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ABSTRACT

Two steady-state, high-pressure magnetic annular arc (MAARC)
devices are compared experimentally to determine the potential of a
MAARC as an ablation facility heat source. Data are presented
verifying theory of operation in two modes, one subsonic and the
other apparently supersonic. A comparison is made of projected
MAARC devices and currently operating conventional high-pressure
arc heaters for use as heat sources for high-shear ablation facilities.
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SECTION |
INTRODUCTION

The ablation testing of reentry vehicles requires the simulation of
a high temperature, high stagnation pressure flow. Various methods
have been devised to fulfill the need for such a high-shear ablation
facility. The merits of each can be judged by comparing the facility
performance with desired test goals. For this purpose, typical reentry
trajectories are shown in Fig. 1 (Appendix I) along with the location of
maximum stagnation point pressure and laminar stagnation point heat
transfer to a hot wall (hy = 2000 Btu/lb). The range of primary interest
is probably between the B* = 1000 to 2000 1b/ft2 trajectories (the area
shaded in Fig. 1). The test flow should be Mach number 2 or greater
so that the pressure distribution over the model nose is a reasonable
duplication of that on a reentry vehicle. Model stagnation pressures
above 130 atm are required in order to be above the triple point of
carbon,

Arc heaters have increased in size and pressure but have fallen
short of the desired goals. By nature, all high power, large, arc
heaters are inefficient when operated at the high chamber pressures
necessary to generate high model stagnation pressures [(Ref. 1). NASA
(Ref. 2) has combined an arc heater with several radiation lamps to
increase the heating rate to the test article. Theoretical and experi-
mental investigations of magnetohydrodynamic (MHD) accelerators com-
bined with large arc heaters have shown that these devices can be ex-
pensive and rather inefficient at high pressures. A cold gas flow with
heat transfer being provided by a high intensity radiation source (RASTA
system at Avco) was developed as an ablation facility, but radiation
source problems have made the system difficult to operate. Testing has
been done in a rocket exhaust using cyanogen as a fuel to obtain high
temperatures. All of these systems have inherent limitations when ex-
tended toward the set goals.

One single device combines the action of several of the above
devices into one small, compact, highly efficient unit. This is the
Magnetic Annular Arc (MAARC). MAARC concepts have been developed
for several years as space thrusters [magnetoplasmadynamic (MPD)
thrusters] by many researchers. The techniques used in this AEDC
program are extensions of those developed at Avco (Ref. 3). The poten-
tial of a MAARC can be seen by comparing the expected performance of
a 125-MW device with the desired test conditions (Fig. 2). Avco has
reached these conditions with pulsed devices (Ref. 4).
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SECTION II
THEORETICAL CONSIDERATIONS

The Magnetic Annular Arc {(MAARC) combines the action of an arc
heater and MHD accelerator but does not suffer from the classical
limitations of these devices. The MAARC consists of a center cathode
and concentric anode (Fig. 3). A predominantly axial magnetic field is
applied by a solenoid-type magnet. The magnetic field and electrical
discharge interact to contain and accelerate the plasma which provides
a high enthalpy, high stagnation pressure flow. The high magnetic field
does not change the ablation characteristics of the model as shown in
Appendix III.

Although a complete theory for the operation of the MAARC is not
available, the basic processes have been identified. The radial com-
ponent of the current interacts with the axial component of the magnetic
field to exert an azimuthal force causing the plasma to swirl. The energy
invested in swirl is converted into directed kinetic energy as the flow
expands. This interaction also produces an azimuthal Hall current
which can be much larger than the applied current if the Hall coefficient
(weTg) is large. Successful operation of the device requires that the
Hall coefficient be larger than one. The short-circuited Hall current
(1) interacts with the applied magnetic field to increase the voltage and
thus increase the power input to the gas for a given arc current,

(2) interacts with the radial component of magnetic field to accelerate
the flow, and (3) interacts with the axial component of the magnetic field
to force the hot plasma away from the walls and thus increase the effi-
ciency of the device. The axial magnetic field also produces a force
which increases the pressure on the centerline of the flow.

