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Aninductively heated radio-frequency plasma source for reentry simulationshas been developed at the Institute
of Space Systems of the University of Stuttgart. This plasma source can be investigated by plasma diagnostic
techniques, as well as by numerical methods. A numerical code has been developed to compute the plasma state
properties in the discharge region of this plasma source for four-species ionized argon flow. The electric input
power, the total jet enthalpy, and the heat flux to the confinement tube wall can be computed to investigate these
energy partitions. Further improvements need to be made to the code to decrease the computation time to perform
parameter studies for optimizing the thermal efficiency of this plasma source. A simplified code that computes
the plasma properties of an entire subsonic flowfield under atmospheric pressure conditions was used to test these
kind of parameter studies. Results are presented of the plasma flow quantities in this plasma source for an argon
discharge under low-pressure conditions of a reentry simulation. Additionally, results of numerically performed

parameter studies for an argon discharge under atmospheric pressure conditions are discussed.

Nomenclature T = temperature

A = vector potential t = time .
B = magnetic induction u = z-velocity component
c = velocity of light v = r-vel(_)city component
¢ = molar concentration 4 = velocity
D = diffusion coefficient Z = axial coordinate
E = electric field strength a = heat transfer coefficient
e = elementary charge r = inner wall surface
e, = mass specific energy 4 = adiabatic coefficient
G(k) = Green function € = ionization energy
H = volume specific enthalpy o = permittivity of vacuum
1 = electric current n = viscosity coefficient
J = current density K = ratio of specific heats
k = Boltzmann constant A = inflow boundary surface
k.; = reactionrate A = thermal conductivity
m = particle mass u = reduced mass
1 = mass flow rate Ho = permeability of vacuum
n = particle density v = stochiometric coefficient
n = normal vector e = mass density
P = power z = outflow boundary surface
4 = pressure o = electric conductivity
(0] = collision cross section T = viscous stress tensor
q = flowfield vector ] = diameter
R, = coil radius v = mole fraction
Ry = inner tube radius ® = operation frequency
r = radial coordinate ; = chemical source term
r = spatial vector
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Introduction

T the Institute of Space Systems of the University of Stuttgart,

an inductively heated plasma wind tunnel is in operation to
performreentry simulations for the developmentand qualification of
heat protection materials for space vehicles.! One of the advantages
of this facility compared to arc-heated plasma sourcesis the absence
of metal vaporin the plasma, which can arise from cathodeerosionin
arc-heatedplasma sources. With this kind of plasma source, plasmas
of highly reactive gases, such as pure oxygen or carbon dioxide, can
be producedto simulate the entry into atmospheresof other celestial
bodies.

A very important design criterion for this kind of plasma source
is to maximize the jet enthalpy at a given electric power input level
because high enthalpy plasma flows are desired for reentry simu-
lations. One major difficulty in operating the plasma source at a
high-power level arises from the necessity to cool the confinement
tube due to heat fluxes to the inner tube wall. The maximum op-
eration temperature of the inner side of the confinement tube sets
further limits on the operational power level of the plasma source.

For the design of this plasma source, a numerical code is required
thatcomputesthe electrodynamic,thermal, chemical and flow quan-
tities of the plasma flow in the dischargeregion of the plasma source.
With theseresults, the electric input power, the jet enthalpy (thermal,
kinetic, and chemical portions), and the heat flux to the confinement
tube can be computed. The electric input power is distributed in
jet enthalpy and heat flux to the confinement tube, inasmuch as en-
ergy losses due to thermal radiation of the plasma are neglected
in this low-pressure regime. From these computed energy parti-
tions, the thermal efficiency can be computed for a given rf plasma
source.

