ATAA JOURNAL
Vol. 31, No. 1, January 1993

Electron-Ion Three-Body Recombination Coefficient of Argon

T. G. Owano* and C. H. Krugert
Stanford University, Stanford, California 94305

and

R. A. Beddinit
University of Illinois, Urbana, Illinois 61801

Spectroscopic measurements of a 15-kW flowing argon plasma, produced by an atmespheric pressure radio
frequency inductively coupled plasma torch, have been made. The plasma is found to be in partial local
thermodynamic equilibrium at electronic levels as low as 4p . Ionizational nonequilibrium is observed in the form
of an elevated electron density due to the finite three-body electron-ion recombination rate. The flowing plasma
is modeled using a two-dimensional axisymmetric flow code, incorporating partial local thermodynamic equi-
librium effects, radiative transfer, and ionizational nonequilibrium through the coupled electron continuity
equation. Measurement of the inlet and outlet conditions of a controlled test section through which the plasma
flows permits an iterative study to attain the electron-ion three-body recombination rate. This rate is found to
be higher, in the temperature range considered, than those reported previously in other studies.

Nomenclature
Aji =Einstein A coefficient, s~!
c =speed of light, m/s
< =gspecific heat, J/kg/K
D, =electron ambipolar diffusion coefficient, m?/s
e =electron charge, C
Jia = oscillator strength
Gy =complex source term
& =ion ground state degeneracy
g =degeneracy of jth level
h =specific sensible static enthalpy, J/kg
I, =total black-body function, W/m?
I =emission coefficient, W/m3/sr
I, =spectral black-body function, Ws/m?
Koy =equilibrium constant, m~3
k =Boltzmann constant, eV/K
Ko =M catalyzed forward rate coefficient, m3/s
ks =M catalyzed backward rate coefficient, m®/s
m, =mass of particle type x, kg
n =index of refraction
n; =number density of jth level, m 3
ny =number density of particle type x, m~3
y2 =pressure, Pa
Dy =partial pressure of particle type x, Pa
Oy =partition function of particle type x
O =effective hard sphere cross section for xx, m?
r =radial coordinate, m
Soks = first excitation cross section, m?/eV
S, =volumetric radiative source strength, W/m3/sr
Stz =line strength, m~! Pa~!s~!
Tx =Boltzmann temperature, K
Ti1E =absolute line intensity temperature, K
Tsaha =Saha equilibrium temperature, K
T, =temperature of particle type x, K
U, =diffusion velocity of electrons, m/s
u =mass velocity of plasma, m/s
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u,v,w =axial, radial, and circumferential velocities,
respectively, m/s

Ve =radial electron diffusion velocity, m/s

X =axial coordinate, m

o = degree of ionization

o’ = electron-catalyzed three-body recombination
coefficient, k., m%/s

o =nonequilibrium factor of level j

Qe =nonequilibrium factor of electrons

8 = over-population factor of 4s level

Br =Rosseland mean extinction coefficient, m~!

8, = spectral absorption coefficient, m~!

% =loss factor

1) =thermal conductivity parameter, vyio/Cp, kg/m/s

e =energy of first electronic excitation, eV

€ion =ionization energy, eV

€ =energy of jth electronic level, eV

€ =ionization energy of jth level, eV

€ = permittivity of free space, C2/N/m?

Jul = characteristic first excitation temperature,

ek, K

Oion = characteristic ionization temperature, €on/k, K

A =wavelength of transition, m

Nimpact = impact thermal conductivity, W/m/K

AR =reactive thermal conductivity, W/m/K

Arad =radiative thermal conductivity, W/m/K

Aot =total thermal conductivity, W/m/K

Ay =impact thermal conductivity of particle type x,
W/m/K

I = dynamic viscosity, kg/m/s

r = generalized transport coefficient

v = frequency, s !

v, =line center frequency, s~ !

p = density, kg/m?

