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Plasma Ignition and Combustion of JA2 Propellant
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Experiments were performed to investigate the effects of various parameters on plasma-driven ignition and
combustion of a double-base propellant under closed-chamber conditions. The parameters varied include input
electrical energy, nozzle length and inner diameter, nozzle exit to propellant distance, as well as propellant sample
thickness. Chamber pressure was measured to determine the ignition delay and to deduce the regression rate.
High-speed images of the plasma jets and combustion event were also recorded. At low plasma energies, rapid,
plasma-driven burning occurred, but self-sustained burning was not achieved. With moderate plasma energies,
combustion of the propellant exhibited a two-stage burning behavior: one stage of plasma-driven rapid burning
that occurred during the plasma pulse and a second stage of slower self-sustained burning that occurred with a
clear delay after the first stage. When plasma energy was increased further, the two-stage behavior became less
distinct and eventually disappeared, leaving only one stage of burning. Nozzle length and diameter affected the
ignition and combustion characteristics as a result of energy losses from the plasma as it flows through the nozzle.
The propellant burning behavior is also affected by both nozzle–sample distance and sample thickness. High-speed
images revealed vigorous motion of gases in the closed chamber, which was induced by the plasma jet. Also, the
images showed what appeared to be JA2 fragments; this observation was confirmed by recovery of fragmented
propellant after some of the tests.

Nomenclature
c = specific heat
dc = capillary diameter
dN = nozzle inner diameter
E = electrical energy stored in plasma generator
Evap = energy for vaporization at standard state
hvap = heat of vaporization at normal boiling point
I1 = electrical current flowing through capillary plasma
I2 = electrical current flowing parallel to I1

L N = length of nozzle (cathode)
Lc–s = distance between capillary exit to propellant sample
Ln–p = distance between nozzle exit to stagnation plate
Ln–s = distance between nozzle exit to propellant sample
ms = mass of JA2 propellant sample
p = pressure
R = electrical resistance
t = time
ts = thickness of propellant sample
Vc = volume of test chamber
�p = peak pressure rise caused by propellant

combustion only
�τ = time duration of the second stage of burning

Introduction

T HE electrothermal–chemical (ETC) propulsion concept has
been the subject of substantial research activities as reviewed

in Refs. 1–7. This propulsion concept, which utilizes electrically
generated plasma for ignition, has potential application in both
medium- and large-caliber weapon systems. Results from labora-
tory experiments and actual firing tests have revealed that the use
of ETC plasma ignition can offer several attractive benefits over
conventional chemical powder ignition, such as precision ignition
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in terms of shorter and more reproducible ignition delay,8 miti-
gation of gun performance sensitivity to ambient temperature,9,10

better controlled propellant mass generation rates,11 and the ability
to ignite reliably low-vulnerability ammunition propellants12 and
high loading density propellant charges.13,14 However, optimization
of the ETC igniter design relies on a clear and complete understand-
ing of the underlying fundamentals that account for these observed
benefits.

The ignition source of ETC guns is in the form of an electrother-
mal plasma that is produced through a rapid capacitive discharge
process, where electrical energy is converted into various other
forms, including internal, kinetic, and chemical energies. The sub-
millisecond duration of the electrical discharge is achieved through
selection of the electrical circuit components, generally consisting
of the capacitors, the inductors, and the plasma (the resistor15) gen-
erated by exploding a thin metallic wire in a capillary and sustained
by the ablation of surrounding capillary wall material of either the
propellant16 or a hydrocarbon polymer.17−21 The electrical connec-
tion between the electrodes that is initially provided by the wire is
then continued by the plasma. Using the trigger wire in the capillary
allows a highly efficient initiation and establishment of the plasma.22

The behavior of the electrical circuit, the trigger wire explosion phe-
nomenon, as well as the fluid mechanics of the plasma propagation
into a stagnant atmosphere are fairly well understood.23−29 However,
many other aspects are much less understood, such as the underly-
ing causes for the measured shorter ignition delay, enhanced burn
rate during the electrical discharge, and differences in the extent of
the interaction between the plasma and various propellants.

Numerous studies have been conducted to provide basic or phe-
nomenological information about the plasma–propellant interaction
process. Early studies revealed the ability to minimize the effect of
the propellant’s initial temperature on the burn rate.30 This was ac-
complished by adjusting the plasma injection process and power
levels, to achieve breech pressures at their maximum levels for a
broad range of initial temperatures.