The numerical code developedfor this purposeis based on a sim-
ulation code for the investigation of the plasma flow properties in
magneto-plasmadynamic(MPD) thrusters? The code to investigate
the plasma flow properties of the rf discharge has been modified by
replacingthe electrodynamicmodule of the MPD-thrusterdischarge
by one designed to compute the dischargein a rf plasma source. The
major difference between these two devices arises from the entirely
different electromagnetic fields that drive the plasma discharges in
bothdevices. The electromagneticfields of the rf dischargeare time-
dependentfields, which require a complex vector potentialapproach
as described by Mosthagimi and Boulus.? Unlike Mosthagimi and
Boulus® and others,*> who investigated the rf discharge at atmo-
spheric pressure conditions where the flow is entirely subsonic and
can be treated with a set of elliptic differential equations, the flow
solver of this code is based on a high-order finite volume upwind
scheme that allows computation of sub- and supersonic flows.

Because of the high plasma velocities produced by this plasma
wind tunnel, Ohm’s law for plasmas including the v X B term has
to be implemented in the equations describing the electrodynamic
properties of the 1f discharge. Unlike under atmospheric pressure
conditions where the assumtion of local thermal equilibrium holds,
this code distinguishesbetween electron and heavy particle temper-
atures because they differ widely under the low-pressure conditions
in this plasma source

A codethatis based on the framework of Kelligetand El-Kaddah,?
Boulos,® Mekideche,” and Mosthagimi and Boulus® and that com-
putes plasma state propertiesunder atmospheric pressure conditions
under the assumption of local thermal equilibriumis equipped with
a module that computes the stationary heat conductionequation in-
side the material of the confinement tube to predict the heat flux to
the confinement tube and the temperature profile of the inner tube
wall. This code was used to perform parameter studies, and there are
also plans to use the code in the low-pressure regime. This requires
further efforts to increase the computation speed of the low-pressure
code.

This paper presents local distributions of electromagnetic, ther-
mal, and flow properties under low-pressure conditions for reentry
simulations. The parameter studies presented here are performed
with an atmospheric pressure code. These are a power over coil-
current plot and a thermal efficiency plot with respect to the opera-
tion frequency.

Computational Model

The proposed model is an extension of the work of Mosthagimi
and Boulus,® Mosthagimi et al.,* and Sleziona et al.? In this section,
the governing equations of the plasma flow inside the rf plasma
source, as well as the vector-potential formulation of the discharge
equation, the electron-energy equation, and the flowfield equation,
are discussed. The flow is assumed to be laminar, and energy losses
due to thermal radiation of the plasma are neglected due to the low-
pressureregime. The plasma is assumed to be quasi neutral, and the
governingequationsare implemented in the code in two dimensions
due to the rotational symmetry of the configuration.

Flowfield

For the description of the axisymmetric, viscous flow, the fol-
lowing form of the Navier-Stokes equations has been used. These
equations were calculated for the three-dimensional grid, which re-
sulted from a rotation of the two-dimensional grid in the azimuthal
direction of the cylindrical coordinates.

The total mass conservationequation

0
—p+V-pr=0 (1)
ot
is solved for a verification of the species conservation equations.
The total momentum conservationequation is

0 I —
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for a plasma flow, which is influenced by electromagneticfields due
to the phasor-averagedj X B forces. The components of the viscous
stress tensor are computed with a Newtonian fluid assumption and
a pressure and temperature dependent viscosity coefficient:
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The total energy conservationequation for the heavy particles of
the plasma flow is

%em+ V. (Hy) =V - (3v) + V - AVT

+V i H,D,V vy, + invneaw(ﬂ, -T) 4)

s=1 v=1
The viscous fluxes were extended to obtain the heat fluxes in the
translational degrees of freedom. An enthalpy transport due to the
mass diffusion is also included. The heating of the heavy particles
by the electrons is contained in the compensation between both
components by the last term in this equation. The total pressure is
obtained by using

P =1 = Dfew — 2p(u? +v3)] + n kT, (5)

