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Abstract

The chemically and chemically non-equilibrium flows in a discharge channel of an inductive
plasmatron and in under-expanded air jets over a flat-end model are studied by CFD modeling. CFD
modeling of entire flow field and heat transfer is carried out for supersonic high-enthalpy air test
conditions of the 100-kW inductive plasmatron IPG-4 in the Institute for Problems in Mechanics of
Russian Academy of Science (IPM RAS). The results of the code-to-experiment validation in terms of
the stagnation point heat transfer rates and stagnation pressure and the flow pattern near the model are
reported. The discrepancies in numerical results for various gas-phase models are analyzed.

1. Introduction

The designing of modern space systems poses a set of new issues for science and technology. Aerodynamic heating
is the most essential problem and it is strongly influenced by thermochemical nonequilibrium processes and surface
catalytic effects. Surface catalysis can contribute essentially in heat transfer rate to vehicle surface during a
hypersonic entry to the Earth or Martian atmospheres. Therefore the coupled experimental and numerical study of
the surface catalysis in terms of atomic recombination still remains in the list of the most important issues of
aerothermophysics.

Inductive plasmatrons are suitable for the study of surface catalysis and simulation of thermochemical interaction of
high-enthalpy gas flows with thermal protection materials (TPM) at the hypersonic flight conditions. They are used
for the generation of exceptionally pure gas flows with high reproducibility, stability of the free stream conditions
and long duration of the plasmatron operation.

CFD modeling as well as experiments is the main tool for the study of the processes and flows in inductive
plasmatron discharge channel and in outward jet flows. The joint efforts of CFD modeling and experiments allow
extracting of TPM catalysis related to atomic recombination from heat transfer measurements.

The main purpose of the present paper is the demonstration of the CFD codes developed capabilities for the
modeling of the entire flow fields and the heat transfer for the supersonic high enthalpy air test conditions of the 100-
kW inductive plasmatron IPG-4'.

1.2 Facility and aerothermal tests

Aerothermal tests in supersonic partially dissociated and ionized airflows were performed of the 100-kW
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plasmatron IPG-4 in IPM RAS'. The IPG-4 has discharge channel with diameter D, = 80 mm and the length L .= 400
mm. The conical sonic nozzles with exit diameters are located at the channel upper interface.

The main IPG-4 parameters in the tests were the following: the generator frequency - f=1.76 MHz; the powers
input in plasma - N, = 29, 41 kW; the air mass flow rates - G = 2.4, 4.8 g/s; the angle of the input flow swirl was 45°
the values of ground pressure in the test chamber were sustained at constant level - P = 6.3, 8.3, 10.3, 12.0 hPa, the
sonic nozzle exit diameters were D,= 30, 40 mm.

The water-cooled copper model of 20 mm in diameter with flat face was used in experimental study of the heat
transfer to cooled metallic surfaces. The stagnation point heat fluxes were measured by the steady-state water flow
probe made of copper. The measurement accuracy of the stagnation point heat flux to a cooled surface (7T, = 300 K)
was of the order of 5% °.

1.3 Gas-phase, kinetic and transport models

The air is considered as an ideal mixture of perfect gases with corresponding state equation. The gas mixture consists

of 11 species: O, N, O,, N,, NO, O*, N*, O,", N,', NO", e'.

Rotational and vibrational energy modes of molecules are described by the “rigid rotator — harmonic oscillator”

model with the Boltzmann distribution of the energy levels. It is supposed that all species are in the ground

electronic state and rotational temperature of molecules is equal to translational temperature 7.

Two thermally non-equilibrium models have been used in CFD modeling:

¢ one-temperature model where vibrational and electron temperatures are assumed to be equal to translational
temperature 7.

® three-temperature model with common vibrational temperatures 7, for molecules O,, N, differed from
translational temperature 7 and electron temperature 7. calculated from the electron gas energy balance equation.
The VT, eT and eV energy exchanges were taken into account in the numerical modeling.