Several works have been performed trying to characterize the ETC
plasma impact on the ignition and combustion of JA2 propellant dur-
ing and following the plasma pulse. Koleczko et al.16 have studied
burn-rate differences between graphite-containing and graphite-free
JA2. The burn-rate enhancement for transparent JA2 was signifi-
cant and lasted well beyond the duration of the plasma pulse. For
graphite-containing JA2, burn-rate enhancement was much less, but
much larger compared to the use of a conventional igniter. The re-
sults were explained by 1) in-depth absorption of radiant energy that
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produced decomposition of energetic molecules, 2) formation of in-
ternal voids (porous structure) and fragmentation of propellant by
decomposition gases, and 3) increased surface area for conversion
of propellant into final products. Birk et al.17 studied JA2 response
to plasma in both interrupted and noninterrupted test configurations
and found burn rate of JA2 was enhanced by 40–120% during the
plasma pulse but not after it. Pesce-Rodriguez et al.31 and Beyer
and Pesce-Rodriguez32 used desorption-gas chromatography–mass
spectroscopy on recovered JA2 samples from interrupted tests. They
concluded that subsurface reactions occurred in plasma-exposed
samples based on the evidence of in-depth (0.75 mm) denitration
of JA2 possibly due to radiation absorption, although in-depth pro-
file was not consistent with radiation absorption by Beer’s law. No
conclusions were made whether denitration was caused by thermal
or photochemical effects. In addition, microscopic investigations
revealed the formation of pits and wormholes that produced an in-
creased surface area and possible burn-rate augmentation. Katulka
et al.33 used a configuration where the propellant samples were
either fully exposed to plasma normal impingement, or covered
with Mylar® or aluminum films to separate conductive and convec-
tion effects from plasma radiation effect. The Mylar film is opaque
for wavelengths below 300 nm. In general, Mylar-covered samples
showed little or no evidence to the effects of radiation, because ig-
nition did not occur. Hence, the UV radiation component appears
to be important. Bourham et al.34 studied the effects of plasma im-
pinging angle on the ignition and combustion characteristics of JA2.
Results showed evidence of an enhanced burn rate at pressures of
55–90 MPa over 400-µs pulse length, and 20–40% enhancement
in burn rate was achieved for parallel injection, whereas a factor
of three increases in burn rate was observed with normal injection.
Taylor35 reported that results from small-scale closed vessel tests
and large-caliber 155 mm tests suggested radiative energy transfer
from plasma to propellant is negligible for ignition, but metallic va-
por deposition is important to efficient ignition and with a shorter
ignition delay. Also, in Taylor’s work,36 it was found that wire mass,
capillary dimensions, and propellant composition and initial temper-
ature made no measurable difference in the ignition delay. However,
the amount of electrical discharge energy had a distinctive influence
on ignition delay.

These research efforts have provided many insights to the vari-
ous mechanisms and, hence, a greatly improved understanding of
plasma ignition mechanisms. However, a complete understanding is
critical to the development of the ETC technology; therefore, con-
tinuing research is needed. This paper reports results from recent
experimental work on characterizing the ignition and combustion of
a double-base propellant, JA2, driven by the ETC capillary plasma.
An effort of visualizing the plasma–propellant interaction during
ignition and combustion was made, which is believed to be very
helpful to aid in the interpretation of many other experimental data.
The overall objective of this work is to gain insights from parametric

Fig. 1 Schematic of test setup for plasma ignition.

studies that will contribute to the formulation of a complete under-
standing of the various chemical and physical processes occurring
in plasma–propellant interactions.

Experimental Apparatus and Approach
Plasma Generator

The capillary plasma-generation system is schematically shown
in Fig. 1. The pulse-forming network (PFN) is based on a resistance–
inductance–capacitor circuit, which is mainly composed of an en-
ergy storage component that consists of two high-voltage fast-
discharge capacitors connected in parallel to yield a total capacitance
of 192 µF, pulse-shaping components including a 20-µH inductor
and a crowbar diode, and a floating high-voltage mercury switch
(ignitron) as the trigger unit. The capacitors can be charged up to
10 kV, yielding maximum energy storage of 9.6 kJ. The plasma
chamber consists of a capillary liner, a fine metallic wire, elec-
trodes, and other conducting or nonconducting housing hardware.
The capillary liner is typically made of either high-density polyethy-
lene (PE, [C2H4]n) or polycarbonate (Lexan, [C16H14O3]n), which
is machined to have a bore length of 26 mm and a typical diameter
of 3.2 mm. Located at either end of the capillary are two electrodes
made of erosion-resistant material, elkonite, a copper–tungsten al-
loy (30% Cu, 70% W). Inside the capillary is a fine copper filament
that is connected between the electrodes and serves as the discharge
initiator. After being formed immediately on triggering of the igni-
tron, the plasma flows through a nozzle that has typical dimensions
of 3.2 mm (inner diameter) and 26 mm (length) into open air or a
closed chamber.