Herein the adiabatic coefficient y is a constantratio of specific heats.
By inspection of the Navier-Stokes equations, it is obvious that
the ratio of specific heats occurs only in the energy equation

oe,
ot

+V-fec+ pwl =V -(@»)+V-2VT ©)
The index « indicates that the specific energy is also a function of
K, being a variable depending on p and p:

e. = pl(xk—1)+ p(g*/2) (7

Next, another specific energy is defined with a constant ratio of
specific heats y =const:

e, =pl(y = 1)+ p(q°/2) ®)
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The difference of both specific energies is then
Q0 =e.—e, =p{ll/(x=D]-[1/(y = D]} ©)

By the replacementof e, with e, =e; + Q, the calculated energy
equation then reads

de, Q
ot

+V - [(ex + p] +V - (Qv)

=V.-#vn+V.aAVr (10)

Because only the steady state is of interest, the partial time derivation
0Q/ ot can be neglected. Because of this implementation of the real
gas effects, the Riemann solver for the flowfield does not need to be
changed inasmuch as y is constant.

Chemical Reactions

For the considered case, the medium argon was taken as fluid.
The four speciese, Ar, Ar*, and Ar** are modeled by four chemical
reactions. The species conservationequations, here in mass density
form,

E+Vc v=w; + VD, Vy, (11)
have to be solved to obtain the chemical composition for chemical
nonequilibrium.Here ¢ are the molar concentrations,index i are the
species, and the source term w is the chemical productionrate of the
species. Departing from the general form of the chemical reactions,

we have
DX DX (12

i=1 i=1

with v;, V/; being the stochiometric coefficients of the component
i in the reaction j. X; is the chemical symbol of the component .
The reactionrates m; in molar concentrationform are now obtained
by using

0 =) -

v v
%,)(kf,(Tv, T []e"” = k(1. T ]“[c/’)

j=1 i i

(13)
with the molar concentrationc; for the componenti and k;(7,, T,)
and k,;(T,, T,) being the forward and backward reaction coeffi-
cients, respectively. They are obtained,appropriateto the considered
two-temperature cases, by using the model of Lotz.®°

To achieve a time-step size that is significant for the flowfield and
because the characteristic time step of the system of «; is consider-
ably smaller, the source terms were integrated with subincremented
time steps.

The subincremented integration of the system of nonlinear dif-
ferential equations w; is performed by a Kaps-Rentrop scheme, an
implicit scheme that proved to be fast and accurate for this numeri-
cally stiff system of differential equations.

Electron Energy Equation

The electron temperature has a considerable effect on the chem-
ical reaction rates and a strong effect on the electrical and thermal
conductivity and on the electron density, which again influences the
dischargepattern. Underlow-pressureconditionsfor a reentry simu-
lation, the electrontemperaturediffers stronglyfromthe temperature
of the heavy particles and has to be treated separately* Therefore,
a two-dimensional code for the electron temperature distribution,
corresponding to the two-dimensional discharge code, was written.
The electron temperature distribution is determined by the thermal
energy equation for the electron component:

V-(/IL,VTL,)+%§j-VTL,+pL,Vv

n
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The first term on the left-hand side represents the conductive heat
flux in the electron gas, the second term gives the convective heat
flux of the electron gas due to the electrondrift. The energy inputdue
to ohmic heating is represented by the first term on the right-hand
side, which is phasor averaged. The reaction losses are given by the
second term, where €, is given by Unso6ld.'° The sum of losses is
calculatedby the third term on the right-handside due to the energy
transfer from the electron gas to the heavy particles gas. The heat
transfer coefficient «,, and the thermal conductivity 4, depend on
the electron temperature,'!*'2 where the heat transfer coefficient is