o = Boltzmann constant, W/m?2/K#*

() = Voigt line-shape function, §

£ =Rosseland mean free photon length, m

Subscripts

a =atom

aa = atom-atom collision

ae = atom-electron collision

ai = atom-ion collision

e =electron

h =heavy particle

i, ion =ion

=energetic catalyst
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Introduction

N important aspect of understanding and modeling

plasma flows is the production and destruction of elec-
tron-ion pairs in both equilibrium and nonequilibrium situa-
tions. For a recombining plasma of a monatomic gas, there
are two important channels through which recombination oc-
curs, namely radiative recombination and three-body colli-
sional recombination. In a highly rarefied plasma where colli-
sions are infrequent, radiative recombination becomes the
dominant mode. In denser plasmas, such as the atmospheric
pressure plasma studied here, the collision rates are very high,
and three-body electron-ion and electron-atom recombination
dominate.

Radiative recombination is a negligible contribution to the
overall electron-ion recombination rate for the argon plasmas
studied here, although it is responsible for the continuum
radiation that is used as a spectroscopic measure of the elec-
tron density. Electron-ion and electron-atom three-body ion-
ization/recombination are represented by the reversible reac-
tions:

Art +e +e  =Ar+e- (1)
Art+e”"+Are=Ar+Ar 2)

The most widely used argon three-body recombination coeffi-
cients are those of Hoffert and Lien,! who postulated that the
rate-controlling processes are collisional excitation and de-ex-
citation of the first electronically excited state of argon
(e2=11.6 eV), in the two-step ionization/recombination pro-
cess:

Ar+M = Ar*+ M 3
Ar*+ M e Art +e~ +M @

representing the overall reaction path:
Ar+ M e Art+e-+M )

where M is an energetic catalyst (either Ar or e ~) and Ar* is
the first electronically excited state of argon. In their work,
first excitation cross sections S,3, were obtained from Kelly?
for three-body collisions with neutral species and from Pet-
schek and Byron® for collisions with electrons as the third
body. The forward rate coefficients for Eq. (5) can then be
given as:

32(m; + &
ka(TM)=SaL[~—<M>] KTy
7l' m M

x <6,§“1 + 1> <_e:1> 6
ex
2Tw P\T, ©

The recombination coefficients are then determined using the
equilibrium constants for the overall reaction path (5):

) 32 A,
Keq<TM)=% <2’“—”"@> exp<—f‘ﬂ) ™)

2
a h M

Inserting the proper values and using the detailed balance
relation k7 (Tpr) = kg (Tar)/ Keo(Tar) (which is strictly valid
only at states of chemical equilibrium, but extensions to non-
equilibrium are generally accepted) yields:

(S)e Oion— 0.
ko(T)=5.80x 10*37<7"1 + 2>‘exp<—°7—1———l>,
[cm%/s] (8)

* _A*
kre(Te) =1.290x 1032 <% + 2>exp <elon_T eal) .

e [:4

[cmb/s] (9)

where for argon ©.=135,300 K, O;,=183,100 K, and
Ojon — O =47,800 K is the characteristic temperature for sin-
gle ionization from the first excited state. For the conditions
encountered in the argon plasmas studied here, the atom cata-
lyzed three-body recombination only becomes significant at
temperatures of approximately 4000 K and below, and so it is
neglected. In 1968, Hoffert* incorporated more recent cross-
section data for the electron catalyzed three-body recombina-
tion.> This value is approximately 2.85 times the value used in
deriving Eq. (9) and yields the rate:

9: O; _e*
a’(Te)=3.68x 10—32< Tl +2>exp<_wnT_al>’

e e

[cmS/s] (10)

where o’ =k, is the more commonly used symbol for the
three-body recombination rate. It is interesting to note that
this paper” is almost always overlooked, and that the most
widely used three-body recombination rate remains Eq. (9).

In an effort to investigate this important rate coefficient,
the spectroscopic investigation of a flowing argon plasma is
used as a data base for a computational simulation of the
plasma evolution from the entrance of a controiled reactor to
its exit. By comparing the measurements to a two-dimensional
computational model of the flow and taking into account the
various nonequilibrium effects, an estimate of the electron-ion
three-body recombination rate can be obtained.

