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Interaction of Capillary Plasma with Double-Base
and Composite Propellants

Jianquan Li,* Thomas A. Litzinger," and Stefan T. Thynell’
Pennsylvania State University, University Park, Pennsylvania 16802

Experiments were conducted to characterize the electrothermal capillary plasma and its interaction with a
double-base propellant, JA2, and two nitramine composite propellants, M43 and XM39, in closed-chamber and
open-air conditions. Pressure—time histories were recorded during ignition and burning of the propellants in the
closed chamber. Experimental results indicate significant differences in ignition and combustion of the propellants.
The composite propellants exhibited a two-stage burning behavior: one stage of rapid burning driven by the plasma
and a second stage of slower self-sustained burning, which occurred with a clear delay after the first stage. During
the burning that is driven by the plasma, the burn rate was largely independent of propellant type. Optical
microscopic images of recovered propellant samples showed clear physical changes in surface and possibly in
subsurface structure, an indication of in-depth melting, vaporization, and possibly chemical reactions. Plasma-
induced mass losses for the three propellants were obtained from open-air testing and compared to the values
calculated based on the pressure data from closed-chamber tests.

Nomenclature

discharge energy (stored energy in the capacitors)
electron charge

electrical current flowing through the capillary plasma
electrical current flowing parallel

to the capillary plasma

capillary length

distance between nozzle exit and stagnation plate
distance between nozzle exit and propellant sample
ablated mass of test propellant samples

electron mass

electron number density

pressure

maximum pressure

resistance of plasma within capillary

capillary diameter

time

collision frequency between electron and neutrals
collision frequency between electron and ions
conductivity of plasma within capillary
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Introduction

VOLVED from the electrothermal (ET) propulsion concept,

which uses electrical energy and a nonenergetic working fluid,
the electrothermal chemical (ETC) technique greatly reduces the
requirement for electrical energy by including chemical energy of
energetic propellants and, hence, makes possible short-term gun
system upgrades. ETC guns introduce electrical energy in the form
of ET plasma produced through exploding a metallic wire and
sustained by the ablation of surrounding capillary wall material
of either the propellant! or an inert polymer.>~® Because electri-
cal energy can be introduced to the interior ballistic process at
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desired moments through preprogramming the pulsed power sys-
tem, the ETC process can be used to ignite the propellant charge,
control its burn rate during combustion,” and even enhance in-
bore acceleration of the projectile in the postcombustion phase.?
However, recent research on large-caliber ETC guns showed that
the benefits gained from combustion control and postcombustion
enhancement are outweighed by the amount of electrical energy
consumed.’ Thus, current developments of the ETC process are
being focused mainly on the use of ET plasma in the ignition
phase.'”

Results from laboratory experiments and actual firing tests have
clearly indicated that ETC plasma ignition can offer several at-
tractive benefits over conventional chemical powder ignition, in-
cluding precision ignition in terms of shorter and more repro-
ducible ignition delay,'! mitigation of gun performance sensitivity
to ambient temperature,'>!* and the ability to reliably ignite low-
vulnerability ammunition propellants!* and high-loading-density
propellant charges.'>'® However, optimization of the ETC igniter
design relies on a clear and complete understanding of the underly-
ing fundamentals that account for these observed benefits.

Over the years, substantial research activities have been con-
ducted on the subject of plasma—propellant interaction (PPI) and
through these research efforts several hypotheses have been pro-
posed to describe the processes during PPI. One of these hypothe-
ses is that radiant heat flux from the plasma to the propellant can
lead to in-depth heating of the propellant so that it burns at higher
temperatures with an enhanced burn rate''’; another hypothesis is
that plasma species can augment the chemical kinetics at or near
the propellant surface!’; a third one is that the mechanical impact
is important, because it may produce increased surface area of the
propellant through fracture and, hence, increase the burn rate!’;
and recently it was postulated that metallic vapor deposition can
be an important heat transfer mechanism in the ignition phase.!'3~2°
These research efforts have provided many insights into the vari-
ous mechanisms and, hence, a greatly improved understanding of
PPI mechanisms. However, more complete understanding is critical
to the development of the ETC technology; therefore, continuing
research is needed.

This paper reports results from recent experimental work on char-
acterizing the capillary plasma and its interactions with a double-
base propellant, JA2, and two nitramine composite propellants, M43
and XM39, under closed-chamber and open-air conditions. The
overall objective of this work is to gain insights from parametric
studies that will contribute to the formulation of a complete under-
standing of the various chemical and physical processes occurring
in PPIs.
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Fig. 1 Schematic of the experimental setup in closed-chamber testing.

