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Application of d.c. Plasma Arc Heating to Hypersonic
Propulsion Testing

S. D. RAEZER,* E. A. BuNT,f AND H. L. OLSEN$
The Johns Hopkins University, Silver Spring, Md.

As propulsion testing is undertaken at lower altitudes and higher Mach numbers, the re-
quirements of correct static temperature and pressure simulation and uniform flow in a test
section of practical size lead to stagnation temperatures too high to be produced by storage-
type heaters. For this reason, a 10-Mw d.c. plasma arc heater has been developed for use with
a Mach 7 to 10 tunnel. Thermal efficiencies exceeding 60% have been achieved at useful flight
simulation conditions. The design principles and operating characteristics of the integrated
arc heater and hypersonic propulsion tunnel are described in some detail.

Nomenclature

A — exit nozzle area, in.2

E = potential, v
h = enthalpy, Btu-lb"1

i — current, amp
/ = length, in.
m = weight flow, Ib-sec"1

M = Mach number
n = number of cells
P = pressure, psia
Pr — Prandtl number
r — total circuit resistance, 12
Re = Reynolds number
T = temperature, °R
V = velocity, ft-sec"1

7 = ratio of specific heats
<5 = boundary-layer thickness, ft
6* = boundary-layer displacement thickness, ft
e = efficiency, power out/power in
At = dynamic viscosity, Ib-ft^-sec"1

P = weight density, lb-ft~3

Superscript
* = throat condition, where M = 1, except for 5* above

Subscripts
b = battery no-load condition

Introduction
r I^HE Applied Physics Laboratory of the Johns Hopkins
A University has long been active in ramjet propulsion re-

search and development, which involves the ground testing
of models and components under simulated flight condi-
tions. About three years ago, steps were taken to provide
test capabilities for the hypersonic flight speed regime from
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Mach 5 to 10 or higher. The main objective was to simulate
atmospheric static pressure and temperatures for inlet and
combustion testing of air-breathing engines and components
for periods of the order of 1 min. Unfortunately, the
stagnation temperatures characteristic of hypersonic flight
at Mach numbers above 7 or 8 are beyond the capabilities
of pebble bed, electrical resistance, or "chemical" heaters.
For example, at Mach 10 and an altitude of 155,000 ft, the
required stagnation pressure and temperature are 2500 psia
and 7500°R, respectively, and for a propulsion tunnel of
sufficient size to yield practical test results operating at
simulated altitudes around 100,000 ft, the heater must yield
an exit heat flow of about 6000 Btu/sec (^6 Mw). Surveys
of possible tunnel-heater combinations showed that the
plasma arc was the only heat source likely to be able to
provide the simulation conditions required by this phase of
the research program. Consequently, the task of developing
a suitable high-pressure, high-power arc heater was undertaken,
because no such device was in existence at that time. Pre-
liminary work on small-scale arc heaters1 was undertaken
in a prototype facility at the Forest Grove Station concurrent
with the early stages of the design of a new Propulsion Re-
search Laboratory. The work reported herein has been
performed largely at the new laboratory.

The main requirement (which has now been met) has been
that of simulating certain conditions specified in area A in
the altitude-Mach number diagram§ (Fig. 1), namely, those
relating to operation at Mach numbers of 7 and 10. This
figure gives the stagnation temperature, pressure, and
weight flow for a 1-ft2 test section (inviscid flow equivalent).
The boundaries of area A were determined partly by previ-
ously planned ejector capability (vacuum level, upper
limit; and weight flow, left-hand limit) and partly by ex-
trapolation of the state-of-plasma arc technology at the time.
The lower limit (output power into gas) was chosen as 6 Mw,
since carbon-electrode arc heaters had already been operated
at input powers up to 15 Mw. The required enthalpy was
relatively low, the value for Mach 10 operation being about
2500 Btu-lb"1. To date the program has resulted in the
achievement of arc operation at pressures, enthalpies, air
mass flows, and running times sufficient to meet the original
objective. Arc operation at pressures in area B is currently
being investigated experimentally, and facility provision
for higher pressure operation (area C, 2500-5000 psia) at
present is also being made. Although the arc development
work is continuing, it is thought to have reached a stage of
sufficient interest to warrant the present report.

