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To understand the physical processes of plasma-chemical devices and the role of the boundary
layer at the plasma-propellant interface, and possibly controls and enhances the burn rates of solid
propellants for electrothermal-chemical launch applications. It has been shown that plasma injection
into solid propellants enhances the burn rates, however, mixing processes are still not well
understood. The effectiveness of electrothermal plasma injection into propellants resides,
primarily, in radiative heating of the propellant from the plasma. The importance of radiative
heating is to assess the burn rate process and whether plasma injection enhances the burn rate, or
the burn rate will be limited by the evolving vapor plasma cloud. The scientific and technical goals
of this research aiming to understand, characterize, and possibly control the plasma-chemical
energy transport process by measuring the burn rate of candidate combustible materials
(propellants), to explore the plasma-chemical interaction micro-processes, and the flame vapor
shield mechanism.

Scientific/Technical Goal§:

Our approach focuses on:
i) Boundary layer physics in at the plasma-propellant interface
ii) Experiments on burn rates of various propellants -
iii) Geometrical influence
iv) Role of radiative heating
v) Decoupling plasma parameters and effect of individual properties on burn rates
vi) Diagnostics development
vii) Modeling of plasma flow and flame-vapor shield (turbulent flow with radiation transport)

Significant Accomplishments:

The experiments conducted on the NCSU plasma-propellant device PIPE have showed that
electrothermal plasma injection into the solid granular JA-2 propellant provided an enhancement to
the burn rates. Burn rates increased by about a factor of 3 when compared to conventional ignition,
when plasma is injected normal to the 7-hole surface of the propellant sample. The mass evolution
rate scales with pressure, and the pressure exponent with plasma injection increases from 0.899 to
1.376, indicating higher burn rates at less surface pressure. Conventional ignition requires higher




pressures for the same burn rates. Geometrical influence on JA-2 burn rates with plasma injection
is clear from experiments conducted at various injection angles, showing an increased burn rate
with increased angle of injection. Visible emission spectroscopy has been used to observe the
interface of the electrothermal plasma with the propellant in order to monitor the effect of angle of
incidence on the burn rates.

Time-averaged plasma temperatures of 8,800 to 14,000 °K and plasma densities of 2 x 1023 to
4.5 x 1023 m-3 have been deduced from spectroscopy measurements, showing gradual decrease in
both temperature and density with increase injection angle from 0 to 45°. The increase in integrated
intensity and density at 90° corresponds to a strong increase in burn rate, suggesting that plasma
Kinetic pressure has a stronger effect on the burn rate than the plasma radiative heat flux. This may
result form the effect of vapor shield plasma at the flame temperature, where the boundary layer
becomes optically thick and absorbs a large fraction of the incoming energy. Increased neutral
constituents at the plasma-propellant interface, at larger injection angles, may also be responsible
for the observed decrease in plasma density. However, the sudden increase in plasma density at

90° may be explained if evolution of neutral constituents becomes limited when new surface areas
are formed.

Investigation into the vapor shield effect has been conducted by comparing the plasma
temperature at the boundary to that extracted from the ODIN (1-D, time dependent) code. The
ODIN code predicts the core plasma temperature, which the plasma boundary temperature is that
evaluated from optical emission spectroscopy. Considering a blackbody plasma, the ratio between
the plasma boundary temperature to that of the core has been calculated over a wide range of
inclination angle. The energy transmission factor through the vapor shield plasma showed to be
30% at 0° and decreases with increased inclination angle to approach 8% at 30°, and continues to
drop to 5% at 90°. This is in good agreement with predictions and previous estimates of the energy
transmission factor for most material surfaces exposed to similar plasma parameters and heat
fluxes. As the plasma boundary layer temperature is less than that of the core plasma, showing an
energy transmission factor of less than 10% at large inclination angles, then it is suggestive that
plasma kinetic pressure has a stronger effect on the burn rate than the plasma radiative heat flux.

An additional investigation compares the results and observations to the US Army Research
Laboratory experiment for similar capillary, where it has been shown that the blackbody radiation
is partitioned as 97.8% in the ultraviolet, 2.1% in the visible, and 0.1% in the infrared regions.
Additionally, sub-surface reactions of melting and possibly chemical reactions were observed,
which are similar to the NCSU observations. A rapid change in the optical transmission properties
of the JA-2 propellant, as observed in the ARL experiment correlates well to the obtained energy
transmission factor in the NCSU experiment. In-depth UV penetration into the propellant is not
well understood and requires additional experiments and theoretical work.

Development in the detailed 2-D boundary layer model with turbulent/radiation transfer to
predict mass evolution rates at the plasma-chemical (combustible) interfaces is ongoing. The code
will allow the determination of the relative importance of energy transport to the propellant via
radiation and turbulent convection. The system has been modeled using fluid boundary layer
equations, including a two equation (k-w) model for turbulence, coupled with multigroup thermal
radiation transport. The set of governing equations is solved numerically using finite difference
methods. Code results for both laminar and turbulent flows match analytical predictions and the
published results of others. Since the focus of the study is on energy transport rather than the
dynamics of the combustion process, a simple one-species model is used. The plasma-propellant
interaction will be modeled using mass and energy source terms in the fluid equations. Testing of
the code is being conducted, and the radiation transport and propellant mass/energy addition
models are being added.




Accomplishments Impact on ETC Research:

Results obtained from the NCSU experiment on the burn rates of solid propellant JA-2 will
help in assessing the ETC field test experiment. Geometrical influence of burmn rates should be
considered in the design of ETC charges to allow the plasma to expand into the charge with
maximum momentum transfer. A factor of 3 higher burn rates could be obtained with plasma
impact normal to the grains of the propellant. The role of vapor shield plasma is becoming obvious
in assessing the role of radiative heating showing that plasma kinetic pressure has a stronger effect
versus radiation flux. Continuous investigation into UV spectra may reveal additional information
on the in-depth heating and sub-surface processes. Modeling will allow for better evaluation of
plasma turbulent flow from the plasma source into the surface of the propellant, with radiation
transport added to predict the mass evolution rate at the plasma-propellant boundary.

Plans for Next Year:

- Conduct experiments on other candidate solid propellants to evaluate bum rates under various
plasma parameters.

- Conduct experiments on plasma flow through the propellant and compare to plasma impact
results.

- Develop new diagnostics methods to evaluate radiative heating, additional to a full diagnostic of
the plasma parameters.

- Study the effect of electrode erosion and metallic impurities on burn rates.

- Investigate the role of plasma pressure versus temperature and predict the chamber temperature
for a given geometry and plasma cartridge parameters.

- Continue modeling efforts and predict the mass evolution rate and the flame vapor shield.
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