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 uF, pulse-shaping components including a 20-uH inductor
and a crowbar diode, and a floating high-voltage mercury switch (ig-
nitron) as the trigger unit. The capacitors can be charged up to 10 kV
yielding a maximum energy storage of 9.6 kJ. The plasma chamber
consists of a capillary liner, a fine metallic wire, electrodes, and other
conducting or nonconducting housing hardware. The capillary liner
is typically made of either high-density polyethylene (PE, [C,H4],)
or polycarbonate (Lexan, [C;¢H403],), which is machined to have
a bore length of 26 mm and a typical diameter of 3.2 mm. Located
at each end of the capillary are two electrodes made of elkonite,
a copper—tungsten alloy (30% Cu, 70% W), which is resistant to
material erosion. A fine copper filament of 0.16-mm diam, which
runs through the capillary and connects the electrodes, serves as the
discharge initiator. After being formed immediately upon triggering
the ignitron, the plasma flows through a nozzle that has dimensions
of 3.2 mm (orifice diameter) and 26 mm (length) into open air or a
closed chamber. The nozzle is designed to have this length simply
for accommodating to the dimensions of the plasma chamber.

Test Section

Basically, two test configurations were used in this experimental
work; one uses a closed chamber and the other is in open air. Figure
1 shows the closed chamber, which has a typical volume of 6.5 cm®
that can be varied as needed by using different inserts. A sample
holder, with one end screwed into the endplate of the closed cham-
ber, brings the propellant samples close to the nozzle exit to enable
normal exposure to the plasma jet. Two pressure transducers are
mounted in different locations to allow simultaneous measurement
of pressure—time history in the chamber. A venting hole is connected
to a solenoid valve for depressurization of the chamber after a test.
The instrumented plates in the open-air testing (not shown in Fig. 1)
were equipped with either pressure transducers for stagnation pres-
sure measurements or a sample holder for the propellant samples.

Diagnostics

Diagnostic measurements for this work include open-air stagna-
tion pressure of the plasma jet, chamber pressures resulting from
plasma expansion and propellant combustion, electrical current i;
flowing through the capillary plasma and the current i, though a
noninductive resistor bank (denoted as R, in Fig. 1), propellant ab-
lation mass loss caused by exposure to plasma in open-air normal
impingement, plasma emission images, and optical microscopy of
the surface structure of propellant samples after exposure to the
plasma.

Two types of Kistler pressure transducers were used: model
211B3 had a measuring range of 0-500 psig and a rise time of 2 us

for open-air stagnation pressure measurement, and model 211B1
had a much higher measuring range of 0-10,000 psig and a rise
time of 1 us for the chamber pressure measurements. To minimize
thermal and electromagnetic effects of plasma on the pressure trans-
ducers in closed-chamber testing, recess mounting was used to allow
the sensing area of the pressure transducer to be covered by a thin
layer (~1 mm) of vacuum grease, whereas open-air testing used
flush mounting of the pressure transducers, which were covered by
one strip of electrical insulation tape. These treatments proved to be
very effective in protecting the pressure transducers from overheat-
ing and from direct exposure to the charged particles in the plasma.
A check with compressed air showed no evidence that the grease
layer or the tape affected the rise time of the pressure transducer.

Pearson coils were used to measure the instantaneous currents
of iy and i,. The instantaneous voltage across the plasma can then
be deduced from i, and the resistance of R,, which is connected in
parallel with the flow of 7.

The ablation mass losses of propellants were obtained by weigh-
ing the sample before and after a test using a microscale and, to
determine consistency, an averaged value from at least two tests
under the same conditions was used.

Plasma jet emission images were taken using an intensified, mul-
tiple charge-coupled device (CCD) imaging system, Cordin 222-B,
which consists of eight CCDs and is capable of acquiring 16 im-
ages, each with a pixel resolution of 1,300 by 1,030, 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 10® frames per second, fol-
lowed by a delay of approximately 1 us, and then a second set of 8
images at the same framing rate is acquired.

Optical microscopy of plasma-exposed propellant samples was
performed with an Olympus FluoView 300 confocal laser scan-
ning microscope (LSM). Both fluorescence images (reflected light)
and differential interference contrast (DIC) images (transmitted
light) were taken for a morphological analysis of recovered pro-
pellant samples. A Nicolet 120 MultiPro data acquisition system
along with its ProView software was used for pressure and current
measurements.