§ This diagram was constructed with the aid of data derived
from Refs. 2 and 3.
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Fig. 1 Arc heater operating areas in relation to altitude
and Mach number for a 1-ft2 flow cross section; stagna-

tion conditions are derived from Refs. 2 and 3.

Design and Operation

High-power arc units normally require a means of inducing
arc movement to avoid rapid erosion of the electrodes. The
hydrodynamic swirl (tangential gas inflow) approach, which
was used in early plasma arcs for this purpose, is ineffective
at pressures above a few atmospheres, and therefore mag-
netic rotation is employed; the driving magnetic field can
be either self-induced or supplied by external coils. The
electrode form chosen for the arc heater described herein
(Fig. 2) is a special re-entrant arrangement of "rail accelera-
tor " which eliminates the need for bulky field coils by making
use of the magnetic field induced by the currents flowing in
the electrodes. This device was originally suggested by
Reid4 of the General Electric Company, Cincinnati, for use
in the latter's three-phase a.c. arc, but its operation has been
improved in the APL application by running it under d.c.
conditions. The splits in the electrodes necessitated by this
arrangement are jumped at each revolution by the con-
tinuously rotating arc and are set 180° apart to make it
easier to maintain a uniform spacing between the electrodes.
Adequate arc rotational velocities result from the use of
currents in excess of about 8000 amp, depending on the
pressure. The roughly square electrode configuration em-
ployed has a distinct advantage over the circular in that the
arc is observed to have less tendency to bow out.

The electrodes are constructed of l-in.-o.d. copper tubes
with 0.25-in. walls (selected on the basis of an analysis of the
heat transfer). Water is circulated through them at a linear

DETAIL OF DISCONTINUITY

Fig. 2. Arrangement of split-ring electrodes.

velocity of the order of 120 ft-sec 1. The pressure drop
through the electrodes required to achieve this velocity is
sustained by forcing the coolant from storage tanks by air
at 1500 psia. Average heat fluxes of up to 30 Btu-in^-sec"1

into the electrode cooling water have been observed at
high-power input. During operation the electrodes are
subjected to an oscillating bending moment [resulting from
magnetic repulsion effects coupled with the arc rotation (Fig.
3) whose effect becomes negligible at gap lengths greater
than 1.25 in. for this electrode design.

The arc chamber is a water-cooled pressure vessel which
provides for heat release into the test air in a region of low-
speed flow between two sonic orifices (or Venturis); the up-
stream one is used to set the air mass flow independently of
conditions in the chamber, whereas the second determines the
arc chamber pressure for a given gas temperature and may
also serve as the throat of the propulsion tunnel nozzle.
Since flow simulation requirements may call for enthalpies
below that at which it is possible to run the arc/power-
supply combination, a parallel air line bypassing the arc
chamber (but also containing a suitably sized sonic orifice)
is available; this secondary line injects into a short mixing
chamber between arc chamber and nozzle throat. The
over-all design is shown in elevation in Fig. 4a. The main
design features to be noted are as follows:

Electrode supports: The electrodes are cantilever-supported
from the end plates. In order to minimize the tendency of
the arc to "walk" along the supporting posts, these are at
right angles to the electrode rings. The deepest of the three
insulator sections (A, Fig. 4a) is of Micarta and forms the
structural support. This is covered by a sealing section B
of Lucite (chosen because it does not form a conducting char
if exposed to severe heating), which in turn is protected from
direct contact with chamber gases by a relatively loosely
fitting cover C, for which fused silica has been found most
satisfactory.

Wall cooling: Water-cooling of the chamber wall was at
first done with a double-wall system using internal copper
liners, but the latter were difficult to fabricate and were
subject to diametral shrinkage under the cyclic operation
which led to water leaks at "0" ring seals. The walls and
end plates are now fabricated with internal (drilled) cooling
water passageways to eliminate the possibility of water leaks
into the chamber.

Insulation: In addition to the electrode insulation al-
ready noted, the arc chamber is electrically isolated from the
tunnel nozzle and the air and water manifolds in order to
keep the former electrically floating.