Test Chambers
Two closed chambers with different configurations were used in

the experiments. The first one, as shown in Fig. 1, has dimensions
of 3.5 cm in length and 2.1 cm in diameter, corresponding to a net
volume of 15.8 cm3. An insert was used to allow variation in the
chamber volume, and for tests conducted with this chamber, the
actual volume was 6.5 cm3.

The second one is an optically accessible windowed chamber
(shown in Fig. 2), which was fabricated to allow photography of pro-
pellant ignition and combustion processes. The windowed chamber
measures 3.5 cm long with a 4.3 cm diameter, yielding a net vol-
ume about 48 cm3. The chamber is equipped with a 2.0-cm circular
viewing port, and the optical window can withstand pressures up to
20 MPa.

In general, a sample holder, with one end screwed into the end
plate of the closed chamber, brings the propellant sample close to
the nozzle exit to enable normal exposure to the plasma jet. For tests
with no propellant, an inert substitute having the same size with the
propellant sample was used to maintain the same chamber volume.
Two pressure transducers (P.T.) were mounted in different locations
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Table 1 Effect of plasma energy on discharge and burning behavior of JA2 with ms = 500 mg
and Vc = 6.5 cm3

E , I1 peak , τpulse-length, pplasma-peak, ppeak-in-pulse, �p,a τsecond-stage, τend-combustion, �τ,b

kJ kA µs MPa MPa MPa ms ms ms

0.38 3.15 179 4.8 5.4 0.6 143 191 48
0.60 4.76 180 7.1 8.5 1.4 6.5 49 43
0.86 6.32 191 11.0 12.4 1.4 2.2 33 31
1.56 9.38 262 16.1 23.0 6.9 0.39 7.9 7.5
2.40 12.70 310 21.3 42.1 20.8 0.31 1.38 1.1

a�p = ppeak-in-pulse − pplasma-peak. b�τ = τend-combustion − τsecond-stage.

Fig. 2 Sectional view of the windowed chamber.

to allow simultaneous measurement of pressure time history in the
chamber. A venting hole was connected to a solenoid valve for
depressurization of the chamber as needed.

Diagnostics
Diagnostics included measurements of electrical currents and

chamber pressures resulting from plasma jet expansion and propel-
lant combustion and capture of images of evolving plasma jets and
burning propellant. Pearson coils were used to measure the currents
including I1, which flows through plasma inside the capillary, and
I2, which flows parallel with I1 but though a non-inductive resistor
bank (denoted as R2 in Fig. 1). The instantaneous voltage across the
plasma can then be deduced from I2 and the resistance of R2, which
is connected in parallel with the flow of I1.

Two types of Kistler pressure transducers were used, with Model
211B3 having a measuring range of 0–500 psig (0–3.45 MPa) and a
rise time of 2 µs for lower pressure measurement and Model 211B1
of a much higher measuring range of 0–10,000 psig (0–68.95 MPa)
and a rise time of 1 µs for higher chamber pressure measurement.
To minimize thermal and electromagnetic effects of plasma on the
pressure transducers in closed-chamber testing, recess mounting
was adopted to allow the use of a thin layer (∼1 mm) of vacuum
grease between the sensor diaphragm and plasma. This treatment
proved to be effective in protecting the pressure transducers from
overheating and from direct exposure to the charged particles in the
plasma. A check with compressed air showed no evidence that this
grease layer affected the rise time of the pressure transducer.

Images were taken using an intensified, multiple charge-coupled
device (CCD) imaging system, Cordin 222-B, which consists of
8 CCDs and is capable of acquiring 16 images, each with a pixel
resolution of 1300 by 1030, a 10-bit dynamic range, and exposure
gates down to 10 ns. The first eight images can be acquired at a
framing speed of up to 108 frames/s, followed by a delay of 1 µs,
and then a second set of eight images at the same framing rate is
acquired.

A Nicolet 120 MultiPro high-speed data acquisition system along
with its ProView software was used for pressure and current mea-
surements.

Results and Discussion
Results from pressure measurements under various test conditions

will be presented first, followed by discussion of the photographic
results of the plasma jets and the burning propellant. The propellant
used in all tests was a double-base gun propellant JA2. The test
samples were cut from JA2 cylindrical sticks, which have a diameter
of 10.9 mm and seven 0.5-mm perforations.