= (8V2l V7) Qe 1o kT [/ (m, +m )] (15)

and the thermal conductivity

15 KT,
/ fe (16)
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In the sum of this conductivity equation, v also includes the elec-
tron component. If Q,, is the cross section between the electrons
and ions, the Gvosdover cross section (Ref. 13) is used. For v=e¢
the collision cross section Q,, can be set equal to the Gvosdover
cross section. For Q,, being the cross sectionbetween electronsand
atoms, the Ramsauer cross section is used (Ref. 14). The electric
conductivity is computed by

a7
[Z(V#L) VQLV

Integral Energy Parameters

The electric power dissipatedinto the plasma Py can be computed
by application of the phasor-averaged Poynting theorem:

Py =/j-_Ed3r (18)
1%

The volume integral in Eq. (18) is taken over the entire discharge
region. The jet power P; can be computed from the difference of
the surface integrals over the inflow boundary surface A and the
outflow boundary surface X :

1, -
P, = Epv +en,+ten,+pl+T P+, VT, )-dA
z
1, .
- Epv +e,+e,+pl+T P+, VT, ) - dA
A

(19)

The first term in the integrand of Eq. (19) denotes the kinetic en-
ergy density, the second the thermal energy density, and the third
the chemical energy density of the plasma flow. The heat flux of the
heavy particle gas through the inflow and outflow boundary is rep-
resented in the last term. The mean specific jet enthalpyis computed
by division of P; with the mass flow per unit time m. If catalytic
reactions at the inner confinement tube wall are neglected, the in-
tegral heat flux Py, to the inner confinement tube wall is computed
by the surface integral over the inner tube surface I':

Py = / MWVT,- dA (20)
r

Because the electric input power is assumed to distribute only in the
energy partitionsjet power and heat flux to the wall (thermal plasma
radiation is neglected in this low-pressure regime), it follows that

PE=PJ+PW (21)
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Heat Conduction Equation

Inside the confinement tube wall, the stationary heat conduction
equation is reduced due to the absence of ohmic heating (the tube
material is regarded as electric insulator) to a Laplace equation for
the temperature of the material 7}, if a constantthermal conductivity
A, of the tube is assumed:

V3T, =0 (22)

The outer tube wall is water cooled, and therefore, the temperature
at this surface is set to the ambient temperature of the cooling water.
At the inner tube wall, the boundary layer I" between plasma and
tube material, the heat flux balance leads to

(A’VVTV_A’II‘IVTII‘I)-" |F=0 (23)

In the balance of Eq. (23), catalytical heat flux components due to
recombination processes are neglected.

Vector Potential Formulation

The electromagnetic fields and induced current densities of the
rf discharge are described by the Maxwell equations (24) and a
simplified Ohm’s law for plasma flows in Eq. (25):

oB

V-E=0, VXE=-— (24)
ot

oE
V XB =N0(j+80§>,

The Maxwell equations (24) can be transformed into an inhomoge-
neous wave equation for the vector potentialA and the coulomb po-
tential @ by applyingthe Lorentz gauge. Because of debye shielding
inside the plasma, the coulomb potential inside the dischargeregion
vanishes, and only the wave equation for the vector potential has to
be regarded:

V-B =0,

j=o(E+v XB) (25)

1 2°A

c? or?

VZ2A =poj (26)

Because the vector-potentialA is oscillating with the operation fre-
quency o, the time dependency is expressed as

A(r, 1) =A(r) e 27

By combining Egs. (25) and (26) with Eq. (27), the elliptic discharge
equation for the complex vector potential A is obtained:

VA —ipgowA + pgov XV XA + (0*/c*)A =0 (28)

The last term in Eq. (28) arises from the displacement current in
Maxwell’s equations. In the regarded low-frequency regime, it is
neglectible compared to the other terms in Eq. (28). Once the solu-
tion for A is obtained, the electric field strength E and the magnetic
flux density B can be computed from A by

E =—-iwA, B=V xA (29)