Experimental Facility

The measurements described here were conducted with a
nominally 50-kW TAFA model 66 rf induction plasma torch
powered by a LEPEL model T-50 power supply. The vertical
5-coil torch has a 7.5-cm inner diameter and an inner length of
26.5 c¢m measured between the gas-injection plate and the
S-cm exit nozzle, which is 6 cm above the upper coil. The
present experiments were conducted downstream of the nozzle
using a water cooled quartz test section which is shown sche-
matically in Fig. 1. The test section has an inner diameter of 5
cm and a length of 17.5 cm above the nozzle exit. Spectro-
scopic measurements reported at the nozzle exit were made 1
cm downstream of the nozzle with the test section removed.
To check for the possible effects of air entrainment on the
argon plasma, measurements at the same location with the test
section in place were made through the single quartz tube
below the cooling water passage and yielded the same results
as for the unconfined plasma within the 4-cm core for which
results are presented here. Similarly, measurements made at
the test section exit were made in the freejet 1 cm downstream
of the test section exit. The power supply and torch, and the
test section cooling water systems, were separately instru-
mented with thermocouples and flow meters in order to inde-
pendently obtain calorimetric energy balances for comparison
with those obtained from spectroscopic measurements.

Plasma emission measurements were made using a SPEX
model 1400-11 %-m scanning monochromator fitted with a
Hamamatsu model R928 photomultiplier tube. Absolute in-
tensity calibrations were obtained by means of a tungsten strip
lamp, with a calibration traceable to National Bureau of Stan-
dards standards. Temperature measurement of the tungsten
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Fig. 1 Schematic of water cooled test section.
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Fig.2 Schematic of emission measurements.

strip lamp was made using a Pyro-micro disappearing filament
optical pyrometer and is the principal source of uncertainty in
the intensity calibration (~ 5%). Ultraviolet calibration was
obtained using a calibrated quartz-halogen, type FEL, tung-
sten coiled-coil filament lamp. The four-mirror optical ar-
rangement, which permitted lateral and axial scanning of the
plasma, is shown qualitatively in Fig. 2. Data sets acquired
using a Stanford Research Systems model SR510 lock-in am-
plifier were transferred and stored on a laboratory computer
for processing. Lateral traverses of emission data were trans-
formed to radial variations within the plasma using an Abel
inversion technique.b

Temperature Measurements

Several approaches have been used for temperature determi-
nation in thermal plasmas, including measurement of absolute
line intensities, comparison of relative line intensities, and
interpretation of continuum intensities from recombination by
use of the Saha equation.” If, and only if, the plasma is in local
thermodynamic equilibrium (L.TE), these techniques will be
equivalent, in principle, but with differing sensitivities and
accuracy. On the other hand, departures from LTE could
produce unknown errors in the inferred temperature. Such
errors would occur, for example, if recombination radiation
were used to infer the temperature under circumstances where
the electron density is not in Saha equilibrium with the
ground-level density. In the present measurements, radial dis-
tributions of the absolute and relative intensities of eight lines
of neutral argon along with the absolute recombination radia-
tion at 533 nm were measured and independently interpreted
to assess the significance of departures from LTE.

A typical Boltzmann plot of relative line intensities is shown
in Fig. 3 for a torch plate power of 46.7 kW and an argon
flowrate of 160 slpm (0.00443 kg/s). Spectroscopic data for
the measured argon lines is given in Ref. 8. The temperatures
derived from these Boltzmann plots are determined using a
weighted least-squares linear fit, where the weighting is deter-
mined from the experimental uncertainty in the measured line
intensity, incorporating both measurement and calibration un-
certainties, uncertainties introduced in the Abel inversion of
the lateral data, and the reported uncertainty in the Einstein
coefficients. Boltzmann temperatures Ty calculated from the
slope of Boltzmann plots such as Fig. 3 are compared with
temperatures based on the absolute intensity of the Arl line at
430 nm in Figs. 4 and 5 for the torch nozzle exit and test
section exit, respectively. Torch conditions for these figures
are the same as in Fig. 3.

