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ABSTRACT

A thermal management study was conducted
for the benchmark Puised Plasma Thruster (PPT).
Temperature measurements were made for the thruster
electrodes, capacitor, ground transmission line, Teflon
fuel bar surface, and along the Teflon fuel bar length.
Experimental results showed that anode temperatures
were significantly higher than cathode temperatures.
Measured Teflon surface temperatures indicated that
the Teflon surface near the anode was significantly
hotter than near the cathode due to heat conduction
from the anode. In general, all PPT component
temperatures increased monotonically at decreasing
rates with time. Analysis of the experimental data for
the benchmark PPT isolated system demonstrated that
radiative heat loss is the main mechanisim for heat
dissipation.

INTRODUCTION

The Pulsed Plasma Thruster (PPT) has
exhibited a renewed interest for use in satellite station
keeping, drag makeup, and orbit raising largely because
of its simplicity and robustness. It is a high specific
impulse device but suffers from low thrust efficiencies
ranging from 1.5% to 12%"*.

Recent numerical simulations of the LES-6
PPT compared well with experimental data for
electrical behavior and impulse bit®, but the numerical
simulation greatly under predicted the experimentally
determined mass loss, this led to the consideration that
late-time ablation from the Teflon surface (i.e, between
pulses) is the main contributor to the ablated mass loss
difference. This late-time ablation of C,F, can result
because of elevated Teflon surface temperatures. The
late-time ablated particles just evaporate from the
Teflon surface and are accelerated gas-dynamically
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along the electrode channels This neutral flow
represents an inefficiency and results in a reduced
thrust efficiency and effective specific impulse.

In addition, performing temperature
measurements of the different PPT components will
result and lead to a better understanding of the energy
deposition processes and heat loss mechanisms in
PPTs. This understanding will lead to ways of
improving PPT performance.

EXPERIMENTAL FACILITIES AND
BENCHMARK PPT THRUSTER

Thermal management experiments using the
benchmark PPT were performed at NASA Lewis
Research Center (LeRC) Electric Propulsion
Laboratory, Cleveland, Ohio. Experiments were
performed in the bell-shaped vacuum facility 54
(VACFAC 54). VACFAC 54 has an interior diameter
of 51 cm and is 100 cm long. A 25 cm diameter recess
that is 15 cm long allows the pumps to evacuate the
chamber. VACFAC 54 is evacuated using an oil
diffusion pump in conjunction with a roughing pump.

The PPT thruster used for these experiments
is the Benchmark PPT’ depicted in Figure 1. The Oil-
filled pulse discharge capacitor is made by Maxwell
Laboratories, it has a capacitance of 30uf (actual 32
uf). The capacitor has a cylindrical metal case whose
diameter is 8.4 cm and is 8.9 cm long. The capacitor
has a 2 kV voltage rating with a maximum peak current
of 25 kA. Electrodes were made of oxygen-free-
copper. In the text, ‘ anode’ will refer to the electrode
that is initially the anode, while the ‘cathode’ will refer
to the electrode that is initially the cathode. The anode
is 3.81 cm long and 2.54 cm wide while the cathode is
4.45 cm long and 2.54 cm wide. The anode has a 0.1
cm step 1.27 cm from its bottom surface while the
cathode has a 1.27 cm diameter hole for the ignition
spark plug centered at 2.71 cm from the cathode
bottom surface. The spark plug used and ignition
exciter circuit are manufactured by Unison Industries.
The ground and hot transmission lines were made of
0.64 cm thick aluminum. For the 2.54 cm gap



configuration (configuration 1), the ground line is 32
cm long and 9.15 cm wide with two 6.6 cm x 6.6 cm
openings to allow for the insertion of the hot electrodes
and the Plexiglas insulating Teflon feed assembly. For
the 3.81 cm gap configuration (configuration 2), the
ground line is 34.54 cm long and is 9.15 cm wide with
two 6.6 cm x 7.87 cm openings to allow for the
insertion of the hot electrodes and the Plexiglas
insulating Teflon feed assembly. The hot transmission
line is 21.6 cm long and 2.54 cm wide. The
benchmark PPT was operated at a frequency of 1.04 Hz
for all of the tested energy levels.