Results and Discussion

Electrical Parameters Measurements

Figure 2 shows a typical result of the electrical parameters of
capillary discharge. The power, energy, and resistance traces were
deduced from the measured current and voltage across the capillary.
The general trends in these parameters are quite similar for all tests
under a given condition. Discharge of the capacitor begins upon
triggering the ignitron switch, and ohmic heating of the wire quickly
increases the voltage across it and initiates a process of melting,
fragmenting, and vaporizing of the wire. The spikes appearing on
resistance traces at early times represent the exploding process of
the thin wire. The sharp peaks on the voltage trace (known as “wire
burst”!®), corresponding to the last spike on the resistance curve
at 11 ws, indicate the completion of the wire explosion and the
formation of an initial plasma, which enables electrical conductance
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Fig. 2 Electrical parameters of the capillary plasma (3.2-mm capillary
bore, E =2.40 kJ).

of the circuit to continue. A small change of slope in the current
profile occurs at this time due to the shift of conducting medium
from the metallic wire to charged particles in the plasma.

As more energy input proceeds, ohmic heating increases the tem-
perature of the initial plasma to a sufficiently high level to cause
ablation of the capillary wall material (including the end electrode)
due to the extremely high flux of radiative energy.?! Vaporization and
ionization of the ablated material then produce much more plasma,
causing a sharp reduction in resistance. After this sharp decrease,
the resistance continues to decrease more slowly and then eventu-
ally increases. The variation of resistance is an indication of change
in electron number density and in the collision frequencies between
electrons and other particles. This dependence is expressed in the
equation for plasma resistance R, (Ref. 22):

R, = LL./anrc2 (D)

where L. and r, are the capillary length and diameter, respectively,
and o is the plasma conductivity, given by

nee”
o= —" 2

- me(vc—n + Vc—i)

where n,, e, and m, are the electron number density, charge, and
mass, respectively; v._, and v._; are the collision frequencies of
electron neutrals and electron ions. Clearly, the amount of plasma
in the capillary strongly affects the resistance through n, and ve_,
plus v._;. Within the capillary, the amount of plasma is determined
by two simultaneously occurring processes: addition from ablation
of capillary material and reduction due to flow out of the capillary.
These two effects will reach a dynamic balance, which does not
necessarily occur at the minimum R,,.

During the plasma discharge, the voltage across the capillary
changes very little. Consequently, variation of the current is de-
termined by the variation in the resistance. The current reaches a
peak value of 12.7 kA at ~85 us, after which it starts to decrease
until the completion of discharge at ~280 us, where the current
drops to zero and the resistance rises up to infinity. Most of the
energy initially stored in the capacitor (2.40 kJ) is deposited into
the plasma (2.36 kJ) and only a small portion (~1.6%) is consumed
in resistive losses and/or remains in the capacitor as residue. The
power curve indicates that the electrical energy from the capacitor
is discharged to the capillary plasma at varying rates, which reach a
maximum of 19.2 MW at 77 us, slightly earlier than the appearance
of the peak current.

Gasdynamic Behaviors of Capillary Plasma

Figure 3 shows two plasma images captured by the CCD camera
as well as the experimental configurations for these tests. In Fig. 3a,
the plasma fires into open air and impinges on a stagnation plate

Propellant
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Fig. 3 Dynamic structures of plasma jets in open air showing the fol-
lowing features: a) underexpanded supersonic jet and b) “swan-shaped”
shock system.
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Fig. 4 Stagnation pressures at different nozzle-to-plate distances
(E=1.56 kJ).

on which a pressure transducer was mounted, and the nozzle-to-
plate distance, L,_p, is 40 mm. In Fig. 3b, the propellant sample is
located on a sample holder with a nozzle-to-sample distance, L,_s,
of 5 mm. The two tests used the same charging voltage at 4 kV and
polyethylene capillaries with a bore of 3.2 mm. Both images were
taken with the same exposure time and aperture.

The image shown in Fig. 3a was taken at =90 us after the initi-
ation of discharge. This plasma image exhibits gasdynamic features
that are typical of highly underexpanded supersonic jets.?>~2° Sev-
eral letter labels are used in the picture to indicate key features of
the jet. Expansion waves (Prandtl-Meyer fan, labeled E) that are
formed at the nozzle exit expand into the ambient open air and ex-
tend to the jet boundary (J). They are reflected from there as weak
compression waves, which then coalesce to form a strong oblique
shock or barrel shock (B) within the plasma jet boundary. Due to the
high source pressure inside the capillary, the barrel shock undergoes
an irregular reflection, or Mach reflection, to form a triple point (T)
at the conjunction of the barrel shock, a reflected shock (R), and a
slightly curved strong normal shock or Mach disk (M). As the jet
impinges on the perpendicular plate, it is decelerated and redirected,
producing a flow in the radial direction along the plate.?® The pres-
ence of the plate makes the plasma jet flow even more complex than
that of the freely expanding plasma jets.”’ =2 As a result of inter-
action with the plate, the surface pressure on the plate oscillates,
as can be seen in the pressure data presented in Fig. 4. The plasma
image also shows what appear to be many small eddies surrounding
the barrel shock. These eddies are believed to be caused by plasma
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mixing with air along the shear layer and may also involve chemical
reaction of fuel-rich plasma species with air.