An additional consequence of the interaction of the magnetic field
and electrical current is that the discharge becomes '"diffuse' at higher
magnetic field strengths. At zero or low magnetic field strengths, the
discharge appears as a constricted column or ''spoke.' As the magnetic
field strength is increased, the rotational frequency of the spoke in-
creases until its rotational period is less than the characteristic recom-
bination time and gas residence time in the discharge. The spoke then
disappears, and the discharge appears to fill the annular space between
the cathode and anode; i. e., the discharge is diffuse. The diffuse dis-
charge results in low electrode erosion and uniform heating and
acceleration.

The processes enumerated do not explain fully the operation of the
MAARC. Different modes of operation have been observed during a
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given firing without any change in the controllable parameters. The

phenomena causing the change in operating modes have not been identi-
fied.

The electrons are the current-carrying species within the discharge
and are the predominant contributors to the heat transfer at the anode.
However, the current-carrying processes at the cathode surface are not
well defined, and it is not understood how the cathode can support such
apparently high current densities without significant erosion. Some
plausible explanations have been posed (Ref. 5), but experimental
verification is difficult.

It is apparent that a complete theory for the operation of the MAARC
may be difficult, if not impossible, to formulate although many investi-
gators have reported data from such devices (Refs. 6 through 17). Some
insight into the various processes occurring in the discharge have been
obtained using a quasi-one-dimensional approximation (Refs. 18 and 19).
However, these do not account for radial distributions nor for the energy
transfer at the electrodes. An investigation has been initiated at AEDC
which considers the flow to be axisymmetric and requires specification
of the boundary conditions on the electrodes. The mathematical model
considers the flow of a multispecies, two-temperature plasma through
the interaction region of the MAARC. The describing equations have
been programmed, and a concerted effort is being made to obtain solu-
tions which will provide insight into the basic phenomena occurring in
the device and also predict the overall characteristics of the device.

Although a complete theory for the MAARC does not exist at present,
some indication of the expected performance can be obtained using
approximate expressions and certain empirical relations obtained from
experiment. It is observed from experiments (see Section IV) that the
heat loss to the anode (Q) varies linearly with the total current I; that is,

Q = aV,l (1)

where o,V (Ref. 3} is the anode voltage drop and o, is a constant

(0.5 <ag < 1). By assuming that the effective current-carrying area of
the anode is (27£)£, where £ is the anode radius, the heat transfer to the
anode is

a, Vgl
q = 2’722 (2)

It is also obsarved experimentally that the voltage of the device
varies linearly with the applied magnetic field." The voltage drop has
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been related to the critical ionization speed (Ref. 20) with the resulting
expression for the MAARC geometry (Ref. 3)

V =V, + u B’ (3)

where V, is the voltage drop near the electrodes and u, is the critical
speed given by

2E;
U = | —
mj

The quantity Ey/mj is the ratio of the ionization energy to the mass of
the ion, and u; has a value of 1.6 x 104 m/sec for nitrogen and air.

The quantity V5 is determined empirically and has a value of 30 v for
nitrogen.

It is now assumed that the mass flow rate (rn), total enthalpy, (Hg),

and model stagnation pressure (pJ) can be expressed by the following
simple relations

m = p_u_(ml?) (4)
2
Hy » 2o Jo DB (5)
2 m m
po' = poouoo2 (6)

where p is the gas density, u is the velocity and Pg is the power in the
gas. By using these expressions and the limiting factors observed from
experiments, an operating envelope can be defined for the MAARC,

The first limit to be considered concerns the maximum allowable
heat transfer to the anode. Equation (2) and Eqs. (4) through (6) may
be used to obtain an inequality for the heat transfer limit Iine for the
MAARC. It can be written as

27/3 4/3 2/3
H, < (u°Bq'"°") i (7

m2/3 a,V,

where Qp, 5 is the maximum allowable heat transfer to the anode.

