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Modeling of an Argon Plasma in a Boundary-Layer Flow

Pascale Domingo,* Dany Vandromme,t and P. Vervisch$
CORIA — URA, 76134 Mont Saint Aignan, France

Results of the modeling of an argon plasma are compared against experiments in a laminar boundary-layer
flow. The test conditions are as follows: pressure = 120 Pa, strong thermal nonequilibrium (ratom_ion ~ 1500
K, Telectrorts ~ 5500 K), ionization close to 1%. lonization coefficient, population density of the 3p54s level,
velocity, and translational temperature are computed. The treatment of the 3p54s level is performed including
the radiative source terms. The numerical method used is a modified version of the Patankar and Spalding
method. Comparison with experiments is fairly satisfactory. The influence of radiative transfer on the ion/
electron recombination term is pointed out.

Nomenclature
Cp = specific heat coefficient for constant

pressure
Damb = ambipolar diffusion coefficient
Dm , = diffusion coefficient for species 3p54s
(dNJdt) = ion/electron recombination coefficient
£/ = specific ionization energy
^ = specific enthalpy for species i
NJ = number of particles of species i per

volume unit
Pi = partial pressure
QT-E = energy exchanged by collision between

heavy particles and electrons
qt = heat flux of species i
r = perfect gas constant divided by the

molar mass of argon (R/MAr)
T = heavy particle temperature
u = x component of velocity
V = y component of velocity
a = mass fraction of argon ions
8 = boundary layer thickness
A = thermal conductivity of species /
fji = dynamic viscosity
p = density
Pi = density for species i
¥ = viscous dissipation function
a); = production rate of species i

collision cross section

I. Introduction

F EW experimental investigations have been performed on
plasmas in boundary-layer flows despite their great in-

terest. Most works, such as those of Matsuoka and Nishida,1

do not provide detailed information on the population of
excited levels that are essential for the radiation prediction.

In this study, the results of the numerical calculations of a
plasma boundary-layer flow are compared with experimental
results. Prediction is needed for velocity, atomic temperature,
mass fraction of argon ions, and population density at the
3p54s level. A detailed radiative conservation equation, which
prevents the use of effective transition probabilities is solved
for the treatment of the 3p54s level.

II. Mathematical Model
Governing equations are written with the classical bound-

ary-layer assumption. The mode of the charged species dif-
fusion is assumed to be ambipolar. Therefore, a unique equa-
tion is sufficient to describe the electron/ion pair evolution.
The solid wall is assumed to be collision-free (sheath) and
fully catalytic (total recombination). The transport equation
for the 3p54s level population corresponding to the resonant
radiation transfer is included. Furthermore, the electron tem-
perature is assumed to be constant in the boundary layer. This
is verified experimentally. Indeed, electron temperature co-
responds to a boundary-layer thickness about 10 times larger
than the classical boundary-layer thickness 8 inferred from
the velocity profiles. As the calculation domain is scaled to
5, constant electron temperature is a reasonable approxi-
mation.

Transport equations for properties of the plasma are shown
below.

A. Continuity Equation

dpu [ dpv
dx dy

B. Electron/Ion Pair Conservation Equation

da da d i dapu — + pv — = — pDamb —dx H dy dy \p amb dy

(1)

(2)

with a being the ion mass fraction, Damb the ambipolar dif-
fusion coefficient, and a)Ar+ the recombination rate of the
charged species.

C. 3p45s Level Population Conservation Equation
This level is made up of four components: two resonant

levels and two metastable levels. Because of a high electron
density the collisional coupling between these levels is strong
and an overall description of the whole level can take the
following form:

Received May 10, 1990; revision received Jan. 26, 1990; accepted
for publication Feb. 5, 1990. Copyright © 1991 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Student, CFD Lab., CNRS 230 BP 118, INSA of Rowen.
tProfessor, CFD Lab., CNRS 230 BP 118, INSA of Rowen. Mem-

ber AIAA.
^Senior Scientist, ThermoDynamic Lab., CNRS 230 BP 118, Uni-

versity of Rowen.

dy

(3)

with y3p54s the mass fraction, Dm the diffusion coefficient for
the metastable and o>_v.s4j its production rate.
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D. Momentum Equation

BU du dp d r /dw\i
pu — + pv — = -~ + T- M 7" Idx dy dx dy l\dyj] (4)

E. Heavy Particle Energy Conservation Equation

oJC
pArhAr) + y 7- (pAr+hAr+a)'

—

diA d ,
—— j + —— (<3Ur+

(5)

where subscript; stand for species (Ar+ or Ar) and: / = ions,
atoms or electrons; Nf = number of particles of i species per
volume unit; T{ — temperature of i species; cr/y = effective
collision section; k = Boltzman constant; and miy = reduced
mass m/y = m/my/(ml + my) with mt atomic mass of / species.