The image in Fig. 3b was taken at = 105 us with a JA2 sample
placed at L,_; =5 mm. For illustration purposes, the sample and its
holder are also shown in the picture. The distinct multiple-shock
system that is present in Fig. 3a is replaced by a “Swan-shaped”
shock wave developing in the narrow space between the nozzle exit
plane and the sample surface plane. This shock structure acts as if a
physical plate much larger than the sample existed and confined the
plasma within a 5-mm-thick region. No indication of ignition was
observed in this test even though the hottest core (dome-shaped) of
the plasma was in contact with the propellant for the entire discharge
duration (~270 us).

Figure 4 shows stagnation pressure results for tests that were
conducted with different nozzle-to-plate distances (L) with 4 kV
charging voltage using 3.2-mm bore PE capillaries. Figure 3a shows
the typical setup for these tests, where a pressure transducer was
mounted in the stagnation plate along the axis of the plasma jet.
These tests illustrate the effect of L,_, on the surface pressure that
a propellant sample would experience in normal impingement sit-
uations. Information on peak pressure, plasma transit time, and os-
cillatory variation of pressure is captured in the pressure traces.

The periodic oscillations in pressure traces have also been ob-
served in studies on normal impingement jets that issue from cold
gas sources and impinge on solid plates.>*~? In those cases, a re-
flected shock, or plate shock, is present due to the reflection of
the jet shocks from the stagnation plate. The plate shock interacts
with the jet shock system making the flowfield even more com-
plex. Alternating compression regions and expansion regions ex-
ist between the plate shock and the plate, and stagnation bubbles
or vortices may form underneath with nozzle-to-plate separations
and nozzle-exit-to-ambient pressure ratios. The plate shock moves
back and forth causing pressure to oscillate. It is reasonable to ex-
pect that, when subject to such impingements from hot plasma jets
(T > 10,000 K; see Ref. 29), the propellant will undergo mechani-
cal changes caused by the resulting mechanical and thermal loads,
and these changes could play an important role in the subsequent
ignition and combustion.

Open-Air Normal Impingement Tests

The open-air impingement tests were conducted using the con-
figuration shown in Fig. 3b, where the nozzle-to-plate distance was
fixed but the nozzle-to-sample distance was varied by adjusting the
threaded sample holder. Three gun propellants were used in these
tests: a double-base propellant, JA2, and two nitramine composites,
M43 and XM39.%° JA2 is somewhat translucent, whereas M43 and
XM39 are completely opaque. At ambient conditions, JA2 is much
more flexible compared to the other two, and M43 is the most brittle
among the three. All these propellants are cylindrical sticks having
a diameter of 10.9 mm. JA2 has seven perforations, each having a
diameter about 0.5 mm. M43 and XM39 are nonperforated.

Thin disks were cut from the sticks for testing. In the microscopy
study, all disk samples have a typical thickness around 1.5 mm, and
samples of M43 and XM39 were polished prior to plasma exposure
because cutting from sticks results in a very rough surface. With
a thickness of 1.5 mm, samples were sometimes broken into sev-
eral pieces upon the impingement of plasma when sample-to-nozzle
distances were small; this was especially true for M43 and XM39.
As a result, a relatively large spacing (L,_s =25 mm) was used in
tests designed for microscopic observation. To avoid fracture dur-
ing open-air tests for measuring ablated masses, thicker samples of
about 4 mm were used. However, even with this thickness, sam-
ples of M43 and XM39 (especially M43) tended to fragment into
several pieces at higher discharge energy and/or closer nozzle-to-
sample distances. To be sure that all sample pieces were recovered,
a relatively large enclosure of aluminum foil was used, and an av-
eraged mass loss from three tests was determined.

