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ARTICLE INFO ABSTRACT

Editor: Suresh Menon We demonstrate the use of nanosecond pulse transient plasma (NPTP) to improve the control (and acceleration)

of the combustion of solid rocket propellants. Here, we fabricate end-burning propellant samples (i.e., grains)

Keywords: with a co-axial center wire electrode using hydroxyl terminated polybutadiene (HTPB), isodecyl pelargonate
Plasma (IDP), modified diphenyl! diisocyanate (MDI), and ammonium perchlorate (AP) as the fuel, plasticizer, curative,
E;de}:;:: and oxidizer, respectively. High voltage (20 kV) nanosecond pulses (20 nsec) produce a streamer discharge that
Soli dg provides electronic throttling of the solid rocket propellant. These studies are carried out over a wide range of
Propulsion oxidizer mass fractions, including those considered insensitive munitions (IM). In addition, real time imaging is
Throttleable performed characterizing the plasma-formation, evolution of the ignition process, and plasma enhanced flame-
fuel coupling. We believe the plasma-based mechanisms of enhancement are 3-fold: 1.) The plasma provides
highly energetic electrons that drive new chemical reaction pathways via highly reactive atomic species such as
H, O, and Cl, 2.) The plasma sputters chunks of the solid fuel material up into the flame where it is combusted,
producing an agitated flame profile. 3.) The plasma provides increased turbulence and multi-scale mixing due to
hydrodynamic effects (i.e., ionic winds), which further improves the combustion process. Having electronic
control of the burn rate introduces the ability to “throttle” solid rocket motors and introduce new flight profile
options beyond a pre-selected profile such as the typical boost-sustain profile. While we are unable to quantify
the burn rate or thrust from these relatively simple observations, we observe clear evidence of the effect of the
plasma on the combustion of these solid rocket fuels even at high oxidizer content.
Introduction approaches (i.e., same reaction pathways), while the work reported here

utilizes a non-thermal plasma with electron temperatures as high as 40,
000 K, which enables new chemical pathways and reaction mechanisms
to be achieved.

Electrical ignition and control of solid rocket propellants was pro-
posed many years ago[1] and more recent studies have shown some

ability to increase the specific impulse efficiencies with electrical solid
propellants [2]. The incorporation of “electronic” control over the burn
rate enables the ability to adjust the power output of the solid propellant
motor, opening up new possibilities for flight profiles that go beyond a
predetermined option, like the standard boost-sustain profile. For
example, a simple burn-glide-burn-glide flight profile could significantly
extend the range of a given propellant. Other attempts to achieve elec-
tronic throttling include embedding highly conductive wires in the solid
propellant, laser-assisted combustion, and using microwave electro-
magnetic radiation to accelerate burn rates [3,4]. However, it should be
noted that these previous attempts represent thermal equilibrium
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It is worth noting that transient plasma-enhanced combustion has
been demonstrated in natural gas combustion [5-13], gasoline engines
[14-18], as well as the combustion of “green” (i.e., carbon-free) fuels,
such as ammonia [19-21]. In addition, transient plasma has been
demonstrated as an effective and energy efficient technology for a va-
riety of applications including reduced ignition delays in a range of
engines such as internal combustion engines (ICE) and pulse detonation
engines (PDE), reduction of particulate emissions from diesel and other
sources, and improving flame holding performance [10,22-25]. For
example, PDE discharges in a flowing system have been shown to reduce
the ignition delays in fuel/air mixtures by factors of approximately 5X,
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and up to 9X for fuel/oxygen mixtures. These previously observed
benefits are believed to be due in part to the local production of ozone,
which is a well-known flame accelerant, produced by nanosecond pulse
technology that is responsible for transient plasma generation. However,
transient plasma has not yet been used to enhance solid rocket
propellants.