4. Viscosity
Mixture viscosity can be taken equal to argon viscosity with

a Sutherland-type law.

5. Energy Transfer Between Heavy Particles and Electrons91

/ i TI \ ^^
Qr-E ^

(11)

Definition of the enthalpy variables gives:

pAr+hAr+ + pArhAr = PCPT + pAr+E?

Generalization of the Fourier heat flux law gives:

(6)

+ (Pxr+K^ + PArVAr)CpT (1)

with A, being the thermal conductivity coefficient for species
i and Vt being the diffusion velocity. Because of mass con-
servation the following relationship must be satisfied:

pA,VAr = 0 (8)

Radiative flux gives no contribution to this energy equation.
Indeed, the inelastic collisions involving electrons are the more
important, thus only free electron energy is affected by ra-
diative term.

F. Transport Coefficients

1. Diffusion Coefficient for Ions

Damb = Dia(l + (TJT)] (9)

with Te being the electron temperature and Dia the diffusion
coefficient for binary exchange between ions and atoms.2

The evolution of Dia as a function of temperature as given
by De Voto* leads to a significant difference between com-
putations and experiments. Such a discrepancy results from
the crude assumptions used for the evaluation of the ambi-
polar diffusion coefficient, which are not valid in strong ther-
mal nonequilibrium situations/The following results have been
obtained by taking an experimental diffusion coefficient, de-
duced from the integration of a transport equation. This tech-
nique is equivalent to using Dia values three times larger than
those in the literature. Furthermore, the difference cannot be
attributed to the source terms because the chemistry is frozen
for the charged particles in the boundary layer.

2. Diffusion Coefficient for Metastable Particles
This coefficient has been determined experimentally in

postdischarge flows at 300 K (Refs. 4-6) and a power of 7/4
with temperature is assumed.

3. Thermal Conductivity7

16

III. Production Rates
A. Recombination Rate

As mentioned above, the chemistry is frozen for recom-
bination in the boundary layer. Therefore, the crude rela-
tionship given by Hinnov and Hirschberg9 is acceptable:

(12a)

(12b)

with the ion/electron recombination coefficient:

/cWA = 1.16 x 1Q-20JV,
\dt)- r«

B. Production Rate for Level 3p54s Population
The kinetic scheme and simplifications are as follows:

) + e~ -» Ar(ls°) + e~

Ar* -» Ar(Sj) + hv

j) -f e ~ ^ Ar(si) + e~

j) + e~ -* Ar(pr) + e~

Ar(pr) -* Ar(Si) + hv

Ar

Ar(si) -+ Ar(ls°) + Ar+

r^) -* Ar(ls°) + hv

(13a)

(13b)

(13c)

(13d)

(13e)

(13f)

(13g)

(13h)

with: Ar(ls°) = fundamental level; Ar(Sj) = levels 3p54s
(lPn 3Po» 3Pi9 3P2)\ Ar(pr): levels 3/?54p; A r* = excited levels
other than 4p or 4^; and ^4rres(5y): resonant levels of 3p54s
level.

The plasma studied here is of the recombination type. Saha
equilibrium with excited level continuum is verified from the
3p 54p level up to the ionization limit. The 3p54s level is
overpopulated by a factor of 10 with respect to the equilibrium
situation. The contribution of levels higher than 4p is ne-
glected [reaction (13b)].

The high level of the electron density in the freestream (~7
x 10 +19) leads to a strong coupling between 3p54s levels
[reaction (13c)j. Thus, some equilibrium exists between these
levels at the electron temperature. Experiments10'11 show that
these four levels follow the same evolution within the bound-
ary layer.
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Direct recombination on 45 levels [reaction (13f)] contrib-
utes little to the overall process, and therefore will be ne-
glected. Reaction (13g), which is important only at low elec-
tron density, is also neglected. Therefore, only reactions (13a),
(13d), (13e), and (13h) are considered.

The reaction rate (13a) is determined by microreversibility
using data from Lloyd et al.,12 Borst,13 and Brunt et al.14

Reaction (13e), corresponding to the radiative transition of
higher levels, has the following production rate:

(14)

3p54p level populations are calculated from a Saha distribu-
tion and the transition probabilities A4p^4s are tabulated.15

The production rate of reaction (13d) has the form:

(15)

Because no satisfying value of the collision cross section
has been found in the literature, it is evaluated at each iter-
ation by solving in the homogeneous zone S3p545 ievei ^/ = 0-
As the electron temperature is constant, the reaction rate
constant is unchanged in the boundary layer.