In the open-air testing, parametric studies were performed with
variations of L,_s ranging from 3 to 25 mm and of charging voltage
from 2 to 6 kV corresponding to energy levels from 0.38 to 3.46
kJ. Regardless of the conditions, ignition did not occur; the failure

Mass Loss (mg)
&

. M43
3 5 8 25  XM39 Propellant

a)

Mass Loss (mg)

M43
038 XM39

2.4 1.56 0.86 Propellant

Discharge Energy (kJ)
b)

Fig. 5 Ablation masses of the propellants: a) E=1.56 kJ and b) L,,.s =
5 mm.

to achieve ignition was most likely due to the lack of confinement,
because ignition threshold has been shown to be a strong function
of confinement.’! However, the open-air configuration provides an
easier way to determine propellant mass losses prior to ignition due
to ablation by plasma, because it avoids the need to interrupt the test
by, for example, reducing the chamber pressure.

Figure 5a presents typical results for mass losses of the three
propellants subject to head-on normal impingement of the capillary
plasma at different nozzle-to-sample distances. These tests were
conducted using a charging voltage of 4 kV (E = 1.56 kJ). Another
series of tests was performed at a fixed value of L,_ but at four
different energy levels. These results are presented in Fig. S5b. Table 1
lists the mass losses due to ablation for each individual test, and
the information about fragmentation is also included. As can be
seen from both sets of results, under the same test conditions, JA2
often has the largest amount of mass loss. Also, the data show the
expected trends that higher discharge energy and smaller L,_s both
result in higher mass loss. Another interesting observation is that at
higher discharge energy or smaller L,_; values all three propellants
tended to fragment into a few (sometimes many) small pieces (see
Table 1 for fragmentation information). This fragmentation would
be expected to augment the burn rate.

Two processes can contribute to the mass loss during exposure to
the plasma: surface ablation and in-depth eruptive ejection. Surface
ablation is caused by intense heating that melts and vaporizes the
surface material. During the ablation process, a thin layer of vapor
will develop between the plasma and the propellant surface to form
a vapor shield,>3* which causes a reduction in the radiative en-
ergy transport to the propellant surface, suggesting that the plasma
kinetic energy may be more important than radiative heat flux.>* It
should be noted that, for the perforated JA2, its seven perforations
provide more exposed surface area than the nonperforated compos-
ite propellants. However, examination of recovered JA2 samples
indicates only a slight enlargement of the perforation (about 0.03—
0.05 mm in diameter and 1-1.5 mm in depth), which occurred when
higher energy and smaller L,_¢ were used; thus, the ablation mass
from the perforations accounts for a small portion (about 5%) of the
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Table 1 Test-to-test variation in ablation masses of propellants in open-air testing

Test condition Mab_jA2, ME Mab_M43, Mg Mab_XM39, Mg
E, kK]  L,s,mm Testl Test2 Test3 Aver. Testl Test2 Test3 Aver. Testl Test2 Test3  Aver.
0.38 5 32 33 n/a 33 3.0 33 n/a 3.2 2.6 2.8 n/a 2.7
0.86 5 9.8 10.5 n/a 10.2 8.2 9.1 n/a 8.7 7.9 8.5 n/a 8.2
1.56 5 16.4 17.2 18.0 17.2 9.8 11.42 11.9 11.0 9.2 10.12 11.0 10.1
2.40 5 209 315 327 314 272° 278> 200° 280 260> 274> 284° 273
1.56 3 24.6 253 26.0% 253 12.6° 14.0% 14.8* 13.8 12.3% 12.9* 13.6 12.9
1.56 8 12.2 12.6 12.9 12.6 7.1 7.7 8.0 7.6 7.3 7.4 7.6 7.4
1.56 25 5.1 54 n/a 53 3.8 4.0 n/a 3.9 2.7 2.8 n/a 2.8

Tests with propellant fragmentation (2-5 pieces).  °Tests with propellant fragmentation (more than 5 pieces).

100um

Virgin Exposed Virgin

Exposed

Transmitted light Reflected light

Fig. 6 Microscopic images of plasma-exposed propellant samples
(E=3.46 kJ, L;,.s =25 mm).

total amount. Eruptive ejection is a result of the formation of high-
pressure gas bubbles in subsurface regions due to in-depth radiative
heating, which can occur depending on the optical properties of the
propellants.'3

Propellant samples recovered after the tests show significant
changes in color and surface structure. Optical microscopic pho-
tos of typical results are shown in Fig. 6, where both confocal LSM
(reflected light) and DIC (transmitted light) images are presented.
Images of virgin samples are included for comparison. Surface mod-
ification and/or in-depth structural change were observed for all
samples.