Here the absolute line intensity temperatures are denoted by
Tire and are calculated from the Maxwell-Boltzmann rela-

tion:
2= () ) (ms)
== exp (11)
& (gj kTytg) kTy1g;

To obtain an absolute number density from a measured emis-
sion coefficient I;; [W/cm3sr], the following relation is used

_471'11',‘)\

j= 12
n; heA (12)

where I;; is determined from the recorded photomultiplier
tube signal through the aforementioned tungsten lamp calibra-
tion. For convenience and clarity, in Eq. (11), p/kT has been
substituted for the ground level density n;; this follows from
the fact that, for all experimental conditions reported here, the
electron number density is small compared to the total argon
number density, and the electronic partition function is essen-
tially the ground-level degeneracy g;. Although Figs. 4 and 5
show T 1g based on just the 430 nm Arl line, numerical values
for Ty g when based on other lines with relatively well-known
Einstein coefficients agree within 1%.

Electron Density Measurements

One can also use the absolute continuum intensity to deter-
mine the electron density. The absolute continuum emissivity
of the plasma due to electron-ion free-free interaction, elec-
tron-atom free-free interaction, and electron-ion free-bound
interaction’ is strongly dependent on the electron density and
weakly dependent on the electron temperature at wavelengths
greater than about 400 nm. Thus, the absolute electron num-
ber density can be calculated from the absolute emission coef-
ficient of the continuum radiation measured at 533 nm, using
Ty in the weak temperature dependence. (Here, the electron-
ion free-bound Biberman factor used at 533 nm was 1.7, and
the relative contributions of the electron-ion free-bound, elec-
tron-atom free-free, and electron-ion free-free interactions are
of the order of 25:5:1, respectively.) The results of this reduc-
tion are shown in Fig. 6 for the nozzle and test section exits. It
is important to note that the interpretation of the absolute
continuum radiation to determine electron density does not
rely on any assumptions of equilibrium between the free elec-
trons and the ground state. Because of this fact, the technique
yields accurate electron densities for plasmas in LTE as well as
for those in partial local thermodynamic equilibrium (PLTE).
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Fig. 3 Typical Boltzmann plot.
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Fig. 6 Electron densities calculated from measured absolute contin-
uum intensities. :

It is useful, however, once one has determined the electron
density, to consider at what equilibrium temperature this elec-
tron density would exist. One can determine this Saha equi-
librium temperature Ts,p, through the use of the ground state
Saha equation:

nem; - 2<_Q_’> <27rmek TSaha) 3/2exp< - Eion) a3)

n, Q. h? kT,
where the ground state number density #, can be replaced by
p/kT, Q, can be replaced by the ground state degeneracy, and
similarly Q, the ion partition function, can be replaced by the
ion ground state degeneracy. The results of these calculations
for the nozzle and test section exits are plotted in Fig. 7 and
show that the Saha equilibrium temperature Tg,,, is much
closer to the absolute line intensity temperature Tiyg than to
the Boltzmann relative intensity temperature T. The fact that
Tsana is closer in value to Tigg than to Ty is not surprising
since, in contrast to Ty, the determination of Tgu,, and Tirg
requires knowledge of the ground state number density; thus
both procedures entail the same assumption of equilibrium
between the ground and excited states.

