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windshield is coming off the plane at the top of the plot. This
complex three-dimensional nature of the fluid flow has significant
influenceon the heattransferprocessbetween the jet and the inclined
surface as well as inside the simulation volume. Higher velocity near
the wall causes a local cooling effect as a result of higher convective
heat transfer. The temperature contours on the inside surface of the
windshield under the heated area in Fig. 5 show an overall compar-
ison between the experimental data (Fig. 2) and CFD prediction of
thermal patterns.

The predicted temperature distribution on the inside of the heat-
ing pad should also be compared with the experimental data on a
point-by-pointbasis. A detail comparison of predicted and exper-
imental temperature distribution done on 17 points at each of the
two constant z lines along the inside of the windshield under the
heating pad (Fig. 6). The line z = 0.7233 m identifies the central lo-
cation between the issuing jets, while z = 0.6076 m passes through
the passenger side jet. Documented results validate the numerical
prediction within 1-3°C of the measured temperature values. Cor-
responding heat transfer coefficients /, computed via Eq. (2), are
also plotted in the same figure. The average heat transfer coefficient
from the predicted numerical results is 7 =25.68 W/m? K.

Conclusions

This Note addressed numerical and experimental studies of a pair
of rectangular air jets impinging on an inclined surface. Experi-
mental measurements of surface temperatures, using liquid crys-
tals, yielded a map of local heat transfer coefficients between the
surfaceand theincomingjet for an imposed heat flux. Corresponding
three-dimensionalnumerical simulationhas been performedusing a
finite volume algorithm for obtaining detailed temperature and flow
distributions. The numerical simulation correlated reasonably well
with the experimental results and further explained the flow charac-
teristics and thermal patterns. A detail comparison of 34 locations
under the heating pad validated the numerical predictions within
1-3°C of the measured temperature values. Further investigation
should aim for the defogging/defrosting analysis in the flow.
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Plasma Jet Generated by an
Electrothermal-Chemical Igniter
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Introduction

HE electrothermal-chemicd (ETC) gun propulsion concept is
currently being investigated by the military services. In the
ETC gun, energy, which is stored either in batteries or a rotating de-
vice, is converted on demand into an electrically generated plasma
(resulting from the ablation of polyethylene material in a capillary)
that is injected into the chamber of a cannon or gun. This plasma
energy is used to ignite the chemical propulsion charge (i.e., solid
propellant) as well as to enhance gun performance by taking ad-
vantage of a number of unique plasma characteristics. For exam-
ple, a low-density plasma jet can 1) efficiently ignite charges of
high loading density; 2) control propellant mass generation rates';
3) reduce propellantcharge temperature sensitivity, that is, the vari-
ation of gun performance with changing ambient temperature?; and
4) shorten ignition delay, that is, the time interval between firing of
the igniter and ignition of the propellant? Because a plasma has a
much lower density than the gases generatedby a chemicaligniter, it
has been suggested that energy transport by convection might be as
important as radiation transport in plasma-propellantinteractions*
The plasma is at a temperature that is considerablyhigher than con-
ventional chemical igniters; thus, radiation effects are nearly 100
times greater than that of chemical igniters (i.e., a T* effect). All of
these effects can lead to useful improvements in gun performance.
A goal of ETC gun research is to elucidate the relevant physical,
mechanical, and chemical mechanisms that underlie the observed
ballistic effects. The first phase of the modeling effort involves a
time-accurate computational fluid dynamics (CFD) code, which in-
cludes high-temperature thermodynamics, variable specific heats
and transport properties (viscosity and thermal conductivity), and
finite rate (nonequilibrium) chemical kinetics (the chemical mecha-
nism is described in Ref. 5). A separate ETC capillary (i.e., igniter)
model® which includes a simulation of electrical currents in the
ionized plasma, supplies boundary conditions for the CFD code in
terms of the physical and chemical properties of the capillary ef-
flux (plasma). Validation of the capillary model has been reported
separately® Validation of the CFD code, including coupled chem-
istry, is conducted by simulating a series of experiments wherein
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a plasma jet is generated from an ETC capillary; pressures in the
resulting unsteady flowfield are measured using probes mounted on
a plate held normal to the efflux.