The depopulation rate, due to resonant radiation, depends
on the entire plasma. This feature is modeled by a schematic
approach described below. The boundary layer is supposed
to be stratified, i.e., without gradients parallel to the flat plate.
By requiring radiative energy conservation on a slice having
dy as a thickness, a relationship can be established between
the number of photons emitted or absorbed by the slice and
its variation of luminance, or similarly between the population
balance and the luminance. Therefore, for each resonant level,
we have to solve:

9m(y')
dy

-

- r(y')] dy'

) - TOO] d/]y dy

+ m(0)/3[T()0] + J3[r(/) - r(y)]

with:

/: homogeneous zone thickness

Ar_>f = transition probability

w -m

(16)

L

• e * kv(y) dp d/A d<l>

kvD(y): broadening

k^y): centerline absorption coefficient

kv(y) absorption coefficient

The p functions are calculated by neglecting the temperature
and velocity gradients. The two resonant levels lpl and 3pl
must be considered separately.

L 3pl Level
At the considered pressure (—120 Pa) all Lorentz broad-

ening terms can be neglected compared to the Doppler one
(due to thermal agitation). For kv a Doppler broadening pro-
file is taken, which yields in the case of fi:

(17)

with the )30 function identical to Holstein's proposal.1

2. lpi Level
For this level, the Lorentz broadening due to inelastic col-

lisions (resonant broadening) cannot be neglected compared
to the Doppler broadening. The Drawin17 correction to /30 is
used.

IV. Numerical Estimation of Recombination
Coefficient

The recombination of charged species is essentially accom-
plished through the direct recombination reaction:

Ar Ar* (18a)

The global species conservation equation gives:

|(f) + ̂ Uo

where p: number of excited levels.
The electroneutrality of the plasma can be expressed as:

dN~
dt (18c)

The relaxation time of excited levels with respect to the
ground state being very short, it is correct to keep in the
R.H.S. only dNfund/dt. The fundamental level is preferably
coupled with 3p54s level:

~~dT

dNe
^ dt dt

(19a)

(19b)

Thus, at each iteration the comparison between the ion/
electron recombination coefficient calculated with (19b) or
(12b) can be carried out. We can notice that using (19b) or
(12b) in the equation for the electron/ion pair is not important
because the boundary layer is almost frozen for the charged
particles.

V. Numerical Method
The system of equations that has been described above can

be cast in the following form:

with:

d®

4> = fw, T, a,

(20a)

(20b)
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^Ar+ + ^Ar

Cn — r

The source terms are split as:

(20c)

(20d)

The detailed expressions of the linear and no-linear source
terms follow:

c (n l (r n da (du dv\\ n«H- = (0, ————, (- D.mb - - pr{- + -jj, 0,

(21a)

rT) da dT

an"

^3p545(i3h) )

Equation (20a) is solved with a modified version of the
Patankar and Spalding method.18 These parabolic equations
are solved with an implicit space marching procedure. Two
hundred points are used in the ^-direction and ~3000 march-
ing steps are needed in the ^-direction (for 8.10~3 mm).
Whenever it is possible, linearization is made for all equations
in order to improve stability. Nevertheless, because of the
stiffness of 3p54s equation, its source terms cannot be li-
nearized (except for the reaction 13d). This led us to use a
rather small increment in the ^-direction.

VI. Experiment
A. Flow Configuration and Boundary Conditions (Fig. 1)

The plasma source is a DC arcjet having the classical elec-
trode configuration. The arc is initiated between the tip of a
tungsten cathode and a nozzle-shaped copper anode. A power
of 6 kW was applied to 9 l.mn-1 of argon. The freejet flows
into a low-pressure test chamber (60 cm diameter) all main-
tained at the pressure 120 Pa. A stainless steel cooled plate
is set along its flow direction. To avoid edge effects, this plate
is larger than the spread of the jet (plate: 12 cm wide/15 cm
long, jet: 10 cm diameter).

The freestream conditions are as follows: ux = 680 m/s, Tx
= 1500 K, Te = 5500 K, P = 120 Pa, <xx = 1.358.1Q-2,
#W = 3.1.1017 m-3.

The wall boundary conditions are:
Mwaii = 0 (n° - slip boundary) (22a)

(22b)

ŝ̂ SSSSSScvŜ ^
Fig. 1 Flow configuration.
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Fig. 2 Comparison of reduced profiles of velocity distribution at
different jc-locations: a) x = 2 mm; b) x = 4 mm; c) x = 8 mm.