1.4 Chemical Kinetics

The database of chemical kinetics developed in the Institute of Mechanics MSU was used. In this model the forward
rate constant of the reaction of dissociation is presented by the following expression
kf =a 'Tnj(l - exp(-0 /T))exp(-E /T)
J J J J
Here 9j is the characteristic vibrational temperature of the j-th molecule. The forward rate constants k; of

exchange reactions are approximated by the Arrhenius formula. The reverse rate constants kjr- are defined from

detailed equilibrium condition k'f/k; = K, ;(T), where K, ;(T) is the equilibrium constant of the j-th reaction. The

. . . . .36
numerical parameters of these chemical reactions are listed in ~.

1.5 Transport properties

Transport properties are required to describe viscous fluxes of mass, momentum, and energy in gas. The molar
diffusion fluxes are determined from the two-temperature Stefan-Maxwell relations for the partially ionized gas
mixture including the baro-diffusion terms and the electric field ’. The diffusion type transport cross sections of
atoms and molecules are calculated using two-parametric formulas obtained by the curve fittings on the basis of the
cross sections values at low (7=300 K) and high temperature (7=20000 K) ¥ The transport cross sections are
evaluated from the Lennard-Jones potential at low temperature and from the exponential repulsive potential at high
temperature for pairs of neutral —neutral. The collision integrals are calculated from polarization potential for low
temperatures and also from exponential repulsive potential for high temperatures for the pairs of neutral-ion. At the
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evaluation of collision integrals of diffusion type for pairs of neutral-parent ion, effect of resonant charge transfer is
taken into account.
The interactions of charged particles are described on the basis of the screened Coulomb potential. The collision

integrals for pairs of electron-atom are 1.5 A2 and for pairs of electron-molecule are 4.0 A2,

The values of potential parameters for the identical particles are taken from the published data. Parameters of
potentials for other particles are determined by combinatorial rules. It is supposed that the ratios of all viscosity and
diffusion types of cross sections are equal to 1.1. The viscosity and thermal conductivity of air mixture are calculated
by approximate Wilke-Vasiliyeva type formulas °.

2. CFD modeling nonequilibrium air flow

2.1 Numerical method

This problem has been solved on the basis effective numerical technique for high temperature gas flows simulation
(HIGHTEMP) developed in Institute of Mechanics MSU .

The quasi 3-D system of the time-dependent full Navier-Stockes (N-S) equations ' are integrated on the multi-block
structured mesh using a finite volume approach. Under this approach, the finite difference equations system consists
of numerical analogs of the governing equations for quadrilateral cells covering the computation domain and
difference approximation of the boundary conditions.

The inviscid fluxes across cell faces are calculated basing the result of the exact Riemann problem solution. The
numerical viscous fluxes through cell sides are evaluated using the central and one-sided difference formulas of the
second order of accuracy. The steady-state solution is defined due to the implicit iterative procedure. The flowfield
parameters are computed due to Gauss-Seidel line relaxation numerical method on the every iteration.

2.2 Inductively coupled plasma modeling

This problem has been solved on the basis N-S equations coupled with the simplified Maxwell equation for the RF
electromagnetic field. Simplified quasi 1D Maxwell equations for the complex amplitude of the tangential
component of the electric field generating vortical electric currents were solved for the discharge channel *.

The input parameters of the problem are the inductor current frequency f, the gas flow rate G, the power input in
plasma N,, the ground pressure Pyand gas temperature 7 in the test chamber and exit diameter D, of the sonic
nozzle. The mentioned input parameters correspond to the aerothermal IPG-4 test conditions.

The flow streamlines and translational temperature fields for the air plasma in the plasmatron discharge channel are
shown in Fig. 1. The calculations are presented for one-temperature gas-phase model. The complicated structure of
the flow with embedded vortical zones is formed in the center of the discharge channel. The cold gas goes along the
discharge channel wall. The form of the separation zones depends on diameter of sonic nozzle exit.