Pressure Measurements
Two sets of experiments were performed to investigate the effects

of plasma parameters and test conditions on ignition and combustion
characteristics of JA2. The first set of tests was conducted in the
smaller chamber (6.5 cm3) to achieve a higher propellant loading
density. During the tests, the input electrical energy was varied from
0.38 to 2.40 kJ. The second set of tests was conducted to investigate
the effects of nozzle length and inner diameter, the distance from
nozzle exit to propellant sample (hereinafter referred to as nozzle–
sample distance) Ln–s, and propellant sample thickness ts . These
experiments were performed in the 48-cm3 windowed chamber to
allow imaging as well as pressure measurements to be carried out.
Both PE and Lexan capillaries of 3.2 mm diameter were used in these
tests; however, the type of capillary material did not result in any
observable differences in ignition or combustion of the propellant.

Plasma Energy Effect
It is expected that more electrical energy input to the plasma will

ensure more effective ignition of the propellant charge. In actual
ETC weapon system applications, however, minimizing the require-
ment of input electrical energy for ignition is important for overall
system design. Therefore, tests were conducted to determine the
minimum electrical energy needed to ignite the propellant charge
effectively and reliably. Typical results of tests with differing in-
put electrical energies are summarized in Table 1 and plotted in
Figs. 3–6. Each test used the same amount of JA2, approximately
500 mg, to give a loading density about 0.08 g/cm3, and the nozzle–
sample distance was held at 5 mm for all tests.

In Table 1, E refers to electrical energy stored in the pulsed power
source; typically about 95% of the stored energy is deposited into the
generated plasma through ohmic heating. The duration of discharge
pulse, τpulse-length, is measured from time zero to the time when the
discharge current has decreased to a value on the order of 10−3 kA.
Here pplasma-peak is the peak pressure caused by the plasma jet alone,
with no propellant present; it was obtained by firing the plasma into
the chamber with an inert substitute in place of the propellant sample.
The pressure rise, �p, is the difference between pplasma-peak and
ppeak-in-pulse; the latter is the in-pulse peak pressure resulting from a
combined effect of plasma jet expansion and propellant combustion
during the plasma pulse. The start of the second stage, τsecond-stage,
is defined as the time when pressure starts to rise for a second time
after the pulse. The time for completion of burning, τend-combustion, is
taken as when pressure trace reaches a second peak.

Figure 3 presents the chamber pressure as a function of time on
different timescales, 0–5 and 0–300 ms; the shorter timescale shows
details of the plasma-driven burning. Figure 4 presents a comparison
of discharge power for five plasma energy levels, which illustrates
variation in peak power and pulse length. Figure 5 shows variations
in pressure rise due to hot gaseous products from ablation and/or
burning of JA2 samples during the pulse.



LI, LITZINGER, AND THYNELL 47

a)

b)

Fig. 3 Effect of plasma energy on ignition and combustion of JA2:
Vc = 6.5 cm3, ms = 500 mg, and Ln–s = 5 mm.

Fig. 4 Discharge power at varied electrical energies.

As expected based on work of past researchers,30 input energy
has a significant influence on the ignition and entire burning of the
propellant. With the energy at 1.56 kJ, the pressure trace in Fig. 3a
clearly indicates a two-stage burning behavior: a fast combustion
within the plasma pulse that appears to extinguish before the pulse
ends at about 0.26 ms, which is followed by a second ignition after
which the propellant sample burns to completion over a relatively
long period of time (7.5 ms). When plasma energy is increased
(2.40 kJ data), the two-stage behavior becomes much less distinct;
burning is sustained from plasma-driven ignition to completion and
occurs over a much shorter period of time about 1.1 ms. When less

Fig. 5 Plasma energy effect on peak pressures and in-pulse pressure
rise.

Fig. 6 Plasma energy effect on the second stage of burning.

plasma energy is used, the pressure rise due to burning during the
plasma pulse decreases (Fig. 5), and the delay time between the two
stages lengthens. Figure 6 presents a summary of the timescales of
the second-stage burning as a function of input energy. The delay
time and length of the second stage vary strongly with input energy.

These results indicate that the minimum electrical energy re-
quired to achieve sustained burning without significant two-stage
burning behavior is approximately 1.56 kJ for a loading density of
0.08 kg/cm3 under the current test conditions. With this input en-
ergy, however, other changes in test conditions can still bring about
significant changes in JA2 burning behavior, as will be discussed in
the following sections.