EXPERIMENTAL PROCEDURE

Electrode, Capacitor, and Ground Transmission
Line Temperature Measurements

Attempts were made to record the electrode
temperatures while the PPT was firing. A circuit was
designed where the Analog Devices AD5S95CQ
hermetically sealed monolithic thermocouple amplifier
with cold junction compensation was used in
conjunction with an operational amplifier and a high-
current transfer ratio optical isolator. The optical
isolator was used to provide voltage isolation from the
high voltages encountered during PPT operation. A
number of optical isolators with isolation voltage-
holdoffs of 5kV to 50 kV were tested. The testing was
performed by epoxying the thermocouple wire to one
of the thruster’s electrodes and then attempting to read
the optical isolator output voltage on the low side.
Although the circuit was floating, the optical isolators
eventually brokedown and that caused the operational
amplifier and the AD595CQ chip to get damaged. A
number of different tests were performed, and in all
tests, voltage breakdowns occurred and destroyed the
chips. Voltage breakdowns were probably occurring
because of the high frequency regime that the PPT
operates in; the high frequency oscillations would
cause capacitive grounding, thus allowing current to
flow in the circuit and uitimately damaging the circuit
components.

As a result of the voltage breakdowns, the
anode and cathode back surfaces were taped with two
layers of 0.05 mm thick Kapton tape, and OMEGA CC
high temperature high thermal conductivity epoxy was
used to glue the thermocouple wires in place. For each
electrode, two type-K gauge 30 themocouple wires
were epoxied at 0.95 cm and 2.79 cm from electrode
top edge. [Initially, the themocouple wires were
electrically isolated from the electrodes, but it was
noticed that during PPT operation arcing was occurring
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at the thermocouple flange. In addition, the hand-held
electronic readouts readings were erroneous and they
would randomly turn off. Thus, it was decided to take
electrode temperature measurements while the PPT was
not firing. The thruster was run for three 2-minute
intervals, then for three 3-minute intervals, then for
three 5-minute intervals, then for three 7-minute
intervals, and the reminder of the run time was
performed in 11-minute interval durations.  The
stoppage in thruster operation between intervals was
for one miunte during which temperature
measurements were recorded.  The error in the
temperature measurements due to the stopping of the
thruster firing, and that due to the time lag in measuring
the temperatures at the four stations was -5 °K.

The capacitor and ground transmission line
temperature measurements were performed at two
locations, respectively. For the capacitor, one
thermocouple wire was taped to its upper surface while
the other to its middle surface. For the ground
transmission line, one thermocouple was taped 2.54 cm
to the left of the center of the plate and the other 2.54
cm to the right of the center of the plate. For all of the
aforementioned temperature measurements two layers
of 0.05 mm thick Kapton tape were taped to the
location of the desired measurement, then the
thermocouple wire was taped in place.