B. Measurement Techniques
The measurements were made with an interferential Fabry

Perot (FP) spectrometer. The spectrometer isolates a spectral
band of 2.5.10~2 nm, which is sent in the FP (spectral reso-
lution 10~3 nm). The measurement apparatus allows a spatial
resolution of 0.3 mm crosswise and 0.5 mm stream wise. The
population density of the metastable and resonant levels is
determined by measuring the absorption coefficient profile of
near I.R. (Infra Red) transitions of argon (transitions: 772.3
nm, 772.4 nm, 751.4 nm, 750 nm, which have respectively
lPn 3Pn 3P2, 3Po as lower levels). The atomic temperature is
deduced from the effect of thermal broadening on this profile.
The measurement of the intensity of the emission radiations
gives the population of 3p54p, 3p55p, 3p54d levels. Those
levels verify the Saha equilibrium law and, thus, we can obtain
electron density and temperature. The Doppler shift of the
emission line of argon (following a direction making a small
angle with x<J>y) gives the velocity (accuracy: 50 m/s).The pop-
ulation density of excited levels being small compared pop-
ulation density of the fundamental level, the pressure is ob-
tained by the following relationship:

P = + 7Vions)A:r + Ne-kTe (23)

VII. Results and Discussion
Figures 2-7 show the comparison of computations with

experiments at different abscissa along the flat plate (x = 2,
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Fig. 3 Comparison of reduced profiles of temperature variations at different jr-locations: a) x = 2 mm; b) jc = 4 mm; c) jc = 8 mm.
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Fig. 5 Comparison of reduced profiles of population density of 3p54s
level at different ^-locations: a) x = 2 mm; b) * = 4 mm; c) jc = 8
mm.
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Fig. 6 Collision cross section <cr- v)3pS4p^3ps4s (m3-s~1) evolution
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Fig. 7 Comparison of ion/electron recombination coefficient
(part• m~3 • s~') at x = 2 mm.

4 and 8 mm). The overall agreement is fairly good, except a
minor discrepancy on the velocity profiles (Figs. 2a-2c). This
point is linked to the fact that velocity measurements are the
less accurate, because obtained by small Doppler shift.

Figures 3a-3c provide a comparison of experimental and
numerical results for atomic temperature. Except for the ab-
scissa x = 2 mm where the validity of the boundary layer
assumptions could be discussed, the numerical results remain
in the experimental error margin (10%).

Figures 4a-4c show a very good agreement between ex-
periments and numerics. We could note that the ion mass
fraction evolution is principally determined by diffusion and
convection contributions.

Agreement for the 3p54s level (Figs. 5a-5c) is excellent. It
was observed that accounting for the radiative transfer is ab-
solutely necessary, especially in a boundary layer where emit-
ting and absorbing zones are different, and also where the
models using effective transition probabilities are not suffi-
cient.

The collision cross section (o-'v)3p54s^3p54p that is calculated
is consistent with a quasisteady behaviour along the flat plate
(Fig. 6). The calculated value (—3.5 x 10~15m3/s) is one order
of magnitude lower than the value proposed by Drawin.19

Nevertheless, this result is in good agreement with the mea-
surements of Copley and Lee,20 they found (a- v)3p54s-+3p54p =
6.10~14 rr^-s"1 for kTe = 3 eV, which is consistent with our
value if an evolution with ekTt is assumed.

A comparison between the ion/electron recombination
coefficient of Hinnov and Hirschberg9 and the calculated one
(Fig. 7) is made. Therefore, it can be observed that, when
the radiative term becomes important compared to the col-
lision term (which is true in our experiments), the local re-
combination coefficient will not depend only on local plasma
values, but on the whole plasma through the resonant radia-
tive transfer term. This effect, due to the radiative transfer,
would be more significant in a supersonic or hypersonic flow
where the Doppler displacement in the gradient zone makes
the radiative transfer bigger.

VII. Conclusions
The velocity, heavy particle temperature, ion mass fraction,

and population density of 3/?54s level of argon have been
computed in a boundary layer. Analysis has been made in
strong thermal nonequilibrium (atomic temperature 1500 K
and electron temperature 5500 K). The calculated profiles
compare fairly well with experiments.

A kinetic model describing the evolution of the 3p54s level
has been developed with the assumption of a strong coupling
between the metastable and resonant levels, which allows use
of a global conservation equation. The significant role of ra-
diative transfer has been pointed out. Its influence on the ion/
electron recombination rate has also been exhibited, leading
to a strong difference between the value obtained from Hin-
nov and Hirschberg9 and the calculated one.

Further research is required to improve the modeling of
the transport coefficients in order to avoid the use of empirical
laws. However, this numerical approach of a flowing plasma
is very promising and will be applied to more complex plasmas
such as nitrogen or air plasmas.
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