Nozzle Geometry Effect
As the plasma flows through the nozzle (cathode), it experiences

viscous effects and heat transfer. It is, therefore, likely that noz-
zle dimensions would affect the plasma flow and the actual energy
available to ignite the propellant. Therefore, tests were conducted
to determine the effects of the nozzle length and inner diameter on
the plasma and its interaction with JA2.

Although the ETC plasma is sustained by ablation of capillary
wall material, for a plasma generator having a configuration shown
in Fig. 1, the total mass in the plasma jet comprises contributions
from several sources, including the end electrode (anode), the trigger
wire, the nozzle (cathode), the capillary, and the air that is initially
in the capillary. Generally, because the nozzle undergoes intense
radiative and convective heating by the hot plasma flowing through
it at high velocities, ablation of the nozzle surface material provides
a major fraction to the total plasma mass. As a result, the mass
of metallic particles dominates the total mass of the plasma jet.
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Table 2 Effect of nozzle dimensions on plasma mass: E = 1.56 kJ, dN = 3.2 mm, Lexan

Plasma mass sources

Test Nozzle i.d., mm Nozzle length, mm Capillary, mg Nozzle, mg End (anode), mg Wire, mg Air,a mg Total mass, mg

0291 4.7 13 5.1 1.6 1.4 2.7 0.2 11.0
0293 3.2 13 6.5 5.1 1.6 2.7 0.2 16.1
0295 3.2 28 6.1 14.8 1.6 2.7 0.2 25.4

aAir initially trapped in the capillary.

Table 3 Properties of electrode materiala

Material g/mol c kJ/kg/K MP, K BP, K hvap, kJ/mol Evap, kJ/g

Cu 63.546 0.38 1356.6 2843 300.3 5.69
W 183.85 0.13 3683.2 5773 824.0 5.19

aCopper and tungsten.

Table 4 Plasma energy loss due to nozzle ablation, E = 1.56 kJ

Nozzle Nozzle Ablation of Energy for Fraction
Test i.d., mm length, mm nozzle, mg ablation, kJ of E , %

0291 4.7 13 1.6 0.009 0.58
0293 3.2 13 5.1 0.027 1.84
0295 3.2 28 14.8 0.079 5.33

Fig. 7 Effect of nozzle dimensions on plasma chamber pressure:
Vc = 48 cm3 and E = 1.56 kJ.

However, in terms of mole fraction, it is the species ablated from
the hydrocarbon capillary that have dominance (about 90%) over
all other species.37

Table 2 lists typical results that compare the influence of nozzle
length and inner diameter on the contributions of each source to
the total mass. Distinctive differences in nozzle ablation mass were
found for the three nozzles. The energy loss due to ablation of the
Cu/W alloy used in the nozzle was estimated under the assumption
that ablation was caused by vaporization only, which is reasonable
given the high plasma temperature [>10,000 K (Ref. 19)] well above
the boiling points of copper and tungsten. The data used in this
calculation, including molecular weight (MW), melting point (MP)
and boiling point (BP), are presented in Table 3.

Table 4 summarizes the energy loss associated with ablation and
shows that it accounts for as much as 5.33% for the longer nozzle,
but only 0.58% for the shorter nozzle of a 3.2 mm i.d. This difference
is large enough that it should lead to differences in plasma behav-
ior. Figure 7 presents the results of chamber pressure when plasma
entered the closed chamber through these nozzles. As expected, the
discrepancies in pressure traces are correlated reasonably well to
those found in ablation energy losses.

Not surprisingly, the use of these nozzles would produce differ-
ence in the ignition of JA2 by the plasma. Representative results
of using these nozzles are presented in Figs. 8 and 9. For illustra-
tion purposes, also included in Fig. 8 are the variations in nozzle

Fig. 8 Nozzle length effect on JA2 burning behavior: Vc = 48 cm3,
E = 1.56 kJ, ms = 255 mg, and dN = 3.2 mm.

a)

b)