Air admission: Since the aerodynamic drag of the rotating
arc sets up a gas vortex in the chamber, the flow direction of
incoming air is relatively unimportant. In the present de-
sign, the air is admitted from plenum annuli formed by both
end plates and their junction with the body.

Access and vent valve: A port is built into the chamber
(Fig. 4a) to allow for inspection of chamber and tunnel throat
and for insertion of the short-circuiting starting wire. Into
this port may also be inserted the unit designated "cooled
plug valve/7 a bleed valve which is open at the start of the
run to allow the arc to become fully established while at low
pressure, irrespective of mass flow.

Figure 5, a recording of pressure and voltage taken during
an arc run, illustrates typical aspects of arc operation. At
the moment of firing, a pressure pulse is generated in the arc
chamber which may lead to an excessive voltage demand and
arc blowout. This is prevented by use of the vent valve
just described. After the vent valve was closed the flow was
progressively increased by raising the upstream (regulated)
pressure, leading to ultimate blowout for the particular
combination of flow and power supply settings employed.
After blowout the voltage reverts to the no-load value.

Systematic measurements of the rate of erosion of the
split-ring electrodes have been difficult to obtain. Direct



MARCH-APRIL 1964 PLASMA ARC HEATING FOR HYPERSONIC PROPULSION TESTING 157

BENDING MOMENT ON CIRCULAR
SPLIT RING ELECTRODES

IN YZ PLANE
wo2 = 22.04 LB-IN AT 14000 AMPS

a = ELECTRODE RADIUS
w = ( DISTRIBUTED) LOAD PER INCH

160 240 320 40 120 200 280 360
DEGREES

80 160 240

Fig. 3 Bending moment on electrodes due to magnetic
repulsion.

sampling of the jet during actual running in nitrogen has
shown the proportion of copper to be 30-40 parts per million,
but observation of the electrodes — where the erosion is
heaviest at the split — suggests that the loss of copper from
the electrodes is much higher. Although no directly com-
parable figures are yet available for the present electrode
configuration, erosion figures of about 0.05% of the air flow
are estimated from the weight loss. Two possibilities may
account for this discrepancy. First, much of the eroded
material is trapped in the arc chamber by the action of the
gas vortex, and second, erosion may be concentrated largely
in the starting phase.

Efficiencies have been determined by both cooling-water
calorimetry and by mass balance across two choked orifices,
accounting for real gas effects. With regard to the former
technique, water-temperature rises in the various com-
ponents are measured by thermocouples and the power
input is measured electrically.

Arc operating characteristics: The operation of a confined
gas-cooled arc can be considered as known in principle if,
in addition to the gas properties, the mass flux equation,
the electrical circuit equation, the arc characteristic, and the
heat transfer are known. A knowledge of the latter two
must rely strongly on empirical information.

It was assumed that the arc characteristic could be ex-
pressed as a product function of the form

E = f(m)P°i» (1)
An empirical fit to the data from I
values

I arc runs then yielded the

/(m) - (5.17 + 1.37m) X 104

a = 0.27
b = -0.70

in the region 0.05 < m < 3.5 Ib-sec"1, 15 < P < 1250 psia,
and 8000 < i < 20,000 amp.

Using an equation of the form of (1), the St. Venant-
Wantzel equation for choked flow through a nozzle,5 the
d.c. circuit equation, and the approximation T = 150/i1/2 in
the region 3000 < T < 10,000 °R and 10 < P < 100 atm as
deduced from Hilsenrath's and Beckett's tables,6 simple and
useful solutions may be obtained for the variables of state
(P, A, E, and i) in terms of the controllable parameters (Eb,
r, m, and A). By means of these solutions, the range of
operation of the arc heater can be delineated with fair accu-
racy. For example, for the arc voltage, one obtains

0 = 0 (2)
where

AIR INLET PORT pi
TO CHAMBER [Z

a)

Fig. 4 a) Arc chamber design; b) vent valve for starting.

and

using a 7 of 1.4. Here x = (1 — a/4)/(I — b — a/2) and
y = a/(I — b — a/2). By taking limits, one obtains for the
maximum value of E/Eb)

(E/Eb)m&x = x (3)
along with the additional stability criterion,

* < 6>ma* (4)
In Table 1, experimentally observed values of (E/Eb)max
taken from blowoff runs are tabulated (along with the corre-
sponding values of m and P at the blowoff point); they may
be compared with the value calculated from (3) using the
experimental values of a and b:

1 - 0.27/4
1 + 0.70 - 0.27/2 = 0.59 (5)

From Table 1 it can be seen that the actual value diverges
from the calculated as mass flow and pressure are increased.