Teflon Temperature Measurements

Teflon surface temperature measurements
were performed for the two benchmark PPT
configurations previously described. For configuration
1, tests were performed at 20 J and 40 J, and for
configuration 2 only at 40 J.  Temperature
measurements were made along the midplane
interelectrode spanwise direction, the midplane
widthwise direction, and along the depth of the Teflon
fuel bar. For configuration 1, four 2.69 cm(H) x
2.54 cm(W) x 2.54 cm (L) Teflon pieces were made.
For the midplane interelectrode spanwise temperature
measurements, six 0.20 cm diameter holes were drilled
with a 0.36 cm spacing between the hole centers. The
first hole center is located 0.36 cm from the cathode
surface. For the midplane spanwise direction, six
0.20 cm holes were drilled with a 0.36 cm spacing
between the hole centers, The first hole center is
located 0.36 cm from the edge of the Teflon fuel bar.
For configuration 2, two 3.8lcm(H)x 2.54 cm(W) x
1.69 cm(L) were made. For the interelectrode spanwise
temperature measurements, six 0.20 diameter holes
were drilled with a 0.55 cm spacing between the hole
centers. The first hole is located 0.55 cm from the
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cathode surface. For the midplane widthwise direction,
the hole pattern is the same as configuration 1. For all
the configurations, the holes were 0.16 cm from the
surface of the Teflon fuel bar exposed to the ablating
arc. Type-K 30-gauge thermocouple wires were
inserted into the holes, the ball joint diameter was
0.50 mm which corresponds to a response time of 1.3
sec. Figures 2a and 2b show a schematic of the hole
patterns for configuration 1 for both the midplane
interelectrode spanwise direction and the midplane
widthwise direction; respectively.

For the temperature measurements along the
length of the Teflon fuel bar, data was taken at 0.16,
0.48, 0.79, and 1.11 cm from the Teflon ablating face
at the center of the Teflon fuel bar. Four 0.11 cm
diameter holes were drilled. To minimize the
interference between the holes the spacing between the
holes was chosen as 3 hole diameters. In addition, the
holes were drilled through four different surfaces. The
0.16 cm and 0.48 cm deep holes were drilled through
the two side surfaces of the Teflon fuel bar in contact
with the propellant assembly, the 0.79 cm deep hole
was drilled through the surface in contact with the
cathode electrode, and the 1.11 cm deep hole was
drilled through the bottom surface. This arrangement
aligns all the holes along the same line with minimal
interference between the holes. Figure 2c shows a
schematic of the hole patterns. For these measurements
type-K 36 gauge thermocouple wire was inserted into
the holes, the ball joint diameter was 0.254 mm which
corresponds to a response time of 0.45 sec. To insure
good thermal contact between the thermocoupie wire
tips and the Teflon surface, OMEGA CC high
temperature high thermal conductivity epoxy was used.

The thermocouple outputs were converted to
a voltage reading using AD595CQ thermocouple
amplifier. The AD595CQ produces a 10mV/C output
from a type-K thermocouple signal, and it has a
calibration accuracy of +3°C. Six AD595CQ chips
were placed inside a 22 ¢cm x 15 cm x 5 cm Nema-4
rated enclosure, which was placed inside VACFAC 54.
A 9-volt battery was used to power a 5-volt single
ended voltage regulator which powered the six chips.
The battery was placed outside the vacuum facility and
the output of the chips was read with six hand-held
fluke voltmeters. For the first 70 minutes of a given
test data was manually recorded every minute and then
data was recorded every 2 to 5 minutes depending on
the temperature gradient.
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EXPERIMENTAL RESULTS

Electrode, Capacitor, and Ground Transmission
Line Temperature Measurements

Electrode, capacitor, and ground transmission
line temperature history profiles for the 20 J/2.54 cm
gap, 40 J / 2.54 cm gap, and 40 J / 3.81 cm gap cases
are presented in Figures 3, 4, and S; respectively. For
the 40 J cases, the tests were only run for 85 min. at a
repetition rate of 1.04 Hz ( 41.6 W) because the
capacitor reached a temperature of 323 K which
exceeded its maximum rated temperature. For the
20 J / 2.54 cm case, as can be seen in Figure 3, the
anode reached a temperature of 360 K and the cathode
reached 325 K after 118 min. For the same time
duration the capacitor reached a temperature of 318 K
on its upper surface and 316 K on its middle surface.
The ground transmission line temperature was 314 K.
For the 40 J / 2.54 cm case, as can be seen in Figure 4,
the anode reached a temperature of 380 K and the
cathode reached 337 K after 85 min. For the same
time duration the capacitor reached a temperature of
327 K on its upper surface and 323 K on its middle
surface. The ground transmission line temperature was
322 K. Forthe 40 J/ 3.81 cm case, as can be seen in
Figure S, the anode reached a temperature of 376 K
and the cathode reached 330 K afier 85 min. For the
same time duration the capacitor reached a temperature
of 322 K on its upper surface and 319 K on its middle
surface. The ground transmission line temperature was
321 K. From the above results, it is noted that in all
cases anode temperatures were considerably higher
than cathode temperatures mainly due to the kinetic
energy delivered to the anode via the electrons
accelerated through the anode fall region, whereas the
cathode cools via thermionic emission®. In addition,
the electrode temperatures were higher for the 40 J case
when compared to the 20 J case.