Fig. 9 Nozzle i.d. effect on JA2 burning behavior and discharge cur-
rent: E = 1.56 kJ, ms = 255 mg, LN = 13.5 mm, and Ln–s = 5 mm.
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configuration corresponding to the plots labeled as a, b, and c. Three
comparisons can be made based on the results in Fig. 8: a vs b, a
vs c, and b vs c. Comparison of a and b illustrates the effect of
the nozzle–sample distance, which will be discussed in detail later;
thus, discussion here will be focused on the last two cases. As indi-
cated, the nozzle–sample distances in a and c were kept at 5 mm, but
test c used a longer nozzle (28 mm), resulting in a longer ignition
delay and a slower burn rate and, hence, a lower peak pressure due
to greater energy loss to the chamber walls during combustion. It
appears that the longer nozzle caused more energy loss from the
plasma, resulting in longer ignition delay times. Another possible
reason is that although the nozzle–sample distances were the same,
the distances from the capillary exit to the sample, Lc–s, were dif-
ferent, so that, with the longer nozzle, the plasma has to travel a
longer path to reach the propellant. In addition to enabling more
heat transfer from the plasma to the nozzle wall, the longer noz-
zle also enables more momentum loss due to the viscous boundary
layer that develops along the nozzle inner surface, which then re-
duces the mass flow rate of the plasma at the nozzle exit, resulting
in a reduction in the heating rate of the propellant by the plasma.
This boundary-layer effect may be further evidenced to some extent
by comparing test c with b, where the propellant sample was kept at
the same location relative to the capillary exit, but a shorter nozzle
was used to reduce both nozzle ablation effect and boundary-layer
effect. The resultant difference in pressure traces can be seen but
is much less pronounced compared to that of a vs c, which may
suggest that Lc–s is more critical than Ln–s to propellant ignition.

However, it seems that the differing behaviors in JA2 ignition
and burning cannot be explained only by those effects already men-
tioned, as shown in Fig. 9a, which presents typical results from tests
that used nozzles of the same length (13 mm) but different i.d. As
shown in Tables 2 and 4, the ablation mass and ablation-associated
energy loss of the 3.2-mm i.d. nozzle are three times that of the
4.7-mm i.d. nozzle, and based on the foregoing analysis, longer ig-
nition delay and lower burn rate should be seen with the smaller
i.d. nozzle, but the result shows the opposite trend. Accordingly,
some other factors related to nozzle i.d. must exist that exert a major
influence on the ignition process.

In the formation of the capillary plasma, the electrical energy is
converted into thermal energy of the plasma through ohmic heating,
and thus, the temperature and pressure of the plasma are closely
related to the discharge current. Figure 9b shows a comparison of
the discharge current when using the two different nozzles. It is
likely that the differences in the peak current and the discharge
pulse length are responsible for the resultant behaviors in the ignition
and combustion of the propellant. This current effect has also been
evidenced in the work of Kappen and Beyer,38 who examined the
response of a transparent JA2 to plasma radiation and found that
with almost the same energy a higher peak current caused more
structural damage of the propellant.

Effect of Nozzle–Sample Distance
Another factor that has an influence on the ignition and combus-

tion of the JA2 propellant is the nozzle–sample distance. It has been
found in a previous work that a shorter Ln–s enables more ablation
of the propellant.39 In the present work, experiments with different
values of Ln–s were carried out to study how this parameter would
affect the burning behavior of the propellant. A typical result is in
Fig. 10. For each test, a JA2 sample of 260 mg (2.3 mm thick) was
used, and the electrical energy was kept at 1.56 kJ. Nozzles having
the same dimensions (dN = 3.2 mm and L N = 26 mm) were used
for these tests, and three nozzle–sample distances were considered,
including 3, 8, and 15 mm. Differences can be seen in both early
response of the propellant and in its overall burning characteristics.
It appears that the response of the JA2 sample to plasma during the
pulse is negligible for the test of Ln–s at 15 mm because its pressure
trace is very similar to that of the test with no propellant. For the
two shorter nozzle–sample distances, plasma–propellant interaction
was evident within the pulse, an indicator of early conversion of the
propellant sample from solid to gaseous products due to ablation
and decomposition.

Fig. 10 Influence of nozzle–sample distance on burning behavior of
JA2: ms = 260 mg, Vc = 48 cm3, and E = 1.56 kJ.

This effect is essentially attributed to the dependence of heat trans-
fer rates on the nozzle–sample distance, which affects the heating
of the propellant in several ways. First, as Ln–s increases, the plasma
mass flux that comes to a contact with the propellant becomes
smaller, resulting in a lowered heat transfer rate from the plasma
to the propellant. Second, higher values of Ln–s cause more reduc-
tion in the recovery of temperature due to radiation loss and possibly
also because of the formation of stagnation bubbles in the region
between the propellant surface and the Mach disk in the plasma jet.
The stagnation bubble is formed as a result of interactions of plasma
jet shocks with the plate shock that is generated when a freejet is
impinging on a plate.40,41 Consequently, the convective heat trans-
fer rates will slow down with longer Ln–s. Third, from a radiation
heat transfer point of view, because the solid angle projected on the
sample surface from any point in the jet is inversely proportional
to the square of the distance from this source point to the sample,
radiative heating of the propellant by the plasma will be attenuated
with longer Ln–s. Fourth, as will be seen in the photographic study,
at Ln–s = 5 mm, the mushroom-shaped bright core, representing the
hottest part of the plasma jet, maintains contact with the propellant
surface during most of the plasma event. Within this hottest mush-
room region, although the local density is much higher than that
at Ln–s = 15 mm, recombination reactions may not prevail yet be-
cause the temperature is still extremely high, and therefore, plasma
species are present mainly as small ions and radicals, which would
actively participate in the chemical reactions that lead to ignition of
the propellant.