Partial Equilibrium Model

These results show that for the nozzle exit, in the central
region of the plasma, the Boltzmann temperature Tj is ap-
proximately 250 K above T rg. This difference is consistent
with depopulation of bound electronic states, although it is
within the ~5% uncertainty of the temperature measure-
ments. On the other hand, at both the nozzle and the test
section exits (Figs. 4 and 5), Tyirg is greater than Tjp in the
outer regions of the plasma, which is consistent with both
diffusion of free electrons toward the cool walls and with the
finite electron recombination rates® controlling the decay from
the initially high electron densities generated within the rf
discharge region. Although this nonequilibrium is small at the
nozzle exit, it is pronounced for the recombining plasma at the
test section exit. ‘

A detailed review of all of the data shows that they can be
interpreted in terms of a partial equilibrium model in which
the bound and free electrons are mutually in partial equi-
librium at the Boltzmann temperature Ty, as given by the
excited state Saha equation:

2 2
n g 27rmekTB> 3/ < - Ej)\> .
= =g (T8 . J>2 (4
n; <gj> < h? P\ Ty / (14

An argon collisional-radiative model!° indicates that the popu
lation of the first excited level (j =2) will begin to deviate from
equilibrium with the free electrons at sufficiently low (< 10%
cm~%) electron densities and begin to move toward equi-
librium with the ground level (j =1). Thus, the partial equi-
librium model is defined by Eq. (14), with j >2. (With strong
4p-4s radiative loss, the partial equilibrium may not exist until
J >3 (Ref. 11); however, this is not anticipated until electron
densities fall below 10'* ¢cm~3 and to the accuracy of our
measurements, we did not observe such an effect.)

Since the partial equilibrium described by this model is
maintained by collisions between excited electronic states and
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Fig. 7 Saha temperatures inferred from measured electron densities.

free electrons, the Boltzmann temperature 75 should agree
with the free electron translational temperature 7,. This is
supported by detailed collisional-radiative calculations!®-'?
that show equilibration, at sufficiently high electron densities,
between the electron temperature 7, and the Boltzmann slope
temperature Ty of high-lying bound electronic states. In the
absence of plasma currents in the region under study, the
electron energy equation® shows relatively small differences
(= 1%) between the electron temperature 7e and the heavy
particle gas temperature T} for the conditions of our experi-
ments, except near the test section wall where steep 7, gradi-
ents exist.

The partial equilibrium model thus allows the plasma to be
described by three parameters: the pressure, the temperature
Tg, and a nonequilibrium factor. This factor « is defined by:

= =il — J| — Jexp| — (15
&j j<g1 kTp kTp
2
ne 2g; 27rmekTB> ¥ < - Eion>
= o (281 (2rmkTs ion 16
p/kT, <g1>< A2 TP\ kT, 19

A property of the partial equilibrium model is that «; and o,
are the same, and that o; is independent of j, for j>2.

Computational Model

To extract an accurate estimate of the electron-ion three-
body recombination rate from the knowledge of the plasma
state at the entrance and exit of the plasma flow reactor
requires more than a simple stream tube type analysis. Al-
though knowledge of the electron density at two points and an
estimate of the flow time in between yields an electron destruc-
tion rate, the complete effects of geometry, finite rate reac-
tions, convection, diffusion, thermal conductivity, and radia-
tive transfer can only be accounted for by a full simulation of
the plasma flowfield. For these reasons, an axisymmetric,
two-dimensional, parabolized Navier-Stokes plasma code!*
was used as a base to create a nonequilibrium, finite rate
electron chemistry, plasma flow simulation. This model incor-
porates accurate thermophysical properties of argon into the
solution, as well as a nonequilibrium radiative heat flux (from
the optically thin plasma radiation), optically thick radiation
transport through an effective radiative thermal conductivity,
nonequilibrium electron thermal conductivity, and a coupled
solution of the electron continuity equation.

Accurate prediction of the radiative transport is essential to
energy loss and transport mechanisms, and the effects of
partial local thermodynamic equilibrium must be taken into
account. Use of the experimentally determined volumetric
radiative loss® is made to incorporate the effects of nonequi-
librium radiative transfer. In this case, since the effects of
finite rate electron-ion recombination cause an elevated elec-
tron density (and thus elevated excited electronic level popula-
tions), the net effect is to cause a higher radiative loss than
would be expected under equilibrium conditions. Another ef-
fect of this elevated electron population is to increase the
component of thermal conductivity due to electrons, which at
plasma temperatures can be significant if not dominant. A
nonequilibrium form of the electron continuity equation is
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coupled to the flowfield solution and predicts the convection,
diffusion, and destruction of electron-ion pairs as the flow
progresses through the test section.