Boundary Conditions

For the flowfield and the species conservation, all values at the
inflow boundary are determined to satisfy a given temperature dis-
tribution and a fixed argon mass flow rate. The outflow boundary
is considered as a freestream boundary, and either the independent
flow variablesare completely extrapolatedfor the case of supersonic
condition or the energy e, is calculated with the other extrapolated
independentvariables and a given pressure for the case of subsonic
condition. For the symmetry axis, a no flux conditionis taken. This
is done by an extrapolation of the density and energy, V p - n =0,
Ve¢;-n=0,Vey-n=0,andVe,-n=0,areflection of the tangen-
tial velocity, and setting the normal velocity to zero, v - n =0. The
identicalboundary conditionis taken for the mass, species, and mo-
mentum conservationequationatall solid body walls. The boundary

condition at the walls for the heavy particles energy is determined
by a calculated wall temperature. This temperature is calculated by
the heat conduction equation Eq. (22) with the boundary condition
Eq. (23).

The electron temperature boundary condition is given by V7, -
n =0, where n is the normal vector of the surfaces. Because of the
axial symmetry, (07,/0r) =0 on the axis.

The boundary conditions for the complex vector potential A in
the discharge equation Eq. (28) at the inner tube wall are given in
cylindric coordinates for an induction coil with n turns as®

Lolo - R,
Ag(Ry, 2) = § —Glki(Rei, Zcis Ro, 2)]
2 — V R,

o Ro lo 7l
+ —/ / — (', 2)Glkk(r', 2, Ry, 2)] dr' d2’
27 r=0Y7 =0 RO

4R Ry
(Rei + Rp)? + (2 — 2¢i)?

ki(Rei, Zei» Ry, 2) = \/

4r' Ry
kk(r',z', R =
(.2, R, 2) \/ T (30)

The first term in Eq. (30) represents the portion of the azimuthal
vector potential at the inner tube wall induced by the current in the
induction coil turns, whereas the second term is the portion arising
from the induced current density inside the plasma. The integrated
Green functions G[k;(R.;, z.i, Ry, )], and G[kk(r', Z, Ry, z)] are
computed by

(2 = k)K (k) — 2E(k)

Gk) = ;

/2
d
K (k) =/ . —
0o V1-Ksin’e
/2
E(k) =/ V1 —k%sin® o do 31
0

The expressions K (k) and E (k) are known as the ellipticalintegrals
of first and second kind. At the inflow and outflow boundary, similar
expressions hold.

Computational Method

For the calculation of the rf plasma source flow, all differential
equations are solved with a modular program system. The modular
code segments are connected iteratively in the following manner:
For a given flowfield, chemistry and electron temperature distribu-
tion, the current, and, hence, the vector potential distribution were
determined. The integrated Green functions in Eq. (30), only de-
pendent on the geometry of the discharge region, are essential for
the boundary conditions for the vector potential and are computed
in a preprocessing routine. With the ohmic heating, as a result of
the current distribution, an electron energy calculation follows and
determines a new electron temperature distribution. After this, the
flowfield equations were calculated. In the next time step, this new
flowfield, including the new chemistry, heavy particle temperature,
and the new electrontemperaturedistribution, was takento calculate
the new electromagnetic field distribution, and so on.

In the present program system, the elliptical, partial differential
equations for the discharge equation (28) and the electron energy
equation (14) are solved with a finite difference method. The dis-
cretization yields a nonlinear equation that is iteratively solved by
a successive overrelaxation algorithm. The nonlinear, hyperbolic,
partial differential equations for the flowfield are solved by a fi-
nite volume solver.? This code was modified for a nonequilibrium
state and for the electromagnetic source terms interaction. The fi-
nite volume solver uses a Godunov upwinding scheme for the flux
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discretization. The relaxation is done by an explicit time-stepping
procedure.

All equations used for the iteratively solved high enthalpy flow,
which is influenced by an electrodeless discharge and a magnetic
field, are coupled completely by corresponding source terms. This
correlates the different physical processes and their conservation
equations to one another. That the equations are solved by different
solution procedures does not reduce the coupling intensity among
the equations; it rather represents a solution and modular develop-
ment strategy. These individual solution procedures enable an easy
implementationof differentphysical processesand a fasterand more
exactcalculationfor several processes. However, a faster calculation
is possible because either not all processes need extensive calcula-
tion procedures or the step size does not need to be reduced to the
value of the slowest equation. With an individual procedure, the cal-
culation and the boundary conditions can be adjusted more exactly
for various problems.