Effect of Sample Thickness
Heat flux measurement by Williams and White42 found an ef-

fect of sample thickness on the bulk temperature rise of JA2 after
exposure to the plasma, which showed that the temperature rise
of 1-mm-thick JA2 was twice that of a 2-mm-thick JA2 sample.
Hence, it is expected that thinner JA2 samples should ignite eas-
ier with shorter ignition delay than thicker ones. Experiments were
performed to explore this effect. The results are shown in Fig. 11,
where three sample thicknesses were considered including 1.5, 2.8,
and 3.2 mm, which correspond to weights of 163, 317, and 360 mg.
As shown, a clear correlation can be seen between the sample thick-
ness and the ignition delay. The pressure curves differ from those
presented in Fig. 3 due to the use of the large combustion cham-
ber (48 cm3), which lowered the chamber pressures and thus also
the burning rates. Bulk temperature rise may explain the sample
thickness effect; however, propellant fragmentation leading to in-
creased burning surface area may also be playing a role. As will
be discussed with the following photographic results, the thinner
JA2 samples would break into smaller fragments under the severe
thermal and gas dynamic conditions induced by the plasma jet.
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Photography of Evolving Plasma Jets and Burning JA2
In an earlier work,39 an attempt was made to photograph the

response of a JA2 sample to the plasma in an open-air configuration,
and a typical result is shown in Fig. 12. In this test, the sample holder
brought the JA2 sample close to the nozzle exit with Ln–s at 5 mm.
The core of the plasma maintained contact with the sample surface
throughout the plasma discharge, but no self-sustained burning was
achieved due to the lack of confinement of the plasma–propellant

Fig. 11 Effect of sample thickness on burning behavior of JA2:
Vc = 48 cm3, E = 1.56 kJ, and Ln–s = 5 mm.

Fig. 12 Typical 1.56-kJ plasma jet impinging on JA2 propellant sample in open air at nozzle–sample distance of 5 mm.

Fig. 13 Evolving plasma jets (E = 1.56 kJ) in open-air (top) and closed-chamber (bottom) and discharge current and plasma pressure in the chamber.

interaction. Although the 4.5-mm-thick JA2 sample survived the
normal impingement of the plasma jet, plasma interaction caused a
25-mg mass loss of the propellant. The images (Fig. 12) did not show
observable evidence of ignition of this part of propellant, which is
likely attributed to a luminosity overlapping effect.

The present photographic study continued the previous work but
was conducted in a closed chamber in an attempt to achieve ignition.
Initial tests were conducted in hope to capture plasma ignition of
JA2 samples within the discharge pulse by taking advantage of the
high temporal resolution of the CCD imaging array. However, it
was found that the luminosity of burning JA2 was much less than
that of the plasma, and so no images were obtained. In principle,
appropriate filters can optically attenuate the plasma brightness but
may not ensure a solution to solve this problem. Alternatively, the
brightness of plasma can be separated from that of burning JA2 by
prolonging the delay between the first stage and second stage of
burning through the use of lower plasma energy, larger Ln–s values,
or larger chamber volume. In addition, to maximize the viewing
area of the optical window, and to have a relatively low operating
pressure to protect the window, a larger chamber volume is more
desirable. Therefore, the windowed chamber was designed to have
a relative large volume (48 cm3) for the photographic work.

It has been found that, when using a PE capillary, a considerable
amount of soot was formed when the plasma cools after entering
the chamber. Compared to PE, Lexan produces less soot due to the
presence of oxygen in its composition. Therefore, Lexan capillaries
were used to minimize soot contamination of the chamber window.

Figure 13 presents a comparison of evolving plasma images in
the closed chamber to that in open air, with test setups and image
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Fig. 14 Plasma-ignition burning JA2 in a closed chamber, Vc = 48 cm3, E = 1.56 kJ, and Ln–s = 5 mm (top); plasma-induced hot gases under the same
test conditions (bottom); and corresponding pressure traces from tests with and without JA2 (center).