Teflon Temperature Measurements

Teflon surface temperature measurements for
the 20 J / 2.54 cm gap, 40 J / 2.54 cm gap, and
40 J/3.81 cm gap cases are presented in Figures 6, 7,
and 8; respectively. In Figure 6a, results are presented
for the interelectrode region measurements , these
results showed that the measured temperature of 351 K
near the anode four degrees higher than the 347 K
measured near the cathode. It is important to note here
that this temperature gradient is within the accuracy of
the measurement but the trend persisted throughout the
duration of the test for this case. In figure 6b, the
temperature profile across the spanwise direction of the



midplane was uniform and reached an average
temperature of 347 K. In Figure 7a, results are
presented for the interelectrode region measurements ,
these results showed that the measured temperature of
369 K near the anode was 18 degrees higher than the
352 K measured near the cathode. In figure 7b, it is
noted that the thermocouple wire terminals that were
recording the temperature near the anode crossed,
therefore, temperature measurements were not
obtained at that location, but for the other locations a
uniform temperature profile was reached with an
average temperature of 359 K. In Figure 8a, results are
presented for the interelectrode region measurements,
these results showed that the measured temperature of
362 K near the anode was 17 degrees higher than the
347 K measured near the cathode. In figure 8b, the
results showed that a2 uniform temperature distribution
was reached with an average temperature of 349 K. It
is important to note here that for all the aforementioned
cases the anode was hotter than both the cathode and
the Teflon surface. This indicated that the Teflon fuel
block was being heated by way of heat conduction
from the anode. = The depthwise Teflon fuel bar
temperature measurements were made but the error in
the measurements is larger than the difference that is
being measured between the diffrent depths. This
might have been caused by the fact that the type-K 36
gauge thermocouple wire was coated with Nylon which
is rated for a maximum temperature of 93 °C.

ANALYSIS
Conduction and Thermal Inertia

A zeroth order heat transfer model was used to
match the experimentally measured time varying
temperature profile for the Teflon fuel bar, electrodes,
capacitor, and the ground transmission line. The
principle of conservation of energy was applied to the
desired control volume. The governing differential
equation is’

dT

CV—-=
P dt

KA

Q _T(T —TL) 1)

where pCV is the heat capacity of the material under
consideration in W/K, T is the mean temperature in K,
x is the thermal conductivity in W/(m.K), A is length in
m over which temperature gradient occurs, and Q is the
heating rate in W. The first term in the equation is the
rate of energy storage inside the control volume, the
second term is the heating rate being applied to the
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control volume, and the third term is the rate of heat
loss to a reservoir with temperature T,. A general
solution to equation 1 is

T(t)=T, +( %)( 1-exp(-kt)) ()

where q = Q/(pCV) in K/sec and k = (x A /pCVA) in
1/sec. The temperature profiles presented in figures 3
through 8 for the thruster electrodes, capacitor, ground
transmission line, and Teflon fuel bar were fitted with
an equation that has the form of equation 2. This
mode] was based on a conduction model to a reservoir
that is held at temperature T,, determining Q for q
requires knowledge of p, C, and V for the components
being considered. For the benchmark PPT, finding
these effective p, C, and V is not trivial due to the
complexity of heat flow direction for the PPT. For all
the fitted temperature profiles, it is noted that all PPT
components’ temperature increased monotomically at
decreasing rates with time.