T.K
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Figure 1: The flow streamlines and translational temperature contours in the plasmotron discharge channel
P,=12hPa T.=293K G=48g/s Ny, =41kW a)D,=30mm b) D;=40 mm
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Fig.2 demonstrates also the vibrational and electron temperature contours in the discharge channel obtained in the
framework of the three-temperature gas-phase model. The vibrational temperature 7, maximum is about 30000K in
the heating area. The difference between 7, and T, maximums is of the order of 2800K. The calculated translational
temperatures were close to each other in the considered gas-phase models. The vibrational and electron temperatures
obtained in the framework of three-temperature model used are essentially differed from the translational ones.
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Figure 2: The translational (a), vibrational (b) and electron(c) temperature contours in the plasmotron discharge
channel
P.=63hPa T.=293K G=24¢g/s N,;=29kW D;=40mm

Fig.3 also demonstrates the translational, the vibrational and the electron temperature contours in the discharge
channel for other set parameters in the experiment. It is observed more pressure value in the discharge channel in
comparison with test regime presented in the Figure 2. The translational (7), vibrational (7,) and electron (7 )
temperature values in the heating area are closer to each other in this case. The difference between T, and T.
maximums is of the order of 400K. The vibrational and electron temperatures obtained are not essentially differed
from the translational one.
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Figure 3: The translational (a), vibrational (b) and electron(c) temperature contours in the plasmotron discharge channel
P,=12hPa T,=293K G=48g/s N,=41kW D,=40mm

2.3 Calculation results of the flow over the butt-end model
The CFD results were found to be in a good agreement with the experimental geometry of the under-expanded free air

jets. We note that the flow pattern over model strongly depend both the ground pressure P in the test chamber and

the model location Z,, in the jet.
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a) b) c) d)

Figure 4: The under-expanded supersonic plasma air jet flow over flat-end cylindrical model
The right part is the experiment; the left one is the shadow of computational picture
a) P,=83hPa G=24g/s N,=41kW D=30mm Z,=30mm
b) P,=83hPa G=24g/s N,y=29kW Dy=40mm Z,=20mm
c) P.=103hPa G=24g/s N;=29kW D;=40mm Z,=70 mm
d) P,=12hPa G=4.8g/s Ny=41kW D,=30mm Z,=70mm

For the regime, presented in Fig. 4c) the flow does not separate in front of the model for all model locations in the
jet; a straight shock wave is observed as a result of non-uniform supersonic flow in front of the model.

For the regime presented in Fig. 4 d), the subsonic separation zone is formed in front of the flat-end probe located of
70 mm from the nozzle exit. It changes heat transfer with the model.

Fig.5 demonstrates the Mach contours over the butt-end probe located at 100 mm from the nozzle exit. The model is
located sufficiently far from the nozzle exit and it does not affect on the jet flow in the initial section near the nozzle.
In the regime corresponded to Fig. 5b), the flow does not separate in front of the model for all model locations in the
jet. The subsonic separation zones are observed in front of the model for test regime presented in Fig. 5 a) and this

could affect on the heat transfer to the model.
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Figure 5: Mach contours and the flow streamlines in supersonic airflow over butt-end model
a) P,=63hPa T.=293K G=24g/s N,=29kW D;=40 mm
b) P.=103hPa T.=293K G=24g/s N,=29kW D=40mm

The Fig.6 demonstrates the Mach contours over the butt-end probe located at 80 mm from the nozzle exit for
thermally equilibrium and non-equilibrium gas-phase model correspondently.



SESSION 2.08, SHOCK INTERACTION AND AEROCHEMISTRY (SWBLI, CATALYSIS...)