In the work presented here, end-burning propellant grains are
fabricated using a 1.37" (inner) diameter stainless steel cylinder with a
0.025" diameter coaxial center wire electrode, as illustrated in Fig. 1.
The volume between the center wire and outer cylinder is filled with a
mixture of hydroxyl-terminated polybutadiene (HTPB), ammonium
perchlorate (AP), isodecyl pelargonate (IDP) and modified diphenyl
diisocyanate (MDI), which act as the fuel, oxidizer, plasticizer, and
curative, respectively. The ratios were 0.147 g of MDI, 0.15 to 0.38 g of
IDP, and 0.15 g to 8.67 g of AP per gram of HTPB. The oxidizer per-
centage was determined by using the total mass of HTPB, IDP and MDI.
A complete list of mass ratios in all of the fuel mixtures are given in
Table S1 of the Supporting Information document. The fuel, oxidizer,
curative and plasticizer were mixed using resonant acoustic mixing
(Resodyn LabRAM system). Each mixture was then held under vacuum
to remove any air bubbles. The propellant mixture was then poured into
the stainless steel shell and left to cure for at least 72 h. The mixture was
set to cure in the cylindrical test cell which, as mentioned above, consists
of a 1.37" diameter steel pipe with a 0.025" diameter coaxially config-
ured center wire that enables plasma discharge.

Fig. 2a shows a schematic diagram of our experimental setup in
which the high voltage nanosecond pulse electronics are connected to
the coaxial plasma reactor with an end burner grain. Figs. 2b and ¢ show
photographs of the test cell during combustion with and without plasma
discharge. 20 kV nanosecond pulses were delivered at a variable rate
between 0 and 10 kHz. Increasing the frequency to 10 kHz generates a
much higher observable burning rate of the fuel mixture, which is
tunable by varying the pulse repetition rate and, hence, plasma density.
Here, we can see a dramatic increase in the flame height during plasma
discharge. Although somewhat qualitative, these results demonstrate
our ability to electronically-throttle the combustion rate of solid rocket
engines.

Fig. 3a shows time series images of an end burner grain prepared
with 25 % oxidizer (i.e., ammonium perchlorate). In this time series, the
plasma (discharged at a rate of 10 kHz) is turned on at t = 1 s and turned
off at t = 41.4 s. For this fuel mixture (i.e., 25 % AP), the flame takes
approximately 30 s to reach steady state flame conditions with the
plasma on. After the plasma is turned off at t = 41.4 s, the flame quickly
dies within a few seconds. This “on” in 30 s and “off” in 5 s demonstrates
the electronic throttlability of this plasma-enhanced solid rocket com-
bustion. With the plasma on, the flame appears to have a much more
agitated fame profile than with the plasma off. We believe this is due to
the plasma sputtering solid material up into the flame where it combusts
0.5" — 1" above the solid rocket fuel. The right images in Fig. 3a were
taken with a 430 nm band pass filter, which indicates the location of
short-lived CH intermediate radical species produced in the combustion
process. These images provide additional insight into the plasma-
enhanced combustion process and chemical reaction pathways. More
specifically, it is remarkable that this CH combustion chemistry propa-
gates upwards 1" above the plasma discharge zone and is almost
completely absent with the plasma off. It is interesting to note that the
plasma-flame coupling extends 1” above the solid rocket propellant
surface and that the flame-propellant coupling is significantly enhanced
with the plasma discharge. The full videos (both filtered and unfiltered)
of this burn are available in the Supplemental Information. Figs. 3b and ¢
show the integrated intensity collected from the unfiltered and 430 nm-
filtered videos plotted as a function of time for 25 % oxidizer burn
mixture. Here, a 30 second time interval is needed to reach steady state
flame conditions with the plasma on. We also observe an abrupt drop in
intensity (i.e., luminescence) after the plasma is turned off at t = 41.4 s.

Fig. 4a shows the (CH) filtered and unfiltered time series images
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Fig. 1. (a,b) Cross-sectional diagrams of our initial test configuration consisting
of a 1.37" diameter end-burning propellant sample. (c¢) Photograph of the
transient plasma discharge formed by our high voltage nanosecond
pulse approach.