Present technology limits the heat load that can be transferred by back-
side water cooling to approximately 10 kw/ cm?.

Successful operation of the MAARC requires a large Hall current
and, hence, a large Hall coefficient. Then, the second requirement for
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the MAARC operating envelope is that the Hall coefficient be larger than
some minimum value. This can be expressed as

Weleg = (eB) ; > (“’e"e)min (8)

Me ﬂsQalﬁe

where e/mg is the electron charge-mass ratio, ng is the particle num-
ber density of neutral species, Qes is the collision cross section, and

Ce is the electron mean thermal speed (v 8kTe/7mmg ), where Tg is the
electron temperature. Since ng = p/mg and by using Qgg = 10-19 m?2
and Te = 8000°K, Eq. (8) can be written as

BM; 1

o 27 > (me"e)min (9)

where Mg is the molecular weight of the gas. Combining Eq. (9) with
Eq. (5) and Eq. (6) gives

»

190 p,

Ho 23 BM,

(we7e min (10)

The equations for the limiting curves can be written for fully dis-
sociated nitrogen as

P,)%/3 (B)/3

H, < 1.97 x 10° s Heat Transfer (11)
(po ) Limit Line
H, > 0.592 x 10° £ (wee) Limit Line (12)
£ > 2185 x 1073,T" (13)
: 2/3
I = 4.35 x 10 (%) (14)
V = 230(Pp)V/® (B)2/3 (15)

The value of (wgTe) is assumed to be two. The units of Egs. (11)

min
through (15) are: Hgy, Btu/lbm; Pg, .megawatts; B, tesla; pJ, atm;
£, cm; I, amp; and V, volts.

The operating envelope for a MAARC utilizing a 25-tesla magnet
with 125 MW in the gas was shown previously in Fig. 2. This device
would provide the enthalpy and stagnation pressures necessary for
ablation testing of ballistic reentry vehicles in the region of primary
interest. The operating envelope for a 15-MW device using a 10-tesla
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magnet is also shown. This device would provide flow of 10, 000 Btu/lbm
at a model stagnation pressure of 50 atm.

SECTION 1l
TEST DESCRIPTION

3.1 TEST INSTALLATION

The test installation (Fig. 4) consisted of the previously tested
(Ref. 21) HP-2M MAARC or the AEDC-designed Hera M1 MAARC,
free-jet test area, probe injection system, exhaust duct, and air ejector.
The MAARC and magnet were the only highly cooled components in the
circuit. The probe injection system used uncooled graphite pressure =
probes and ablation models for macroscopic, determination of the flow
parameters. The single probe was injected laterally into the flow and
could be stopped at any predetermined position or allowed to pass through
the flow. Axial probe positioning was done manually before the heater
run was started. The probe could be aligned vertically by manual adjust-
ment of the injection platform. An air ejector was used to increase the
pressure ratio to ensure supersonic flow in the nozzle before firing.

3.2 MAGNETIC FIELD COIL

The magnetic field coil was obtained from the Air Force Flight
Dynamics Laboratory along with a MAARC herein designated as the
HP-2M. The coil consisted of 24 discs in electrical series with adja-
cent pairs in hydraulic parallel and is described in detail in Ref. 21. A
photograph of the coil is shown in Fig. 5. The coil was operated at elec-
trical currents up to 3150 amp resulting in coolant temperature rises of
100°F. Field strengths up to 2.6 tesla were obtained at the center point
of the coil, Figure 6 shows the axial and radial distribution of the field
as measured with a gaussmeter.

3.3 POWER SUFPLIES

An existing 1-MW power supply originally used to drive an iron-
core field magnet was modified to provide power for the MAARC.
Saturable core reactors were used to control the silicon diode rectifiers
so that current up to 2000 amp at voltage up to 500 v was available.
After some difficulty with current surges during arc breakdown, a sys-
tem was derived which controlled within acceptable limits.
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The power supply used to drive the 2. 5-tesla magnetic field coil
was designed to deliver 875 kw at either 125 or 250 v. Saturable core
reactors were used to control the silicbn diode rectifiers so that current
could be controlled from 20 percent to full range.