M
02 05 09 13 16 20 24 27 02 05 09 13 16 20 24 27

M
M
m
=

50 100
Zmm Z.mm

a) b)

Figure 6: Mach contours and the flow streamlines in supersonic airflow over butt-end model
P,=12hPa T.=293K G=48g/s N,=41kW D;=40mm
a) thermally equilibrium model b) thermally non-equilibrium model

We note that the flow topology slightly depends on the gas-phase model used. The separation zone is less and the
supersonic jet is narrower for the thermally non-equilibrium model.

Non-monotonous stagnation point heat fluxes and stagnation pressure distributions along the jet axis discovered experimentally
were confirmed by the CFD modeling (Fig.7-8). The calculated local minima and maxima in the heat flux and pressure
distributions coincide well with the experimental data. L.ocal maxima and minima correspond to supersonic flow and subsonic
separated-flow over the model correspondingly. The heat fluxes were calculated for the catalytic efficiencies y,=)4 = 0.1
corresponding to the recombination of oxygen and nitrogen atoms on the copper surface .
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Figure 7: The comparison of the calculated and experimentally measured heat fluxes and stagnation pressure
distributions along the jet axis for the cupreous surface for the follow [PG-4 test parameters:
G=24g/s Ny =29kW D,=40mm 1,2-P,=63hPa 3,4- P,=83hPa 5,6-P,=10.3 hPa
1, 3,5 —experiment 2, 4, 6 — calculations
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Figure 8: The comparison of the calculated and experimentally measured heat fluxes distributions along the jet axis
for the cupreous surface for the follow IPG-4 test parameters: Ny =41 kW
1,2-P.,=63hPa, G=24¢g/s 34-P.=12hPa, G=48g/s a)D,=40mm b)D,=30 mm
1, 3 — experiment 2, 4 — calculations

We note that the copper surface did not appear itself as the fully catalytic one for supersonic jet flow unlike the case
of subsonic high enthalpy airflows '*.

The difference between heat fluxes obtained in the frameworks of various gas-phase models is observed for the butt-
end probe location of the order of 60 mm from the nozzle exit (curves 2 and 3). In this case the subsonic flow over
the body is realized and the pressure in front of the butt-end probe is smaller than in the case of supersonic flows.
Therefore the energy exchange between of translational and vibrational degrees of freedom decelerates. As a result
the higher translational gas temperature near the body surface causes the higher heat flux values.
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Figure 9. The comparison of the calculated heat fluxes distributions along the jet axis for one- and multi-temperature
gas-phase models: G =24 g/s, N, =29 kW, P,=8.3hPa, D,=40 mm
1 —experiment ; 2 (one-temperature model), 3 (three-temperature model) - calculations
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Conclusion

Under-expanded air free jets and heat transfer in supersonic flows under the IPG-4 plasmatron (IPM) test conditions
are studied by CFD modeling.

The difference between the calculated electron-vibrational and translational temperatures in plasmotron discharge
channel for considered test conditions is in agreement with the physics of energy transfer from electric field to the
airflow.

The CFD results were found to be in a good agreement with the experimental geometry of the under-expanded free air
jets.

Non-monotonous stagnation point heat flux and pressure distributions along the jet axis observed in the experiment
are confirmed by CFD modeling. The calculated distributions of the stagnation point heat fluxes, stagnation pressure and
locations of the local minima and maxima are found to be in agreement with the experimental data.

Calculated stagnation point heat fluxes and pressure weakly depend on the used gas-phase models for supersonic
flow over the butt-end probe. The heat fluxes calculated using one-temperature and multi-temperature gas-phase
models are in worse agreement for subsonic flow over the butt-end probe.

The copper cannot be considered as a fully catalytic material in supersonic jet flows, particularly, for the flow
enthalpy rebuilding on the basis of the measured stagnation point heat flux.

This work was supported by the RFBR grant (project project 05-01-00844)), by the INTAS (INTAS-CNES project
03-53-5117), by the basic research program of Presidium RAS (project 09), and performed under contract to the
International Science and Technology Center (ISTC), Moscow.
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