Solution of an Example Case

The solution presented was calculated for a flow that had been
heatedup and acceleratedby an rf plasmasource. This plasmasource
was operatedwith a currentcoil amplitudeof 390 A and an operation
frequency of 600 kHz. The mass flow rate of argon was 1 g/s, the
ambientpressurein the vacuumchamberwas 100 Pa. Figure 1 shows
the components of this plasma source as energy supply, capacitor
unit, induction coil, and plasma confinement tube. Also the sizes
of the components are shown in Fig. 1 as the length of 30 cm and
the radius of 8 cm of the tube and the length of 12 cm of the 5-turn
induction coil. In this case, the electric input power, computed with
Eq. (18),1s 56 kW.

Energy Supply

8 cm

30cm

Fig. 1 Radio-frequency plasma source.

Numerical Results

The computation was performed on a structured grid, shown in
Fig. 2, with 103 nodes in the axial and 39 nodes in the radial direc-
tion. This grid illustrates the computation domain and the contour
of the plasma source. The grid is exponentiallydensed in the radial
direction to obtain a sufficient resolution toward the plasma source
walls because strong gradients in the flow quantities occur there.

In Fig. 3, the computationalresults of the electronand heavy par-
ticle temperatures are shown. The region of the strongest thermal
nonequilibriumoccurs at the inner tube wall inside the inductioncoil
due to maximum ohmic heating and a moderate wall temperature
in this region, which causes a strong gradient in the heavy particle
temperature torward the confinement tube wall, while the electron
temperature is adiabatic at the wall. This requires fine-grid resolu-
tion at the inner tube wall. Also in this region, the maxima of both
temperatures occur. Both temperature distributions are shifted out
of the coil center due to the plasma flow. The minimum of the elec-
tron temperature is located at the inflow boundary on the symmetry
axis. The lowest value of the heavy particle temperature (300 K) is
located at the inflow boundary of the computation domain.

In Fig. 4 the plasma velocity and the static pressure distribution
are shown. The plasma velocity increases significantly at the first
coil turn close to the inner tube wall. Farther downstream, the ac-
celeration propagates toward the symmetry axis. In agreement with
this acceleration behavior, the pressure remains almost constant in
the inflow boundary, the region between the inflow boundary and the
first coil turn. The plasma is created and acceleratedin the discharge
region inside the induction coil. The pressure gradient in radial di-
rectionis caused by the phasor-averagedj X B forces (pinch effect),
which is shown in Fig. 5.

In Fig. 5, the phasor-averaged electric input power density ]_E
and the electromagnetic force density j X B are shown. The elec-
tric input power density reaches its highest value very close to the
confinement tube wall and declines greatly inside the discharge re-
gion. This gives rise to the positions of the maxima of the electron
temperature and the heavy particle temperature, also close to the
confinement tube wall, as shownin Fig. 3. The vectorsof the electro-
dynamic force density acting on the plasma flow are mostly directed
radially inward and cause the pinch effect in the pressure distribu-
tion, as shown in Fig. 4. Also in this case, the maximum value of
this quantity is reached in the region next to the confinement tube
inside the induction coil.

The distributions of the electric conductivity and the degree of
ionizationare shown in Fig. 6. The maxima of both quantities are lo-
cated where the electron temperature also reaches a maximal value.
The maximum value of the degree of ionization of 90% indicates
an almost fully ionized plasma state at this location.