3.4 GAS SUPPLY SYSTEM

Nitrogen was gasified and pumped from a central liquid-nitrogen
storage point at AEDC to the test area. It was supplied to the test site
at 2100 psi and then reduced to the pressure needed for proper control
of the MAARC through a small electrically operated pressure regulating
valve. The flow was measured using an instrumented choked convergent-
divergent nozzle designed using standards accepted at AEDC (Ref. 22),
The mass flow measurement system was carefully calibrated and checked
to ensure the accuracy of the mass flow.

3.5 WATER SYSTEM

The HP-2M MAARC was cooled using the low-pressure raw water
system. Raw water is pumped from a large lake to a storage reservoir
at AEDC. It is pumped out of the reservoir through a 100-psi pump
where calgonites are added to discourage algae attaching to lines and
experimental apparatus. The water is filtered before entering the test
building. Inside the test building, the water pressure is boosted to 300
to 400 psi at flow rates up to 8000 gpm to the MAARC test area. The
water was filtered a second time before entering the experimental equip-
ment using 100- and 15-micron filters in series. The HP-2M used only
70 gpm, thereby resulting in a considerable amount of water to be by-
passed.

Closed-loop demineralized water systems were used to cool the
Hera-M1 MAARC and the 2, 5-tesla coil. The Hera was cooled by a
pump delivering 60 gpm at 600 psi through a pressure-controlled mani-
fold. The coil used a pump delivering 1000 gpm at 3750 psi through a
control valve and bypass system to deliver 70 gpm at 1200 psi to the
coil., The pump inlet pressure had to be maintained at 400-psi mini-
mum pressure, The water was circulated through a water-to-water
heat exchanger which uses raw lake water as its heat sink.,

Insulated Nylon hoses were used to connect the MAARC and coil to
the water manifolds. Water temperature sensors and pressure trans-
ducers were installed in the manifold taps to monitor temperature rises
and water pressure during the run.
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3.6 INSTRUMENTATION AND DATA REDUCTION

The data acquisition system used for this investigation is a modi-
fied 100-channel Beckman 210 high-speed data system which is used to
digitize signals in the range of 0 to 80 mv. A 100-channel commutator
is used to sequentially gate the outputs of 100 highly stable d-c pre-
amplifiers into a single analog-to-digital converter. The digital informa-
tion is usually recorded on magnetic tape for later entry into the computer
as an off-line operation. '

The heart of the digital data processing system is the PWT Com-
puter System, consisting of two modified Raytheon 520 computers
coupled with several types of memory and peripheral devices. Com-
puted data are tabulated on 300-line/min printers located in the com-
puter room. In addition, a 14-channel FM tape system and oscillograph
are used to observe dynamic data.

Standard facility measurements were: MAARC voltage and current,
magnet voltage and current, gas flow rates, gas supply pressures,
MAARC pressures, coolant flow rates and temperatures, and various
other critical parameters as required.

The d-c power to the MAARC was determined by continuously moni-
toring the operating voltage and current. The mass flow rate of the gas
was measured with a choked orifice located upstream of the MAARC,
The gas pressure (MAARC pressure) was measured several cathode
diameters upstream of the discharge to better understand the gas
dynamics of the flow. The water flow rates and the temperature rise
of the cooling water to the electrodes were used to determine the energy
loss in the device from which the heater efficiency and heat balance en-
thalpy were calculated. Combining the energy balance with the airflow
rate gives the bulk or heat balance enthalpy:

Ho = [VI - (.ac,,AT)Hzp]./ﬁlg_as +[CpTinted), .

In all, a total of twenty-six parameters were measured, and ten calcu-
lated parameters were programmed in the data reduction.