Table 1 Experimental values of (l£//£&)max at arc blowoff

e = (E/Eby(i -

Orifice
diam, in.

0.375

1.0

1.5

m, Ib/sec

0.23
0.55
0.77
1.0
1.2
1.3
1.9
3.4
7.3

P, psia

290
670
830
160
210
240
330
600
470

(tf/l&W
0.57
0.44
0.39
0.50
0.41
0.35
0.32
0.29
0.30
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Fig. 5 Typical variable mass flow, pressure, and voltage
traces showing starting transients.

The occurrence of observed low-frequency voltage swings of
increasing magnitude, induced by the increasing aerodynamic
disturbance of the arc, is felt to account for this fact. This
is further supported by the evidence that the mean voltage
appears to approach one-half the calculated maximum in the
limit of large mass flow, as would be expected for a low-
inductance circuit since the voltage cannot go very negative.

In Fig. 6 the predicted maximum pressure as a function
of no-load battery potential is plotted as a straight line for
the l.O-in.-diam exit nozzle. The circles appearing on the
graph are experimental blowoff points. The discrepancy
results from the voltage swings as discussed in the previous
paragraph. To achieve the data point corresponding to
660 psia chamber pressure, the unit was operated at 10.2-Mw
power in the arc with 6.6 Mw into the gas at a weight flow
ofS.Slb-sec-1.

As seen by the appearance of the fractional efficiency e in
Eq. (2), unless some knowledge of the transfer of heat to the
emergent gas is available, the operation of the arc heater
is not completely predictable. At present, a model based
on radiation as the principal loss mechanism has successfully
described the dependence of emergent gas enthalpy on mass
flow and power in the region P > 10 atm. This dependence
is indicated for the region 1.0 < m < 5.0 Ib-sec"1 in Fig. 7.

Mach 7-10 Propulsion Tunnel

The size of the propulsion tunnel was broadly determined
by the power available. A nozzle exit diameter of 15.16
in. was selected to provide a potential flow area near 1 ft2.
Of various nozzle designs, a simple sonic source has been
favored by many, but the resulting stream wise Mach number
variation dM/cXr in the working section was considered un-

T2000
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2.0 3.0 4.0
WEIGHT FLOW OF AIR, Ib sec1

Fig. 7 Maximum
pressure vs no-
load battery po-

tential.

500 600 800 1000 1500 2000 3000

NO LOAD BATTERY POTENTIAL, VOLTS

suitable for the expected model testing, so that a contoured
nozzle with interchangeable throat sections was chosen.
This "poly-Mach" concept had been used by Lee,7,8 who
employed interchangeable throat sections followed by various
polynomial contours in the design of nozzles for use with
electrically heated air. The use of a conical entry nozzle
followed by a transition section as discussed by Cresci9 sim-
plifies the machining of nozzles with small throats. Numerous
profiles for different stagnation conditions for a range of
Mach numbers between 7 and 10, using a program described
by Conlan10 for the computation of the potential flow nets,
were therefore compared, and the feasibility of this approach
for the desired tunnel stagnation conditions was demon-
strated.