taken of the plasma-enhanced end burner grain prepared with 35 %
oxidizer. Here, the flame reaches its steady state conditions (i.e.,
magnitude) after approximately 15 s, which is considerably shorter than
that of the 25 % oxidizer grain, as expected, reflecting the higher
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Fig. 2. (a) Schematic diagram of our experimental setup in which the high voltage nanosecond pulse electronics are connected to the coaxial plasma reactor with an
end burner grain. Photographs of the test cell during combustion (b) without and (c) with plasma discharge. The fuel mixture contains 30 % oxidizer (ammonium
perchlorate). This is an end burner open to atmosphere system. The center wire caries the high voltage while the outer shell acts as the ground. (c) Increasing the
frequency to 5 kHz generates a much higher observable burning rate of the fuel mixture, which can be tuned by controlling the pulse repetition rate of the plasma.

oxidizer content. The combustion is visually confirmed to be at steady
state before turning the plasma off. After the plasma is turned off at t =
22 s, the flame becomes fully extinguished after approximately 5 s or
less. Immediately after turning off the plasma (t = 22 s), however, the
CH emission ceases immediately in the absence of the plasma. We
believe the mechanism of the plasma enhancement of the combustion
process is three-fold: 1.) The plasma provides highly energetic electrons
which drive new reaction pathways via highly reactive atomic species,
including H, O, and Cl. 2.) The plasma sputters chunks of the solid fuel
material up into the flame where it is combusted, producing an agitated
flame profile. 3.) The high voltage nsec pulses accelerate ionized species
in the flame producing increased turbulence and mixing due to hydro-
dynamic effects (i.e., ionic winds) that improve the combustion. Full
videos of this combustion process taken at a frame rate of 30 frames/sec
are available in the Supplementary Information. Figs. 4b and ¢ show the
integrated intensity versus time plots obtained from the unfiltered
(Fig. 4b) and 430nm-filtered (Fig. 4c) videos. Here, the integrated in-
tensity is obtained by summing over all pixels in the CCD image. From

these time-intensity plots, it is clear that the flame reaches its steady
state magnitude around 15 s and is abruptly extinguished after the
plasma is turned off at t = 22 s.

Fig. 5a shows the time series images of an end burner grain prepared
with 50 % oxidizer. In this time series, the transient plasma (produced
with 10 kHz pulses) is turned on at t = 0 s and turned off at t = 12.4 s. For
this fuel mixture (i.e., 50 % oxidizer), the flame takes approximately 9.5
s to reach its steady state flame magnitude with the plasma on. After the
plasma is turned off (t = 12.4 s), however, the flame continues to burn
via self-sustained combustion until all the fuel is consumed. Neverthe-
less, a clear difference can be seen in the combustion with the plasma on.
The CH emission ceases immediately after the plasma is turned off. Also,
the flame profile becomes less agitated with lower surface area after the
plasma is turned off. The complete videos of this combustion are
available in the online Supporting Information documents. Figs. 5b and
c show the integrated intensity-versus-time plots for the 50 % oxidizer
fuel mixture. Here, the flame reaches its steady state flame magnitude in
9.5 s with the plasma on. After the plasma is turned off (t = 12.4 s), the
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Fig. 3. (a) Time series images of solid rocket propellant with 25 % oxidizer. The transient plasma discharge (10 kHz repetition rate) was turned on at t = 1 s and
turned off at t = 41 s. The right images were taken with 430 nm band pass filter (10 nm linewidth), which indicates the chemiluminescence produced by the short-
lived CH combustion intermediate species. Complete videos are available in the online Supplemental Information. Integrated intensity versus time plots taken (b)
without filter and (c) with 430 nm bandpass filter.
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Fig. 4. Time series images of solid rocket propellant with 35 % oxidizer. The transient plasma discharge (10 kHz repetition rate) was turned on at t = 1 s and turned
off at t = 22 s. The right images were taken with 430 nm band pass filter (10 nm linewidth), which indicates the chemiluminescence produced by the short-lived CH
combustion intermediate species. Complete videos are available in the online Supplemental Information. Integrated intensity versus time plots taken (b) without

filter and (c) with 430 nm bandpass filter.

unfiltered intensity (Fig. 5b) continues to remain high while the 430nm-
filtered intensity (Fig. 5¢) drops abruptly indicating a fundamental shift
in the combustion mechanism. With this higher oxidizer content, the
flame continues to burn in a self-sustained mode after the plasma is
turned off, however, with markedly different CH emission (i.e., CH
combustion pathways) largely absent.