Multispecies Reacting Flow CFD Code
The high-temperature, nonideal, chemically reacting gas flow-

field of the capillary efflux jet is numerically simulated using
CFD. The CFD code’ solves the two-dimensional/axisymmetric,
unsteady, real-gas Navier-Stokes equations, including submodels
that represent finite rate (nonequilibrium) chemical reactions, mul-
tispecies diffusion, as well as variable specific heats, viscosity,
and thermal conductivity. The Navier-Stokes equations for two-
dimensional/axisymmetric (x, y coordinates) reacting (N species)
and unsteady (time, ¢) flow are written in array form:

aU doF aG

8t+8x+8y+H_O 68
The dependent variables are density p, velocity V and components
u, v, energy e, and species mass fraction ¢;; note that « is the flag
for two-dimensional, 0, and axisymmetric, 1, flows:

U= {py"‘,puy"‘, pvy*, pey®, pciy*, ...,chy“}

The F and G arrays contain flux terms (convective and diffusive),
heat-transfer terms, and stress terms (normal and shear).”® The H
array contains source terms such as normal stresses o, and the
chemical production terms w; for each specie:

H ={0,0,a04,0, —w, ..., —wy}

The chemical production terms are computed using a chemical ki-
netics mechanism developed specifically for plasma/air chemistry.
The mechanism consists of 57 reactions and 39 species: electrons,
C, C*,C™*, C7, CH, CH', CN, CN*, CO, CO*, C,, CI, H, HT,
H™, Hy, HJ, N, N*, NH, NH", NO, NO™, N,, NJ, O, O", OH,
OH+, 02, O;r, Hzo, HOz, H202, HNOz, NOz, COz, and O'g An
important simplifying assumption was made in constructing this
mechanism, namely, only mixtures that had a concentration of O,
greater than that of the plasma constituents were considered. As a
result, the mixtures were assumed to be fuel lean in the combustion
sense, the C and H containing species just mentioned being fuels.
For a detailed discussion the reader is directed to Ref. 5.

Because no provisions have been made in the conservationequa-
tions [Eq. (1)] for flows with electric currents, the flowfield outside
the capillary was rendered electrically neutral by setting the diffu-
sion velocity of the electrons equal to the average diffusion velocity
of the ions; the diffusion coefficient for the electrons is then com-
puted from that of the ions. We realize that the plasma gas does not
necessarily behave as a perfect fluid. Indeed the ionized gas is usu-
ally characterized as one in which Coulomb interactions between
charged particles create significant departures from the perfect gas
behavior. However, for weakly imperfect gases one can prescribe
terms that account for Coulomb interactions as corrections to the
classic pressure-density-tenperature relations. Such corrections are
describedin Ref. 6. Alternately, it has been shown® that the property
determinations obtained from the NASA-Lewis database'® without
modification, such as enthalpy and specific heats, are reasonably
accurate and that the correction terms need not be employed. For a
detailed discussion of the plasma properties, the reader is directed
to Ref. 9.

The Navier-Stokes equations[Eq. (1)] are written in integral form
and then reexpressed in a semidiscrete fashion using a finite vol-
ume discretizationtechnique. The numerical computations proceed
by solving the semidiscrete equation on each computational cell
using central and upwind numerical differences along with flux
limiting. Once properly discretized, the resulting set of algebraic
equations are solved in a coupled manner in time using an explicit
time-accurate method. The numerical time step is computed using
the Courant-Friedrichs-Lewy condition. A separate chemical time
step is computed as well. The final time step is based on the smallest
of these. For a more complete description of the numerical scheme,
the reader is referred to papers by Nusca’ and Nusca et al.®

Experimental Effort

Litzingeretal.!! at the PennsylvaniaState University (PSU) have
designedand operatedthe open-airexperimentshown schematically
in Fig. 1. The polyethylene capillary is typically 26 mm in length
and 3 mm in diameter. An extension tube 26 mm in length is placed
at the capillary exit, which serves as the cathode and guides the
plasma efflux into the open air. The capillary and the extension
tube are mounted within a solid housing (not shown in Fig. 1). An
instrumented plate is placed at some distance L from the plasma
device, typically 19 mm. Pressure probes are mounted on the plate
with a spacing of 9.53 mm (2 in.).

Results and Discussion

The computational domain chosen to simulate the PSU exper-
iment is shown in Fig. 2. This domain extends from the capil-
lary/extender tube on the left to the plate on the right (19 mm)
and from the centerline of the capillary (and plate) to a fixed radial
distance (40 mm), which is determined by the distance from the
plate centerline to the pressure probe designated P1 and includes a
small radial distance beyond. This region was discretized using 154
axial grid cells and 295 radial grid cells, distributed with essentially
even spacing throughout. Some degree of radial grid clustering was
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Fig. 1 Schematic of the Pennsylvania State University experimental
setup (Ref. 11).
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cate Mach >1), time = 0.07 ms.
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used up to 0.015m in order to resolve more accurately the formation
of important gas dynamic phenomena (expansions, shocks, and tur-
bulent mixing). Although the flowfield was modeled using viscous
transport terms in the governing equations, no attempt was made to
cluster grid points near the walls in order to resolve wall boundary
layers. The simulation, run using a grid with twice the resolution,
showed no significant effects on flow variables or shock resolution.

