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Fig. 1. Schematic of RANT.

dicated a need for a systematic study of the effect of various
protuberances on the near wake flow properties.
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Nomenclature
D = base diameter
d = cylinder diameter
Fb = force on annular base
Fs = force on cylinder
L •= cylinder length
M = freestream Mach number
n = boundary-layer velocity power law coefficient
pb = base pressure
pe = equivalent base pressure [Eq. (1)].
Po = freestream stagnation pressure
ps = base pressure on cylinder
R = Reynolds number
TO '= freestream stagnation temperature
5 = boundary-layer thickness
8* = displacement thickness
6 = momentum thickness

Introduction
T^TUMEROUS experimental investigations of axisymmetric
X i| base flow regions have shown that the low pressure re-
circulation region associated with blunt based supersonic
vehicles contributes significantly to the total drag of the
body. Since most wind-tunnel measurements of base pressure
and/or drag have been made with sting mounted models,
the effect of base mounted cylinders or protuberances on the
recirculationflowfield has been discussed and debated by many
investigators. Furthermore, the influence of instrumentation
booms mounted in the wake of free-flight vehicles has been of
recent interest. Sieling and Page1'2 have reviewed much of
the available experimental literature. Their results have in-
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Apparatus
A series of tests was conducted in the Rutgers Axisymmetric

Near Wake Tunnel (RANT)3 which was specifically designed
for studies of supersonic turbulent axisymmetric near wakes
in the absence of supports or freestream disturbances. As
shown in Fig. 1, the unique feature of RANT is an upstream
sting which was designed as an integral part of the nozzle to
produce a uniform flow over a model of 76.2mm diam. The
freestream test conditions were M= 3.88, R = 5.12 x 107/m,
Po = 105.2 nt/cm2, and T0 = 293° K ± 10° K. The turbulent
boundary layer on the base model had the following measured
properties: n = 7.3, S = 8.75mm, o* = 3.56mm, 6 = 0.435mm.
Short cylinders were attached to the base of the tunnel's up-
stream sting. Figure 2 shows a schematic of the model con-
figuration.

Ten different diameter cylinders were tested. The ratio of
cylinder diameter to model diameter (djD) varied between
0.083 and 0.666. The length of each cylinder was varied from
a full length of approximately two base diameters to zero
length in small increments to insure that data were obtained
throughout the significant points of the near wake region.

For each test, the cylinder was screwed into a blunt base of
76.2 mm diam. making sure no leaks were present. Four
pressure taps, equally spaced around the circumference of the
model and located 4mm upstream from the base, permitted
the freestream static pressure to be measured. Equal pressure
readings from these taps insured that the model was aligned
properly and the flow was indeed axisymmetric. Six pressure
taps on the base were used to measure the pressure acting on
the base. Two taps were each located at radii 20.6, 27.0 and
34.9mm. A final pressure tap was located at the center of
the cylinder base. All the pressure taps had a diameter of
0.71mm.

All the pressure measurements were made with a Statham
0-5.2 nt/cm2 transducer and a Scanivalve. The signal was
recorded as a deflection on an x-y plotter. The transducer,
Scanivalve and recorder were calibrated as a instrumentation
system with a Texas Instrument precision pressure gage. All
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Fig. 2. Model configuration and flow pattern.
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Fig. 3. Effect of cylinder length on equivalent base pressure.

system pressure measurements were accurate to ±0.007
nt/cm2.

Results

In order to determine the effect of the base mounted cylinder
on the drag, an equivalent base pressure was defined as follows

Pe=pb[l-(d2/D2)]+psd2/D2 (1)
Thus when the equivalent pressure is multiplied by the model
base area, it produces the same force on the base as that ob-
tained with the cylinder present (Fig. 2). This quantity was
compared to the pressure on a plain blunt base. The per-
centage change in equivalent pressure was plotted against
the dimensionless length of the cylinder. The step height, i.e.,
(D — d), was used to normalize the cylinder length.

A typical plot of percentage change in equivalent pressure
vs the dimensionless length of the cylinder is shown in Fig. 3.
This particular case, for which d/D = 0.333, displays the
trends that were found for all cases in which d/D > 0.250.
For all these cases, a maximum increase in equivalent pressure
is found for dimensionless lengths between 0.3 and 0.7 while
a local minimum is found for lengths between 0.9 and 1.2.
As the length scale exceeds 1.5, a constant value of equivalent
pressure is achieved for each cylinder diameter.

Color schlieren photographs were taken for each configura-
tion tested by replacing the conventional schlieren knife edge
with a tricolor filter. Significant flowfield changes observed
by this technique are marked A, B, C and D, respectively, in
Fig. 3. For instance, at point C, the primary free shear layer
has attached to the cylinder. As the cylinder length is in-
creased, the secondary expansion region and recompression
shocks become quite visible. The photographs also showed
that beyond point D in Fig. 3 there is no further change in the
flow structure.

Composite plots of the results from 180 tested conditions
are presented in Figs. 4 and 5. A 30% increase in equivalent
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Fig. 4 Equivalent base pressure vs cylinder length.

Fig. 5. Equivalent base pressure vs cylinder length.

base pressure was the maximum change recorded. It oc-
curred for the geometrical configuration of d/D = 0.666 and
L/(D — d) = 0.600. In some cases, the cylinder caused a nega-
tive change in the equivalent pressure, i.e., an increase in base
drag. For example, with d/D = 0.250 and L/(D -d) = 1.200,
the equivalent pressure decreased by approximately 10%.