Tests of JA2 with higher discharge energies and shorter L,_s val-
ues usually resulted in color change from dark green to yellow-green
in a layer from the exposed surface down to about 1 to 1.5 mm of
the sample, and internal voids and blisters were observed along the
side surface of this layer. A very roughly pitted area about 6 mm in
diameter that was recessed about 0.5—1.0 mm from the original sur-
face was found in the region that was directly exposed to the plasma.
Also, deformation of the affected layer causes slight enlargement of
the diameter. Figure 7 shows two JA2 samples recovered after being
exposed to plasma (5 kV charging voltage with L,_; =5 mm); one
of the samples fragmented due to its small thickness (Fig. 7b).

These observations are a strong indicator that in-depth heating
causes decomposition of the propellant. Some of the gaseous decom-
position products accumulated in bubbles that burst, leaving pits in
the surface; others remained trapped inside the propellant, resulting
in internal bubbles and/or blisters. Chemical analysis of NO lev-
els in recovered JA2 samples by Beyer and Pesce-Rodriguez.>® and
Pesce-Rodriguez et al.’” using desorption gas chromatographymass
spectroscopy indicated enhancement of NO formation down to a

Recessed area

Enlarged edge

Blister

a) Sample thickness: 4.5 mm

Pitted area

b) Sample thickness: 2 mm
Fig. 7 Photos of recovered JA2 samples (E =2.40 k]J, L,.s =5 mm).

depth of 0.75 mm from the surface and suggested that NO is an
early product of decomposition of nitrate esters and is sufficiently
stable to remain trapped inside the sample. The color of the strongly
affected region looks black as a result of some residual deposits
from the plasma; Taylor'® suggested that the black region results
from deposition of copper oxide (CuO). Slight enlargement in the
perforations ranging from 0.03 to 0.05 mm was observed on the
exposed side of the JA2 sample, and the affected depth is about
1-1.5 mm, corresponding to a mass loss of about 1-2 mg.

The responses of M43 and XM39 were similar to each other but
quite different from that of JA2. The surfaces of M43 and XM39
were blackened, but otherwise no color change was observed. Pits
were found in the affected surface areas for these materials, but no
blisters or recessed areas were formed. These results suggest that ra-
diative and conductive heating is restricted to a very thin layer in the
near-surface zone, and mass losses are caused by surface ablation
only. The lack of in-depth effects of the plasma is consistent with
the fact that these propellants are opaque, whereas JA2 is somewhat
translucent; this effect agrees with the findings by Koleczko et al.!
The differences between the JA2 and the composite propellants are
expected to affect their behavior during ignition and combustion,
as will be seen in the closed-chamber results presented in next
section.

Ignition and Combustion in Closed Chamber

Closed-chamber testing was conducted in the configuration
shown in Fig. 1 to study the plasma ignition and combustion be-
havior of the three propellants. For each test, approximately 500 mg
of propellant was used, corresponding to a loading density of about
0.08 g/cm?. The plasma impinged normally to the sample surface
at a nozzle-to-sample distance of 5 mm, which is a very aggressive
condition for mass loss, ignition, and burn rate enhancement.?® The
capacitors were charged to 5 kV (E =2.40 kJ) with about 2.36 kJ
energy deposited into the plasma.
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Table 2 Summary of plasma ignition and combustion of propellants (E =2.40 kJ)

Propellant type Tpeak-power, TS Tpeak-pressure, MS Tend-of-pulse, MS Tsecond-stage, MS Tend-of-combustion, MS At,* ms
JA2 0.081 0.230 0.310 0.31 1.38 1.07
M43 0.078 0.240 0.300 3.24 4225 39.01
XM39 0.078 0.245 0.310 3.70 62.50 58.80
AT = Tend-of-combustion — Tsecond-stage -

©
o
=3
° w/o propellant
E]
% t t
[ 0.5 1 1.5
o Time (ms)

10 “Wropellant

0 4
-10 . t * t * t * t . t
0 50 100 150 200 250 300

Time (ms)

Fig. 8 Comparison of ignition and burning for JA2, M43, and XM39
(E=2.40 kJ).

Pressure histories were recorded for these tests as well as the base-
line case with no propellant. Typical results are plotted in Fig. 8 on
two time scales, 0 to 300 ms and O to 1.5 ms. The shorter timescale
plotincludes the plasma power to indicate the duration of the plasma
pulse. The results show significant differences in both ignition delay
and overall burn rate of JA2 and the composite propellants, XM39
and M43. The pressure traces of the composite propellants indicate
a two-stage burning behavior, which is most clearly visible for the
composite propellants in Fig. 8. During the first stage, which occurs
within the plasma pulse, chamber pressure rises rapidly above the
pressure caused by the plasma alone (curve labeled “w/o propel-
lant” in Fig. 8.) The increased pressure is caused by the ablation
and/or combustion of the propellant. This rapid rise is followed by
a decrease in pressure, indicating that the propellant has not ig-
nited. After a delay, the pressure begins to rise again, indicating that
the propellant has ignited due to exposure to the high-temperature
gases in the chamber; during the second stage, the propellant burns
to completion.