Fig. 6 shows the time series images taken of the plasma-enhanced
end burner grain with 65 % oxidizer. Here, the flame reaches its full
steady state magnitude after approximately 17.5 s. After the plasma is
turned off (t = 26.1 s), the flame continues to burn via self-sustained
combustion until all of the fuel is consumed. Again, we see a clear

difference in the flame profile and CH emission immediately after the
plasma is turned off. Complete videos of this combustion are available in
the Supporting Information. Figs. 6b and c show the corresponding total
intensity-time plots for 65 % oxidizer which show that the full flame
magnitude is reached within 17.5 s. As with the 50 % oxidizer fuel
mixture, the unfiltered flame luminescence remains high after the
plasma is turned off, while the 430nm-filtered intensity drops instantly
indicating a dramatic shift in the combustion chemistry.

In conclusion, we demonstrate how nanosecond pulse transient
plasma (NPTP) can enhance the combustion of solid rocket propellants.
In this study, we fabricate end-burning propellant samples (i.e., grains)
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Fig. 5. Time series images of solid rocket propellant with 50 % oxidizer. The transient plasma discharge (10 kHz repetition rate) was turned on at t = 0 s and turned
off at t = 12.4 s. The right images were taken with 430 nm band pass filter (10 nm linewidth), which indicates the chemiluminescence produced by the short-lived CH
combustion intermediate species. Complete videos are available in the online Supplemental Information. Integrated intensity versus time plots taken (b) without
filter and (c) with 430 nm bandpass filter.
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Fig. 6. Time series images of solid rocket propellant with 65 % oxidizer. The transient plasma discharge (10 kHz repetition rate) was turned on at t = 1 s and turned
off at t = 26.1 s. The right images were taken with 430 nm band pass filter (10 nm linewidth), which indicates the chemiluminescence produced by the short-lived CH
combustion intermediate species. Complete videos are available in the online Supplemental Information. Integrated intensity versus time plots taken (b) without

filter and (c) with 430 nm bandpass filter.

with a co-axial center wire electrode using HTPB, IDP, MDI, and AP as
the fuel, plasticizer, curative, and oxidizer, respectively. By applying
high voltage nanosecond pulses (20 nsec) of 20 kV, we generate a
streamer discharge that acts as an electronic control mechanism for the
solid rocket propellant. We investigate various oxidizer mass fractions,
including those classified as insensitive munitions (IM). Additionally, we
employ real-time imaging to analyze the plasma formation, ignition

process evolution, and the interaction between the plasma and the
flame-propellant fuel. The enhancement mechanism can be attributed to
three factors: 1.) The plasma introduces energetic electrons that facili-
tate new chemical pathways through highly reactive atomic species like
H, O, and Cl, 2.) The plasma ejects solid fuel material up into the flame,
resulting in a more dynamic combustion process, and 3.) The plasma
induces increased turbulence and multi-scale mixing due to



C. Medchill et al.

hydrodynamics effects (ionic winds), thereby improving the combus-
tion. This study serves as a proof-of-concept for electronically controlled
solid rocket propellants. We have shown the ability to ignite and
extinguish both 25 % and 35 % oxidizer propellant grains through the
presence of plasma on the surface of the grain. For 50 % and 65 %
oxidizer grains, combustion continued in a self-sustained manor after
the plasma was removed, although at a slower rate and with markedly
lower CH radical emission.

Novelty and significance statement

Electrical control of solid rocket propellants was proposed back in
the 1960s and more recent studies have shown some ability to increase
the specific impulse efficiencies with electrical solid propellants. The
incorporation of “electronic” control over the burn rate enables the
ability to adjust the power output of the solid propellant motor, opening
up new possibilities for flight profiles that go beyond a predetermined
option, like the standard boost-sustain profile. Here, we demonstrate the
use of transient plasma to improve the control (and acceleration) of the
combustion of solid rocket propellants for the first time. The transient
plasma is a non-thermal plasma with extremely high ion densities and
hot electron temperatures that drive new chemical pathways that are
distinct from those of standard thermal equilibrium chemistry.
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