Initially, the entire flowfield is filled with air (0.8 mole fraction
of N, and 0.2 mole fraction of O,). The boundary conditions for
the region are symmetry on the axis (¥ = 0), outflow at ¥ =0.04 m,
and no penetration on both the capillary housing surface (X =0,
0.0015 <Y <0.04 m) and on plate surface. Inflow conditions are
specified at the capillary exit (X =0, 0 <Y <0.0015 m). Given
the currentapplied to the capillary (a “bell-shaped” time-dependent
behaviorover 0.25 ms with a peak of 9000 A) and the physical char-
acteristics of the capillary (Fig. 1), the capillary model® generates
the range of density (0.1-0.4 kg/m3 ), velocity (6000-11,000 m/s),
pressure (1-33 MPa), temperature (2000-30,000 K), and species
distributions (see discussion of Fig. 3a). The inflow conditions for
the computational domain follow from these values. Because the
capillary is exhausting to ambient conditions, the rapid rise to peak
efflux conditions(0.07 ms) causes the capillary exit to choke (Mach-
number unity). The capillary and open-air domains are therefore
isolated and can be modeled separately—the sonic capillary exit
serving as the inflow boundary for the computationaldomain. Flow
in the capillary is electrically charged, but the open-air efflux is
modeled as electrically neutral.

The high pressure and temperature plasma efflux enters the open
air as a highly underexpandedjet (see gray-scalecontoursin Fig. 2a
with Mach numbers between 0, white, and 1.5+, black). The efflux
of plasma from the inlet generates a weak precursor shock (A) that
extends spherically. Behind this shock is air; the plasma is entirely
contained by this shock and is separated from the air by an irregu-
larly shaped contact surface across which pressure and velocity are
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Fig. 3a Computed mole fraction histories at the capillary exit.
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Fig. 3b Computed mole fraction histories at the plate centerline.

preserved, but entropy changes discontinuously. Expansion waves,
generated at the inlet (B), travel to the precursor shock (A), are
reflected as weak compression waves, and coalesce into a strong
oblique shock, or barrel shock (C). Because of the variable viscos-
ity in the flowfield, the precursor shock is more diffuse than the
Mach disk or the barrel shock. This barrel shock (C) terminates in
an irregularreflection that forms a triple point (D) joining the barrel
shock’s (C) reflection (E), and a normal shock or Mach disk (F).
Whereas the precursor shock (A) is relatively weak, producing a
mildly supersonic flow, the barrel shock (C) and Mach disk (F) are
strong shocks that enclose a fully supersonic flow.

The precursor shock reaches the plate at about 0.05 ms. By about
0.07 ms (see gray-scale contours in Fig. 2b with Mach numbers
between 0, white, and 1.5+, black) the precursor shock is travers-
ing the plate vertically. Stagnation of supersonic flow on the plate
causes a shock reflection that moves back toward the capillary as
the precursor shock travels along the plate. This causes the Mach
disk to recede, settling at 0.01 m from the capillary (Fig. 2b).

Figure 4 shows the typical comparison for the P4 and the P1 tap
locations. Predicted results for the P4 tap location (Fig. 4a) have
been shifted in time by 0.022 ms in order to line up the arrival time
for the precursor shock; the computed shock velocity is too high
because the effects of translation of capillary residue (i.e., solid par-
ticles from the vaporization of the polyethylene liner) are absentin
the simulation. With this adjustment the timing of subsequentpres-
sure peaks are well predicted by the code, but the pressure levels
are too low. The results for the P1 tap location (Fig. 4b) are also
encouraging (no adjustments have been made) because the pressure
peaks occur at regular time intervals for both predicted and mea-
sured data; however, the predicted pressures are too high. Figure 3
displays some of the chemical aspects of the flowfield. Figure 3b
shows the time histories of the major species at the plate center-
line (i.e., PO tap location). Comparison of this figure with Fig. 3a
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(distributions at the capillary exit) indicates that a large proportion
of the ion species are actually deposited onto the plate, which are
expected to ultimately affect the ignition and combustion character-
istics of a propellantsample placed on the plate (future simulation).
Of course, these results are dependent on the plasma/air chemical
mechanism® employed in this study and therefore warrant further
study. See Ref. 8 for a presentation and discussion of the complete
set of computational results.

Conclusions

A time-accuratecomputational-fluid-dynamicscode has been ap-
plied to the modeling of the high-temperature, chemically reactive
plasma efflux from an ETC igniter fired into open air and imping-
ing on an instrumented plate. The major features of this efflux have
been resolved by numerical simulation, revealing a highly underex-
panded jet with a strong precursor shock, a barrel shock that reflects
at a triple point, and a Mach disk. Impact of the jet upon a plate
generates a stagnation region, a reflected shock that travels back
toward the capillary, and a normal shock that traverses the plate.
Evidence of these phenomena is seen in both the experimental data
and the predictions. Although the computed and measured pres-
sures on the plate are quite similar in trend and magnitude, several
observed discrepancies may be attributable to the thermochemical
representation of the plasma in the governing equations, equation
of state, and chemical kinetics mechanism.
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