A 16-mm Hycam® high-speed camera which had a framing rate up
to 11, 000 frames/sec with a shutter speed of 2 usec was used to deter-
mine the form of the arc column; i. e., filament or disk, as a function
of axial magnetic field strength. A second 16-mm camera operated at
64 frames/sec was used to obtain good quality flow photographs for de-
tailed analysis.
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3.7 TEST PROCEDURE

After determining that the MAARC was properly fused between the
cathode and anode, all water and gas systems were brought to the ready
status. The air ejector, when used, was charged, and the test cell
pressure was reduced to about 1.5 psia. The master power breaker
was closed, vaporizing the fuse to start the discharge. Under normal
operating conditions of this series of tests, the arc was initiated and
stabilized within a few msec. All instrumentation reached steady state
in about 5 sec. Operation could be maintained for minutes without
significant changes in operating parameters except as noted later with
the Hera. Test conditions were changed during operation by varying the
air pressure, arc current, and/or magnetic field. The heater run was
terminated by opening the master power breaker which shuts off the
electrical power. The gas isolation valve was closed and the prefire
procedure was reversed.

All water systems were interlocked so that failure of any com-
ponent to meet set requirements shut off all direct-current power to the
device and coil.

SECTION IV
HP-2M MAARC

The HP-2M MAARC, a modified version of a device designed for
low-pressure operation (Ref. 21), was operated on nitrogen exhausting
to atmosphere to determine performance trends and to obtain a diffuse
discharge. This MAARC consisted of a constant-area coaxial copper
anode 1.40 in. (3. 40 cm) in diameter and a cathode 1. 00 in. (2. 54 cm)
in diameter. The cathode tip was hemispherical, and both copper and
thoriated tungsten were used. A photograph of the disassembled HP-2M
is shown in Fig. 7. The water-cooled anode-cathode assembly could be
positioned with respect to the magnetic field coil by clamps, and the
length of the anode allows testing at positions from the center to the exit
of the field coil. The cathode could be moved freely into any position
with respect to the anode. The anode tip was threaded so that the anode
tip diameter could be changed to determine its effect.

Considerable data were taken with this device operating in a sub-
sonic mode exhausting to atmospheric back pressure. The basic data
curves of enthalpy, voltage, efficiency, and electrode losses plotted
versus magnetic field, current, and gas flow rate are presented in
Figs. 8, 9, and 10. The more pertinent data are discussed in detail.
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Figure 8 shows the variation of enthalpy, voltage, and efficiency
with increasing magnetic field for both the copper and tungsten cathodes.
Operation with a tungsten cathode invariably gave a higher voltage and
efficiency, thus a higher enthalpy. The cathode heat loss using tungsten
was approximately one-half of that for copper. This may be attributed
to the thermal emission of the tungsten tending to cool the cathode. The
overall efficiency of the device' increased with magnetic field because of
the decrease of the fraction of the power loss to the cathode and anode.
The voltage, using either material, increased linearly with increasing
magnetic field, agreeing with earlier experimental results (Refs. 3
and 21).

The MAARC has a drooping V-I characteristic except at high cur-
rent and high magnetic fields where the slope becomes positive. This
voltage characteristic, as well as the variation of enthalpy and efficiency
with current, is shown in Fig. 9. The anode power loss generally in-
creased linearly with increasing current, but the cathode loss was
usually independent of current. The overall efficiency of the device de-
creased slightly and then increased as the current increased. The
enthalpy changed rapidly with increasing current, and the maximum
enthalpy measured (based on a heat balance) during the series of tests
was 18, 000 Btu/lbm. This is not a MAARC limit but a system limit.

As the mass flow increased and if the voltage remained constant,
the fraction of power loss to the cathode was constant or increased
slightly as seen in Figs. 10a, b, and ¢. Figures 10d and e show that,
if the voltage increased with increasing mass flow rate, the fraction of
power loss to the cathode decreased. The anode loss decreased with
increasing mass flow; thus the overall efficiency of the device increased
in both cases.