The actual profile was based on Cresci's coordinates for
the inviscid region, using a half-expansion angle of 8° at
Mach 7, since agreement in contour shape is then reasonably
close up to Mach 12. The best basis for boundary-layer
estimation at hypersonic Mach numbers appeared to be the
Lee correlation7

0.0064

Fig. 6 Enthalpy vs weight flow at constant power.

with d = 2.55*

which is similar to that given by Ruptash11 for a two-dimen-
sional nozzle in the region 1 < M < 7. Here I is the con-
tour length and M is the Mach number at exit from the
nozzle. Since the second finite differences of slope showed
too great a scatter, the profile was smoothed by substitution
of a 10th order polynomial to obtain interpolated diameters
at junctions in the hardware. The computed nozzle was
also partly cut back to avoid unnecessary closure of the
isentropic core. Separate throats were constructed for
Mach 7 and 10 conditions, the design altitudes being 110,000
and 155,000 ft respectively (points close to the lower bound-
aries of the arc operating area shown in Fig. 1). These
throats were made cylindrical, with I* = d*, in order to
eliminate the usual Mach number disturbance that otherwise
occurs on the axis of the working section.7

The liner of each throat section is made of beryllium copper;
in order to preserve the supersonic contour, the liner is fixed
to the stainless steel housing at the downstream-end and is
free to expand toward the upstream-end by means of a sliding
"0-ring" seal. The throat section is cooled by high-velocity,
high-pressure water (blowdown system previously described
in connection with electrode cooling). The Mach 7 throat has
been operated at design conditions, but the operating capa-
bility of the Mach 10 throat is yet to be established.

With respect to heat transfer at the very high fluxes in-
volved in the nozzle throats, some measurements have been
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Fig. 8 Mach 7-10 arc-heated hypersonic propulsion
tunnel.

obtained at fluxes up to 3.2 Btu-in^-sec"1 in subsonic sec-
tions connected to arcs. Some of this work was done with
straight tubes, and some with a convergent air-dilution
and mixing section attached to an arc. In these cases, the
data correlated well with the familiar Dittus and Boelter
equation for fully developed turbulent pipe flow: Nu =
0.023 ReQ-s Pr°-33. One would not really expect this equa-
tion to apply for a nozzle throat, even one with a straight
section, but if it were used to extrapolate to the Mach 10,
155 kft altitude conditions, it would predict a peak heat
flux of approximately 45 Btu-in.^-sec"1 in the Mach 10
throat. Other estimates made by D. G. DeCoursin and F.
W. Larsen of Fluidyne^ showed considerably higher heat
fluxes (e.g., 90 Btu-in.^-sec"1 using the simplified Bartz12

formula for nozzle heat transfer (reduced by the factor of
f to accord with experimental data for hot air) for the same
Mach 10 conditions just considered).

Figure 8 schematically illustrates the remaining major
components of the facility, which are largely conventional.
The exit diffuser design relied largely on information pro-
vided by the investigation described by Harris and Mc-
Cormick.13 The diffuser has proved capable of better than
normal shock recovery without a model in the test section
(thereby permitting operation above the upper bound of Fig.
1), but the oscillation of the high-energy core has made it
difficult to determine a representative average recovery
figure.

An estimate of the variation of test section Mach number
with simulated altitude has been made.** To do this, the
variation of M with A /A* over small ranges of M at M =
7 and 10 was first determined by computing a suitable range
of profiles for each of several closely spaced Mach numbers
at different altitudes, on the basis of flow continuity. After
"smoothing" these results, a series of boundary layers at the
various altitudes corresponding to values of M were "in-
serted" into the fixed geometry. Mach numbers for the
various altitudes were then obtained from the A/A* plot.
Results obtained so far from running at Mach 7 appear to
confirm the trend shown.

Figure 9, a typical Mach number traverse at a simulated
altitude of 150,000 ft, shows a good agreement between the
measured and the calculated boundary layer. To obtain
such data, a water-cooled pitot probe was employed during

^ The detailed mechanical design and fabrication of the hyper-
sonic tunnel were done by Fluidyne Engineering Corporation.