The cases for d/D equal to 0.083 and 0.125 show a length
effect which is not as pronounced as for the larger diameter
cylinders. This agrees with previous data which show that
small diameter stings do not affect the base drag to any great
extent.4

Detailed analysis of the two contributing base forces
showed, for the case of d/D = 0.333, that the force on the
cylinder (Fs) increased only slowly as the cylinder was length-
ened, and was significantly less than the base force on the
annulus. However, the base force on the annulus (Fb)
changes with cylinder length, having distinct maximum and
minimum points at L/(D — d) = 0.650 and 1.15, respectively.
Hence, it is the change in annulus base pressure with cylinder
length which dominates the equivalent base pressure, as shown
in Fig. 4. On the other hand, for d/D = 0.666, it is the base
force on the cylinder which makes the major contribution to
the total force (i.e., equivalent base pressure). This is pri-
marily due to the increased area over which the sting pressure
acts. However, as in the previous case, it is the change in
annulus base pressure which determines the maximum and
minimum points in the total force.

Conclusions

A detailed experimental investigation of the influence of
base mounted cylinders on the near wake of an axisymmetric
blunt based body has been completed. The data show that
the near wake is significantly influenced by short base mounted
cylinders. Indeed, a large increase in base force and conse-
quently a decrease in base drag can be obtained by the careful
selection of the geometry of a base cylinder. A maximum in-
crease in equivalent pressure of 30% was observed for d/D =
0.666 and L/(D - d) = 0.600. The effects on the flow pattern
are in general agreement with the theoretical understanding
of supersonic near wakes.5
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IN the past decade many studies have been made of low-
thrust thrusters for such missions as satellite station-

keeping or attitude control. Recently some promising
experimental results were reported for low-thrust plasma
thrusters (steady or pulsed), which are physically and electri-
cally simpler than electrostatic thrusters (ion or colloid)
and reliable in operation.1'2

The Duoplasmatron, an arc-type plasma source due to
M. von Ardenne,3 has been used as an ion source for electro-
static thrusters.4'5 This plasma source, with a baffle
(Zwischenelektrod) and a magnetic coil, can be operated at
high-ionization efficiency (low neutral emission) with a
variety of propellants, by means of the effect of mechanical
or thermal constriction and magnetic constraint. This
Note is concerned with the development of a simple low-thrust
plasma thruster, composed of a Duoplasmatron-type plasma
source and a magnetic nozzle. In the present device, the
magnetic nozzle is produced by the same magnetic coil used
in the plasma source (Fig. 1). The results of the experiment
with hydrogen propellant show moderate thrust efficiencies
in the range of relatively high specific impulse. Although the
background pressure is not sufficiently low to obtain accurate
data of the performance of the thruster, these experimental
results demonstrate its capability as a low-thrust plasma
thruster.

Apparatus and Experimental Procedure

The performance of the thruster depends sensitively upon
the shape of the baffle (mild steel) and the anode (copper).

MAGNETIC COIL
PROPELLANT

'ANODE HOLDER

CATHODE

PIRANI-GAGE-2

WATER—:

MILD STEEL
COPPER
TEFLON

0 1 2 3cm WATER

Fig. 1 Schematic of MPD thruster of Duoplasmatron-type.
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Fig. 2 Detail of electrode arrangement and magnetic field map.

The arrangement shown in Fig. 2 was finally adopted in the
present experiment. This arrangement of the baffle and the
anode holder (mild steel) permits shaping of the magnetic
field (magnetic nozzle) such that it diverges in the exhaust
region, when electric current flows through the magnetic
coil. The magnetic field map in the figure was obtained by
using iron filings. The average density of magnetic flux is of
the order of 3000 gauss (coil current : 2.5 amp) at the throat of
the magnetic nozzle.

In the present device with the thermionic cathode, the arc
discharge can be initiated without any auxiliary equipment. 5
In the steady operation of the thruster, the baffle is maintained
slightly positive of floating potential. The arc discharge
produced is constricted by the baffle canal with throat of
3 mm diam (mechanical or thermal constriction), and the
axial magnetic field between the baffle-tip and the anode
further constrains the discharge (magnetic constraint). The
combined effect causes formation of a cloud of hot dense
plasma, which is expelled through the anode orifice of 5 mm
diam and expands in the magnetic nozzle. The thruster
has been operated mainly with hydrogen propellant, although
some preliminary operations with argon propellant were
also made. The gas pressure measured by Pirani gage 1 and
2 (Fig. 1) are of the order of 0.5 and 0.1 torr, respectively, for
ordinary operating conditions.

The experiment was conducted in a 25-cm-diam by 40-cm-
long bell jar, and the background pressure was maintained
at about 2.5 x 10~3 torr (H2 flow rate: 0.028 mg/sec) or
3 x 10 ~ 2 torr (H2 flow rate: 0.033 mg/sec). It is reported
that the background gas interferes with the normal thrust-
producing mechanism, reducing the exhaust velocity, and also
that it is entrained and accelerated by the thruster.6 The
experimental results shown in Ref. 6 suggest that the back-
ground pressure in the present experiment is not sufficiently
low to obtain accurate data of performance. However, the
present experiment will be useful to provide answers to the
feasibility question of a plasma thruster of this type.

The thrust was measured by a pendulum-type thrust
target. 7 A cone shape was chosen for the target, which would
reduce any error caused by sputtered and rebounding particles.
The target (cone diameter: 50 mm, length: 95 mm) was
constructed of 0.2-mm-thick tungsten and was radiation
cooled. A magnetic damper was attached to the bottom
of the target and its deflection was determined optically
with a cathetometer. In the present apparatus, the anode
orifice diameter was sufficiently smaller than the cone dia-
meter of the target, but the thruster diameter (anode holder
diameter) was larger than it. So if the target is set too close to
the thruster, the deflection of the target caused by rebounding
particles between the thruster and the target becomes notice-
able. If the target is set far from the thruster, it can not
capture the spreading plasma beam completely. In order to