Figure 11 shows the variation of the overall efficiency of the device
with total power and includes data from other facilities. These earlier
data indicate that the efficiency increased with power, achieving an
efficiency above 95 percent at the 100-MW level. This trend was veri-
fied in the present device using both copper and tungsten cathodes. An
efficiency of 70 percent was obtained at 0.4 MW using the copper cathode,
and 85-percent efficiency was obtained at 0.2 MW using the tungsten
cathode.

Three sets of consecutive frames taken from the high-speed films
of the discharge are shown in Fig. 12. Each set is typical of the dis-
charge at the operating conditions specified. The photographs in
Fig. 12a were taken at a field strength of B = 0. 265 tesla, current] =
760 amp, and a mass flow of m = 0. 014 lbm/sec. At this condition, the
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discharge consisted of a concentrated current path, or "spoke', and is
typical of the discharge in conventional arc heaters. The ''spoke'

rotated at a measured frequency of 3180 Hertz. By assuming that the
gas rotates as a solid body, an expression for the rotational frequency

. IB ro2 - riz .
can be derived as w = — where r; and rg are the inner
m2r \ry2 + r;2

and outer electrode radii, respectively. This yields a frequency of
1509 Hz for this device. If the discharge occurs at the cathode tip, then
ri - 0, and a frequency of 5060 Hz is obtained. These values bracket
the measured frequency indicating that the discharge originated some-
where between the tip and the outer surface of the cathode. Inspection
of the cathode after operation confirms these observations.

In order for the discharge to completely fill the annulus between
cathode and anode (i. e., become diffuse), the time for the spoke to

make one rotation (7, = 1/w) must be much less than the residence

time (T,og) and/or the characteristic time for recombination (7o)

(Ref, 23). For the conditions of this experiment, Tpegc = 1, 000 usec,
Tres ® 200 usec; for Fig. 12a, Tpot = 400 usec. The criteria for a
diffuse discharge were not met.

The visible current path appeared to fluctuate between a spoke and
diffuse discharge for the conditions in Fig. 12b., Although the time to
make one revolution was 70 usec, the current was apparently not high
enough to sustain a steady diffuse discharge.

The calculated rotational time for the conditions in Fig. 12c¢ is
30 4 sec, which is less than the recombination and the residence time,
and the necessary conditions for a diffuse discharge are present. Also,
a spoke rotating at 500, 000 Hz (7., = 2 usec) can be photographed by
the camera, but no confirmed current path was detected. Hence, the
discharge shown in Fig. 12c is considered diffuse.

Although the magnetic fields utilized were relatively low, the per-
formance obtained with the HP-2M indicated that successful operation
at atmospheric pressure is possible. The basic criteria are fulfilled
for the operation of a MAARC providing supersonic flow with high stag-
nation pressure and high enthalpy. A MAARC of improved design was
fabricated and is discussed in the next section.
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SECTION V
HERA MAARC

The Hera MAARC was designed for operation at 1 MW using the
available power supplies and magnet. The anode radius was chosen as
the minimum which satisfied the anode heat transfer requirement
(Section II), For operation at 1 MW, a magnetic field of approximately
3 tesla is required to satisfy the minimum Hall coefficient requirement.
It was realized that the available axial magnetic field (2.5 tesla) would
be marginal at best and that the device should be operated at a combina-
tion of axial and radial field rather than full axial field. Operating away
from the center of the magnet considerably reduces the effective field
strength and power at which the Hera could be operated. The power
supply presented an additional limit since the maximum available voltage
was 500 v and any external ballast added for stability reduced the avail-
able voltage.

The Hera MAARC (Fig. 13) consisted of a 0. 787-in. (2. 00 cm) diam
anode and a nominal 0.400-in. (1. 02 cm) cathode. The anode was water-
cooled copper, and the cathode was a tungsten-copper alloy. The device
was mounted on an adjustable stand so that it could be positioned in the
magnetic field at optimum locations. The cathode was electrically in-
sulated and supported by a long finned support. The cathode was con-
toured to give a minimum area between it and the anode with an expan-
sion to a nominal cold nitrogen flow Mach number of 1. 7 where the
discharge should occur.