** Altitude data for altitudes above 155,000 ft were taken from
Ref. 14.

IMACH 7 NOZZLE
CORRESPONDING ALTITUDE: 150,000 FT
PLANE OF TRAVERSE: 1-3/8 IN. FROM

NOZZLE EXIT

Fig. 9 Working section pressure traverse at 150,000 ft
simulated altitude.

a run of approximately 2-min duration at constant stagnation
pressure. Figure 10, which shows the relationship of simu-
lated Reynolds numbers to the just described arc tunnel
operating area and a possible flight corridor, clearly indicates
the desirability of increasing the stagnation pressure to as high
a value as possible in view of the closeness of the desired
operating area to that for which the viscous interaction param-
eter M*/(Re)1/2 has a value greater than unity.12 f t Tnis

aerodynamic consideration renders model testing increasingly
undesirable at high Mach number if the Reynolds number is
not simultaneously increased. It may be noted that the
test rhombus will readily accommodate the characteristically
slender form of hypersonic-cruise vehicle model suggested by
the 1-ft streamwise dimension referred to in Fig. 10.

Summary

A form of d.c. arc unit embodying a single split-ring water-
cooled electrode pair has been developed as a heater for a
propulsion tunnel of approximately 1-ft2 test section used in
simulating the conditions of hypersonic flight in respect to

•%THIS REGION NOT DESIRABLE FOR 1/10 SCALE MODEL
( 1 FT ) AS A RESULT OF THE EFFECT OF THE VISCOUS
INTERACTION PARAMETER, M3 /

105

MACH NUMBER

Fig. 10 Reynolds number simulation in APL Hypersonic
Propulsion Laboratory. Use of a 10-ft scale for a model
will drop the heater capacity outline by one cycle of Re.

If Acknowledgment is made to R. Cramer for calling attention
to this effect.
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static pressure and temperature at altitudes between 90,000
and 220,000 ft. Operation has been demonstrated at
pressures up to 1250 psia, running times up to 2 min, and in-
put powers up to 10.2 Mw (at over 60% efficiency for the
higher mass flows). Air weight flows up to 5.0 Ib-sec"1 have
been run. Units have also been employed for materials
testing and in supersonic combustion experiments. The
propulsion tunnel utilizes interchangeable throats to produce
Mach 7 and 10 flows, the corresponding design altitudes being
110,000 and 155,000 ft. Good agreement between measured
and calculated boundary layers has been demonstrated.
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Gridding is the association of earth coordinates with satellite observations. This paper
describes a geometrical method for gridding the pictorial frames of cloud data obtained by
the vidicon system in the Nimbus Satellite. It is shown that the particular formulation of
the problem leads to an explicit bilateral mapping procedure between earth coordinates and
image plane coordinates that has desirable computational consequences. Results of a typi-
cal gridding computation are presented.

Nomenclature

X, Y, Z = coordinates of geocentric inertial axis system
D = distance from origin of geocentric inertial axis

system to satellite
R, P, W = local coordinate system on the satellite orbit, with

R and W axes in orbit plane
X', Y', Zf = body axes; origin is coincident with origin of

the R, P, W axes
X,Y = normalized variables that range between —1

and +1, in traversing the camera image
planes

e = subscripted, denotes unit vector along specified
coordinate axis

Received June 7, 1963; revision received January 10, 1964.
Developed under NASA Contract NAS5-3116. The author is
indebted to L. Byrne of the NASA Goddard Space Flight Center
for his encouragement and support of the method. H. Jung
of General Electric provided the competent programming assist-
ance to reduce the ideas to an efficient computational scheme.
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PX) PY = scanning planes that sweep the cameras,
specified by a line of constant X or Y and a
point at center of camera lens

Ux, UY = unit normals to the PX, PY planes, respectively
<£, 0 — surface coordinates (latitude and longitude,

respectively) on nonrotating earth model
</>', 0' = latitude and longitude, respectively, on ro-

tating earth model
X, n, v = direction cosines relative to inertial axes
X7, //, v' = direction cosines relative to body axes
12 = longitude of ascending node, deg
i = angle of inclination, deg
OR, BP, 6w = angles of roll, pitch, and yaw
coe = earth's angular velocity

Introduction

A MAJOR problem inherent in the use of satellites for
observation purposes is the difficulty of "gridding"

an observed event, i.e., relating it to a geographic point on
the earth. To know that a cyclonic formation exists is cer-
tainly of less value than knowing that a cyclonic formation
is present in the Texas panhandle. Pinpointing observa-
tions geographically also affords a dynamic interpretation