Table 2 presents several moments of interest during igni-
tion and combustion. The times presented correspond to peak
POWET (Tpeak-power)s first peak pressure (Tpeakpressure), €nd of pulse
(Tend-of-pulse)» Start of the second stage (Tsecond-stage)> and completion of
combustion (Tend-ofcombustion)- Lhese particular times are also illus-
trated in Fig. 9. The moments that are characteristic of plasma-driven
ignition and combustion are quite similar for the three propellants.
In fact, within the duration of the plasma pulse, the responses of all
three propellants, including the pressure rise, are surprisingly simi-
lar. A clear delay period after the plasma-driven burning is present
only for the composite propellants. Burning in the second stage is
much slower as indicated by the large values of At listed in Table
2. XM39 exhibits a longer second stage than M43.

During the first stage, the pressure rise is a combined result of
the plasma expansion and ignition/burning of part of the propellant,
which includes the ablated mass and part of the main charge. This
portion of the propellant is ignited and burned to final products at
a very high burn rate as a result of the plasma enhancement. The
plasma-enhanced burning within the pulse (the first stage) appears
to be quite similar among the propellants.

To estimate the amount of propellant mass that is consumed in
the first stage in the closed-chamber tests, an energy balance was
performed based on the increase in chamber pressure caused by

i -propellant
Second stage .

o First stage

Time (ms)
T peak-power
[ Tpeak-pressure

[ Tend-of-pulse

-propellant

Pressure & Power

Pressure & Power

P-plasma
Y A\

0 02 04 06 08 1

P-plasma

5 11 s 15 25 f 35 45
7=0 Tsecond-stage Time (ms) Tend-of-combustion
Fig. 9 Illustration of two-stage burning behavior of ETC plasma-
ignited propellants.
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Fig. 10 Comparison of pressure increase as a result of combustion of
the propellants.

the burning of the propellant. Subtracting the pressure without pro-
pellant from the pressure with propellant yields the pressure data
required for the analysis; the pressure difference curves resulting
from this subtraction are plotted in Fig. 10. For energy balance, the
chamber volume is the control volume and the combustion products
are modeled as a mass generation source. Applying the first law of
thermodynamics to the control volume and neglecting heat transfer
to the walls give an apparent mass generation rate that is related to
the pressure variation; that is,

. c,V dp
m= ————— 3)
¢, RT,/MW dr

where V' is the chamber volume and T, and MW are the average
temperature and the molecular weight the combustion products, re-
spectively. The gasified mass at any time of interest can be calculated
by integration of Eq. (3). Neglecting the heat loss to chamber walls
is not expected to introduce a large error given the short time over
which the calculation is performed. Also, the subtraction scheme
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Table 3 Calculated gasified masses within the plasma pulse

(E=240K]))
Propellant Mpeak-powers Mpeak-pressure > Mend-of-pulse» Mmeasured»
type mg mg mg mg
JA2 18 147 197 32
M43 17 248 290 28
XM39 18 258 287 27
350 T
F| ® Measured 7 measured
[ | © Calculated m peak-power
300 1| W Calculated m peak-pressure 290 287
[ | B Calculated /7 en-of-pusie
250 —E 048 258
S : 197
2 2004
%) [
(%2} -
g 150 1 147
100
50 4
[ 32
E18 17 = 18 “
0 T T
JA2 M43 XM39

Fig. 11 Comparison of mass losses for JA2, M43, and XM39
(E=2.40 kJ).

will further minimize this error because it reduces the effect of heat
loss from the plasma gases.

The total propellant mass calculated through the energy balance
is less than the mass of propellant used in the tests. Consequently,
the gasification rate is scaled so that the total mass from the calcu-
lation matches the propellant mass used. Table 3 summarizes the
calculated gasified masses at several particular time intervals that
are listed in Table 2; namely, 7 peak_power» M peak-pressure> A0 Meng of-pulse
correspond tO Tpeak-powers Tpeak-pressures AN Tendof-pulse» T€Spectively. For
comparison, the measured plasma-induced mass losses (7 measured)
from open-air experiments are included as well. These results are
also presented in Fig. 11.