The magnitude of the electric field strengthin the case of a perfect
vacuum inside the tube (o =0) and for the computed plasma state is
shown in Fig. 7. Because of the effect of electromagneticshielding
of the plasma, the decline of the electric field is greater toward the
symmetry axis in the case of a plasma inside the tube thanin the case
of a perfect vacuuminside the tube. In the case of a plasma, the axial
symmetry of the electric field distribution is perturbed because in

tljU

12 cm

c o o
=]

Fig. 2 Computational grid.
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Fig. 6 Electric conductivity (siemens per meter) (top) and degrees of ionization (bottom).
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Fig. 8 Electric input power (kilowatts) over current coil amplitude
(amperes).

the exit region of the coil the electron temperature is larger than in
the entrance region of the coil. Therefore, the electric conductivity
behaves similarly as shown in Fig. 6 and the electric field in the exit
region is more strongly absorbed.

Under atmospheric pressure conditions two parameter studies
have been performed for an argon discharge with a mass flow rate
of 1 g/s. One is the computation of the electric input power with
respect to the coil current amplitude at an operation frequency of
600 kHz. If the current coil amplitude is lowered below 220 A, the
discharge extinguishes due to the shifting of the temperature distri-
bution out of the coil by the flow and thermal conduction effects.
Below a plasma temperature of 6000 K, the electric conductivity
of an argon plasma at atmospheric pressure almost vanishes'> and
no electric energy can be dissipated into the plasma anymore. The
discharge can only be sustainedif the temperature can be kept above
6000 K in a portion of the dischargeregion that is sufficiently large.
The result is shown in Fig. 8.

The other parameter study performed under atmospheric pres-
sure conditions is the computation of the thermal efficiency of the
plasmasource,definedas P,/ Pg as givenin Eqs. (19) and (18), with
respect to the operation frequency w/2n. The electric input power
was kept constant at a level of 80 kW. As the operation frequency
is lowered, the thermal efficiency rises due to the larger penetration
depth of the electromagneticfields, which causes a better heating of
the plasma inside the discharge region and decreases the heat flux
to the confinement tube wall. Because of strong energy losses to the
confinement tube wall and thermal radiation losses (under atmo-
spheric pressure conditions no longer neglectible), the maximum
value is less than 20% at the lowest value of the frequency interval
at 300 kHz. The result is shown in Fig. 9.
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Fig. 9 Thermal efficiency over operation frequency [1/s].

The flow is assumed to be laminar throughout the discharge re-
gion as the Reynoldsnumberdropsto a valueless than 100 due to the
viscosity of the plasma. Also norecirculationinside the flow was ob-
served, unlike computations by Abeele and Degrez.!® The main dif-
ference between the plasma source modeled by Abeele and Degrez
and the Institut fiir Raumfahrtsysteme plasma source is the way the
cold gasisinjectedinsidethe tube.In the devicedescribedin Ref. 16,
the gas is injected through a slot between the inner radius of the dis-
charge tube and a shielding plate. This obviously creates recircula-
tions thatare carrieddownstreamin the flow and increasestheir mag-
nitude of velocity as the gas is heated up inside the induction coil.
The injection in our device is designed so that the inflow is almost
homogeneous, and the creation of recirculationsdoes not occur.

Conclusions

The codes described in this paper were developed and tested to
gain a more profound understanding of the fundamental processes
occurring in an rf plasma source, especially under low-pressure
conditions.

Further development to increase the computational speed has to
be done to perform parameter studies as has already been done un-
der atmospheric pressure conditions. One goal of these parameter
studies is to maximize the thermal efficiency of this plasma source
for the purpose of design criteria. Important integral parameters of
this plasma source are the partitions of the electric input power as
heat flux losses to the confinement tube wall and total jet enthalpy.
A rough comparison of the electrical and thermal properties seems
to be possible for the low-pressure case and the atmospheric pres-
sure case because the electric conductivity is only weakly pressure
dependent and the temperature distributions in both cases are sim-
ilar. The parameter studies performed under atmospheric pressure
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conditionscould givearoughindicationabout what is to be expected
in the desired ones of the low-pressure case.
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