor was connected in series to the 24 electrodes,
which were connected in parallel in much the same way
performed by Nagamatsu et al.® It is important to point
out that no external electrical potential was applied to
the electrode fins; the flow deceleration was generated
by the conducting air plasma flowing between the
electrodes and by the fact that all the negative
electrodes were electrically grounded. )

Current was also extracted during the
luminosity photographs, but the data was unreliable.
The configuration was changed to measure across one
set of electrode fins instead of across all 24. This
eliminated any probability of a current loop within the
24 fins. A current loop was largely feasible due to the
unsteady, unstable nature of a weakly ionized gas,
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providing different emf values for different
locations. - * : - .

Another result of equal importance was to
measure flow pressure in the MHD channels. This is

fin

_important to obtain parameters of the flow electrical

conductivity. Impact pressure probes, installed in three
MHD passages, 120 degrees apart, yielded an average
pressure ‘of 0.58 psi. The average free stream pitot
- pressure was 2.0 psi. In addition to the impact pressure
probes, Schlieren photographs of the flow structure near
the passage inlets were taken to determine the effect of
" the magnetic field and energy extraction, from the slip-
stream, on the bow shock wave. Figure. 8 shows
Schlieren photograph. comparison of a flow- with and
without a pulsing of the magnets. The bend in the bow
shock wave indicates a definite deceleration of the
flow.. ‘ v

" For the 0.15 T magnetic field applied, the
current across one of the channels was measured for an
external resistance varying from 106 kQ to .47 Q, cf.
Fig 9. The expected open circuit voltage was
determined by the following equation,

- UBSL
10

where U is velocity in cm/sec, B is magnetic field in
Gauss, and L is the electrode gap in cm. The expected
voltage was determined to be 770 mV. Figure 10
shows the extracted voltage verses the external
resistance. Clearly there are different regimes in which
the current extraction behaves. There appears to be a
threshold current of 1 A- after which the power
extracted behaves as a real generator. Figure 10 shows
the power, calculated from the external current and
extracted voltage. It is clear that this MHD- flow
deceleration, which should act as a power generator,
only behaves with half of it’s potential. - This is
indicated by the power curve, in that a generator should
be a bell curve, and this ‘MHD Generator’ is clearly not
a bell curve; however, if data is separated to include
only point were a current above 1 A was yielded the
behavior is different. Figure 11 and Fig. 12 are the
voltage and power curves for data above 1 A,
respectively.

Conclusion
An axisymmetric hypersonic. MHD engine was .

investigated, 'specifically it’s feasibility. Tests were ~

performed at a freestream Mach number of 7.6 with
4050 K reservoir temperature. The investigation was
successful in that the proof that the flow was disturbed
and decelerated. Changes in the luminosity and the
~ bow shock wave were apparent. Power was extracted
even though only a weakly ionized gas was. present. As
a generator, this MHD generator only provided enough
power to obtain the first part of the power bell curve.
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Future suggestions include trying to increase the
electrical conductivity of the flow, investigated the 2D
wedgé “blown up channel”, . perform CFD analysis in
the channel. »
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