Based on the calculation, the total mass conversion from solid to
gas within the plasma pulse (#epg ofpuse) 15 much greater than the
mass loss measured in open-air testing, 7 measured- It 1S DOt unrea-
sonable for the closed-chamber tests to give higher values because
higher gas densities will occur within the subsonic regions of the
plasma jet near the sample surface, and the higher densities should
enhance the heat transfer to the sample, resulting in increased mass
conversion rates from solid to gaseous products. Moreover, it is
likely that mcngofpuise involves not only the mass loss due to abla-
tion but also due to combustion of propellant that occurs during the
first stage; the latter represents a major fraction of Mengofpuise- It
should be noted that the value of mcyg.of.puise for JA2 is smaller than
that for the two composites, which is opposite of the trend for the
open-air mass loss, M measured, I Which JA2 has a larger value than the
composites. This opposite trend suggests that, in the closed-chamber
testing, the composites have more mass burned during the plasma
pulse. During open-air testing the composite propellants fragmented
into more pieces than JA2, which often did not fragment at all. Thus,
fragmentation of the composite samples may account for their faster
combustion during the plasma pulse.

The calculated gas generation rates for the three propellants are
presented in Fig. 12, which also includes the combustion pressure
curves and the plasma power to indicate the pulse width. The en-
ergy balance requires the time derivative of the pressure, which is
affected by noise that causes significant scatter in the gas generation
rates. To minimize this effect, a 500-Hz low-pass filter was used to
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Fig. 12 Comparison of gas generation rates in early stage of burning
(E=2.40 kJ).
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Fig. 13 Comparison of vivacities in the second stage of burning
(E=2.40KkJ).

remove high-frequency components in the original data. Multiple
peaks in gasification rates are present for all propellants, which may
correspond to gasification of the ablated mass, combustion of the
ablated mass, and combustion of part of the propellant. The gas
generation rate curves during the plasma pulse look similar for the
three propellants, but JA2 has a lower peak value.

After the plasma pulse, however, the pressure data indicated that
the three propellants behave in a significantly different manner. To
determine the possible cause of this difference, the dynamic vivac-
ities of the propellants were calculated over the second stage, and
the results are shown in Fig. 13. The dynamic vivacity is defined
253

1 dp
Pmax * P dr

d
S (lp) =
pmax d[ ( p)

3

Vivacity =

where p is the measured chamber pressure and py,y is its maximum,
more popularly defined as the instantaneous time derivative of the
experimental pressure divided by that pressure.? The plot of the vi-
vacity vs the instantaneous pressure (or scaled by pn.x) produces
very useful information on the burning behavior of the propellant. A
steeper curve of vivacity indicates a higher burn rate. Vivacity also
indicates whether burning is progressive, a positive slope, or regres-
sive, a negative slope.? The results presented in Fig. 13 suggest that
all the propellants burn in a similar manner, which is first progressive
and then regressive in the second stage of burning, and JA2 burns
much faster than the composite propellants M43 and XM39. The
faster burning rate of JA2 is due to the higher pressures that exist
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when it burns compared to the composite propellants, as indicated
in Fig. 8.

Conclusions

The characteristics of ET capillary plasma and its interactions
with a double-base propellant, JA2, and two nitramine compos-
ite propellants, M43 and XM39, were investigated in open-air and
closed-chamber configurations. Experimental results include elec-
trical parameters of the plasma pulse, gasdynamic features of plasma
jets, plasma-induced mass losses of the propellants, and propellant
ignition/burning behaviors in the closed chamber.

Open-air testing results show that the plasma jet exhibits gas-
dynamic features commonly seen in underexpanded supersonic jets
involving a complex shock system. When impinging on a stagnation
plate or propellant sample, another shock system, the plate shock,
may form as aresult of reflection of the jet shock system. Interaction
of these shocks may account for the oscillations in the stagnation
pressure. High-magnification images of propellant samples after
exposure to the plasma in open-air testing indicate modification of
surface morphology, which suggests subsurface decomposition of
propellant ingredients due to in-depth radiative heating in the JA2
case.

In closed-chamber testing, the composite propellants exhibit a
clear two-stage burning behavior, whereas this feature is much less
distinct in the case of JA2 propellant because it is easier to ignite
than the composites, which were formulated to be low-vulnerability
propellants. The results showed significant difference in the gas
generation rates during and after the plasma pulse, with a very fast
rate within the pulse and much lower rate beyond the pulse; also
gas generation rates are largely independent of the propellant type
only during the plasma pulse. Plasma-induced mass losses of the
propellants cause a fast pressure rise in the first stage of burning.
Vivacity results suggest that regressive burning occurs for the three
propellants under the test conditions in this work.
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