Fig. 15 Plasma-ignition burning JA2 (1.8 mm thick, 200 mg) in closed chamber showing a fragmented piece: Vc = 48 cm3, E = 1.56 kJ, and Ln–s = 5 mm.

sizes shown in the last image of each row. A discharge current trace
representative for both closed-chamber and open-air configurations
is presented to illustrate the pulse duration and the correlation of the
current with the plasma luminosity. The chamber pressure resulting
from the evolving plasma is also included in Fig. 13 to illustrate the
pressure corresponding to each image in the closed chamber. As one
can see, both test configurations generated plasma jets that exhibit
the features of underexpanded supersonic jets. However, differences
are also evident. In open air, because the ambient pressure is constant
at 1 atm, the jet keeps growing after emerging from nozzle exit
until it reaches a fully developed state around t = 120 µs, after
which it varies little in its structure and size. However, in the closed
chamber, because the ambient conditions (pressure and temperature)
are changing with time over the event, the jet size undergoes a
growing (in length and breadth) and then shrinking (in breadth)
process, and the shock system is also varying, that is, the barrel
shock is shrinking and Mach disk is pushed back toward nozzle
exit due to the increasing pressure in the chamber. This dynamic
feature suggests that the increase of chamber pressure would lead
to a decrease in jet penetration through the charge bed of an ETC
gun. In early times, however, for example, when t = 60 µs, because
chamber pressure is still low, the jet grows very fast. In general, the
jet has a much smaller size in a chamber than in open air under the
same test conditions. Accordingly, the overall density in the plasma
within the jet should be greater in the chamber than in open air and
a more aggressive plasma–propellant interaction can be expected.

Figure 14 shows burning JA2 and plasma-induced high-
temperature gases in the closed chamber; also included are the corre-
sponding burning pressure trace and plasma pressure from a baseline

test with an inert substitute sample. The top row in Fig. 14 shows
that ignition occurred no later than 10 ms after firing the plasma,
and evidence of ignition was seen at multiple spots, an indication
of fragmentation of the propellant sample, which is possible given
the small thickness (2.3 mm) of JA2 sample and the short nozzle–
sample distance (3 mm). The test with an inert sample shown in
the bottom row of Fig. 14 indicates that the brightness in images at
5 ms mostly comes from plasma-generated hot gases. Furthermore
Fig. 14 shows gas motion that accompanies the burning process, re-
sulting from expansion into the chamber. As a comparison, Fig. 15
presents a test that employed an even thinner (1.8-mm) JA2 sample
to increase the likelihood of fragmentation. As can be clearly seen,
from t = 10 ms, a fragment was captured, as was its movement with
the gas.

Conclusions
Experiments have been conducted in closed chambers to study

the behavior of JA2 propellant during exposure to an ETC plasma.
The results from parametric studies indicated that plasma energy has
a significant influence on ignition and combustion of the propellant.
At low plasma energies, rapid, plasma-driven burning occurred, but
self-sustained burning was not achieved. With moderate plasma en-
ergies, combustion of the propellant exhibited a two-stage burning
behavior: one stage of plasma-driven rapid burning that occurred
during the plasma pulse and a second stage of slower self-sustained
burning, which occurred with a clear delay after the first stage.
When plasma energy was increased further, the two-stage behavior
became less distinct and eventually disappeared, leaving only one
stage of burning. Nozzle length and diameter affected the ignition
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and combustion characteristics as a result of energy losses from the
plasma as it flows through the nozzle. The propellant burning be-
havior is also affected by both nozzle–sample distance and sample
thickness.

The plasma luminosity is considerably brighter than that of burn-
ing JA2, so that it was not possible to capture the ignition and plasma-
driven burning of the propellant during the pulse. Hence, the ignition
delay was sufficiently prolonged through using a large test cham-
ber to separate the ignition and burning of the propellant from the
plasma pulse. Consequently, only burning images (Figs. 14 and 15)
in the second stage were captured. The images revealed vigorous
motion of hot gases in the closed chamber, which was induced by
the plasma jet and are expected to enhance heat transfer and, thus,
to enhance the burn rate. Under certain test conditions, fragments
of the propellant were clearly visible in the photographs, suggest-
ing that fragmentation occurs before and/or during the ignition and
combustion processes.

Results from this experimental work should aid in the formation
of a more complete understanding of plasma–propellant interaction
and provide information needed to optimize the development of the
plasma igniter for ETC propulsion applications.
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