Considerable difficulty was encountered with a pliant cathode during
starting transients. Electromagnetic forces were large enough to move
the cathode sideways causing the electrical insulator to collapse, result-
ing in cathode failure due to impact on the anode. A rigid insulator was
installed between the cathode and anode, and the problem was eliminated.

Most of the runs were subonic because of a combination of lower
than required magnetic field, arc attachment at cathode shoulder rather
than at the tip, and insufficient power to produce a high enthalpy at the
MAARC pressure necessary to expand to the design Mach number. If
the MAARC pressure was raised, then the gas flow rate increased
resulting in a lower than desired enthalpy. This lower enthalpy de-
creased the Hall coefficient to a point where the device could not ac-
celerate or magnetically pinch. In addition, increasing the gas flow
rate at fixed current and magnetic field caused the diffuse discharge to
become ''spoked. "

12
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Occasionally, the flow was intermittently subsonic and pinched; re-
maining in each mode for several seconds. Figure 14 shows photographs
of the discharge and the resulting,gas flow. The side photographs were
taken at 10 anode diameters downstream of the discharge. Note the dif-
ference in arc location and appearance when the effluent changed from
the typically plumed subsonic flow to the pinched apparently supersonic
jet. Cathode and anode heat transfer decreased by a factor of two when
the device operated in the pinched mode. The decrease in anode heat
transfer can be attributed to the jet being constricted away from the
anode wall.

Figure 15 is a graphical representation of various MAARC param-~-
eters measured as the device changed modes. Note that the MAARC
pressure was exactly the same when the device was operating

pinched as when no discharge was present in the flow (the device was
choked during cold-flow operation). This is convincing evidence of the
presence of supersonic flow entering the discharge, and the exit flow
was apparently supersonic based on the pictorial evidence in Fig. 14.
The MAARC pressure rose significantly when heat was added to the
subsonic flow mode. The efficiency and enthalpy make abrupt changes
when the device changed to the pinched mode resulting in a very high
efficiency (92 percent) and a doubling of the flow enthalpy. Table I
(Appendix II) presents a listing of measured and calculated Hera M1
parameters when the device was operating in both modes. Note, in
particular, that the calculated model stagnation pressure increased
when the flow was pinched.

Figure 16 summarizes the results of both MAARC devices showing
improvement due to supersonic operation. The power supply limit men-
tioned earlier can be seen by studying Fig. 17. The MAARC voltage
was limited because the voltage drop across the resistor bank in series
with the MAARC reduced the available power supply voltage.

Although other investigators have repeatedly commented on the
anode heat load as the major problem with these devices, experience
with the present investigation indicates that the anode will last in-
definitely at design conditions. The cathode erosion was severe when
the MAARC was subsonic and rather insignificant when coperating pinched.
A comparison of the cathode heat load for the various modes of operation
gives some indication of the cause for the high erosion. When the Hera M1
MAARC operated in the subsonic mode, the heat lost to the cathode
(center electrode) was 7 to 8 percent of the total power; when operated
in the pinched mode, the loss was 2 to 3 percent of the total power. The
device was also operated with reverse polarity, and the heat loss to the
center electrode was found to be 4 to 5 percent of the total power. No
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pinching was observed when operating with reverse polarity. The higher
heat load on the center electrode when it serves as a cathode, as opposed
to anode, indicates that the ion current must be high near the electrode
when operating in the subsonic mode (Ref. 24). The large ion current
would then partially explain the high erosion rate observed in the sub-
gonic mode. The lower heat transfer to the cathode measured when
operating in the pinched mode indicates a smaller ion current and,

hence, less erosion. Since the magnetic field was lower than desired,
the intermittent subsonic-pinched operation caused many cathode failures,
The use of a higher strength magnet should eliminate cathode failures
caused by the higher heat loads when operating subsonically.