Radiative Transfer

The benchmark PPT components reach a
steady state temperature, thus indicating that the
amount of heat flux into the PPT control volume is
equal to the amount of heat being lost by the various
PPT components. Thus, it is important to calculate the
amount the PPT components lose due to radiation. The
radiated heat loss was calculated according to

Q T =A mrfu:ee o (T (:nu! -T:\m—) (3)

where A, is the surface area in m? € is the
emissivity (used €=0.5), o is the Stefan-Boitzmann
constant and is equal to 5.67X10®* W/m?K*, and T, is
the temperature of the surroundings and is taken to be
300 K. When the different PPT components reach their
steady state temperature distribution, the dominant
mechanism for heat loss will be radiation. It is
important to note here, as can be seen from Figure 9,
that the only path for conductive heat transfer is from
the aluminum transmission ground line to the copper
grounding plane. By setting the rate of heat conduction
from the ground transmission line equal to the rate of
radiative heat loss by the copper grounding plane, the
steady temperature of the grounding plane, T,, can be
caiculated and the rate of radiative heat loss by the
copper grounding plane ( Q e Can be calculated.

Results of radiated heat by the different PPT
components and the calculated T,, and ( Q, ),pp are
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presented in Table 1. In Table 1, for the 20 J /2.54 cm
case, the power loss due to radiation is 5.01 W which
accounts for 23% of total input power. The measured
mass loss was 26 pg/pulse, which corresponds to a
frozen-flow power loss of 3.37 W, while the thrust
power at 20 J was 1.66 W (at 8% efficiency).
Calculated values of T,, and ( Q ,)eopper are 321 K and
12.41 W; respectively. These power losses total
22.45 W . In Table 1, for the 40 J / 2.54 cm gap case,
the power loss due to radiation is 7.64 W which
accounts for 18% of total input power. The measured
mass loss was 42.2 pg/pulse, which corresponds to a
frozen-flow power loss of 5.52 W, while the thrust
power at 40 J is 3.33 W (at 8% efficiency). Calculated
values of T,, and ( Q). are 337 K and 19 W;
respectively. These power losses total 35.5 W . In
Table I, for the 40 J/ 3.81 cm gap case, the power loss
due to radiation is 6.84 W which accounts for 16.5% of
total input power. The measured mass loss was
55ug/pulse, which corresponds to a frozen-flow power
loss of 6.84 W, while the thrust power at 40 J is 3.33 W
(at 8% efficiency). Calculated values of T,, and

( Q copper are 330 K and 15 W; respectively. These
power losses total 32 W. It is important to note here
that these radiative power losses account for at least
80% of the total input power for any of the test runs
and hence forth confirms the dominance of radiative
heat loss.

CONCLUDING REMARKS

Benchmark PPT thermal
management was conducted. Experimental results
indicated that anode temperatures are significantly
higher than cathode temperatures, thus resulting in the
Teflon fuel bar being heated via conduction form the
anode. For the benchmark PPT, radiation heat loss is
the main mechanism for cooling the PPT in steady
state. Operating the PPT at a higher power level , i.e.
at 40 J at 4 Hz frequency (160 W), will result in higher
PPT component temperatures ( using (Q Jopper =60 W
(37.5% of 160 W) get T, =380 K).
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Figure 6a. Thermocouple values for 20J, 2.54 cm case.
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Figure 6b. Thermocouple values for 20J, 2.54 cm case.
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Figure 9. Benchmark PPT heat flow for 40J, 2.54 cm gap.

Component 20J, 40J, 40J,
2.54 cm 2.54 cm 3.8l cm

Gap Gap Gap

Anode 0.69 1.03 0.92
Cathode 0.24 0.36 031
Capacitor 2.31 3.65 3.41
Ground 1.66 2.41 2.03

Line

Teflon 0.11 0.19 0.19

Table 1. Radiative Heat loss for the different benchmark PPT components for 20.8W and 41.6W.
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