Figure 18 shows a comparison of data taken on these two high-
pressure devices and a comparison of the anode heat transfer data with
thruster and high-pressure pulsed devices. Figure 19 shows a similar
comparison of thermal efficiency of present and past devices.

SECTION VI
DISCUSSION AND CONCLUSIONS

In conclusion, it can be stated that there does not appear to be any
fundamental physical effect that prevents the MAARC technology from
being extended to produce a high-shear ablation test facility with
10, 000 Btu/lb stagnation enthalpy and model stagnation pressures
approaching 200 atm. The experimental program presented here
(although not complete) points the way to high-pressure, high-power
MAARC designs. A diffuse arc has been obtained and photographed, and
voltages nearly independent of current and directly proportional to the
magnetic field were also measured. A device has been operated in a
subsonic and apparently supersonic mode with increases in stagnation
pressure across the device of 4. 25 to 1. A larger magnet will allow
data to be obtained at higher powers and pressures.

Table II shows a comparison of data from various arcs with the pro-
jected performance of MAARC devices. The parameter Hg P, is a

stagnation point heat transfer parameter that theoretically puts all arc
devices on the same comparison scale. The fallacy with the "standard"
comparison is-that it does not take into account the test flow sjze. If
size is not considered, a small 50-kw arc heater may show better heat
transfer capability than the larger facilities, but the flow size is too

small to test actual ablation samples. The parameter Ho\} p(; de2
allows the total heat transfer capability of various facilities to be
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compared. It becomes apparent that a MAARC can produce a very
hostile environment and a large diameter flow without the convection
and radiation losses associated with a conventional arc heater (i. e.,
low thermal efficiency). Note that the efficiency measured compares
favorably with previous data and shows the trend toward 100-percent
efficiency operation as power is increased.

This trend can be explained by writing the expression for efficiency
in the form
IV - Losses
TsETTv
2.V, LcaTt

nel-5— -y

Since the loss due to the voltage drop at the anode (ayVy) is constant and
LcAT is small, increasing the power (voltage) leads to greater efficiency.
Also, the power of the device increases directly with size as a normal
arc heater does and also increases with magnetic field. Therefore, it
can clearly be seen that a small device can operate at enormous powers

if a magnetic field of sufficient strength is available.
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. kil

Axial Field = 0.265 tesla, MAARC Current = 760 amps
a. Spoke Discharge

Axial Field = 1.514 tesla, MAARC Current = 745 amps
b. Transition Discharge

Axial Field = 1.529 tesla, MAARC Current = 1577 amps

c. Diffuse Discharge
Fig. 12 Consecutive High-Speed Photographs of the MAARC Discharge
between the Center Cathode and Coaxial Anode (Frame Rate =~ 10,000
frames/sec, Shutter Speed ~ 2 usec, Copper Electrodes)
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Fig. 14 Typical Flow Photographs Showing Both Operating Modes
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Fig. 15 Graphical Representation of the Hera MAARC Parameters Variation
with Time
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Fig. 18 Comparison of Anode Heat Transfer Data of
Several MAARC Devices
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TABLE |
TYPICAL MEASUREMENTS AND CALCULATIONS OF
HERA M1 OPERATING PARAMETERS IN NITROGEN

PARAMETER SUBSONIC PINCHED
V - volts 146 260
I - amp 1773 1570

Pg - MW .259‘ .408
B - tesla 2,6 2.7
LCAT - percent 7.4 2.7
LANODE - percent 11.2 5.4
ﬁgas - 1lbm/sec .029 .029
Ho - Btu/1b 6927 12305
7 - percent 81.4 91.9
po' - atm .560 .337
*po - atm .100 1.430
p,'/p, .179 4.250
dflow - in/cm Plumed 1.20/3.05

*Inferred through combining the measured flow rate and flow
diameter with the assumption that all thermal energy is
converted to kinetic energy. A factor of four increase
in the stagnation pressure has been measured by Avco (Ref.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>