Basic Model

The plasma flow code used as a starting point for building
a complete nonequilibrium plasma simulation is a parabolic
approximation for the Navier-Stokes equations utilizing a sec-
ond-order turbulence model for Reynolds stresses and energy
correlations.'# Although this program is capable of handling a
turbulent or transition flow, the argon plasma considered here
has a Reynolds number of approximately 2 x 10? and is basi-
cally a laminar flow, with the turbulence equations solved but
having negligible impact on the solution. The parabolic equa-
tion system is comprised of the nonconservative forms of the
axial velocity and sensible static enthalpy equations used by
Beddini.’> The mass continuity, axial momentum, energy,
and second-order turbulence model equations for Reynolds
stresses and energy correlations are also adapted from Ref. 15.

The parabolic differential equation system for the fluid may
be considered in the functional form:

_of _ o 138 V_af>
pu 6x+pv+ar_r” 8r<r K or + OGN an

where

= (@R 3V ww w w R T (1s)

The transport coefficient usrepresents the dynamic viscosity u
or the thermal conductivity parameter 6 as appropriate for
each equation. However, not all of the diffusion terms for
each equation in the system may be cast in the form shown in
Eq. (17). Those that do not conform are implicitly contained
within the complex function G, which also represents the
sources, cross-coupling, and dissipation terms for the equa-
tions. For the mean enthalpy equation, the volumetric radia-
tive loss S, is also included within G,

The numerical solution procedure for the differential equa-
tion system utilizes an implicit Crank-Nicholson method.
Block decoupling of the 11 dependent variables is used to
accelerate the solution using the tridiagonal algorithm. The
largest sub-block size solved is 3x3. An unequally spaced,
dynamically adaptive grid is employed in both the axial and
radial directions. The radial mesh is varied inversely with the
curvature of selected dependent variables, allowing effective
resolution of regions of rapid change of the mean flow, en-
ergy, and Reynolds stresses. To complete the solution proce-

- dure, v is found by quadrature of the continuity equation, and
the axial pressure gradient is determined iteratively by satisfac-
tion of global mass continuity over an axial step.

Electron Continuity Equation

The heart of this investigation into the electron-ion three-
body recombination rate for argon is the electron continuity
equation. It controls the convection, diffusion, and destruc-
tion of electron-ion pairs as the plasma flows down the test
section. The electron continuity equation in its most general
form!S is given by

%+V-[ne(u+Ue)]=r‘le (19

For the two-dimensional axisymmetric plasma under consider-
ation,

u=1{uv} (20a)
U,=v, (20b)
on,
i 0 (20¢c)

thus,

19 a .
- [rne(v+ve)]+_ (nu)=n, 2D
ror az

For the ambipolar diffusion of electrons we can write

-D, d
=——2 — (p. +Di 22
neVe ="y r ar(pe i) (22)

where D, is taken from Devoto.!” For this singly ionized
plasma,

De=pi=nkT 23)

The right-hand side of Eq. (15) represents the production/de-
struction of electron-ion pairs and contains the recombination
rate under investigation. This source term, for a plasma in
LTE or PLTE, is given by the equation®:

n2\*
r.=a'n, n1<n—e —n? (24)
1
PANES : 3 — e
n; gi 21rmekTh> 3 < ewn>
Be) oo &)Xk ZSion 25
<n1> 2<g1>< h? P KTy @)

is the Saha equation for electron density in LTE at the heavy
particle temperature 7},. Although investigation indicates that
the flowing argon plasma is in a state of PLTE extending
down to the second excited electronic level (4p), the first
excited level (4s) may or may not be in PLTE with the free
electrons. This is of importance here because the rate limiting
step for the electron-ion three-body recombination process
involves this level. The deviation of the first excited level from
PLTE with the free electrons can be written as:

PLTE
()2

where 3 is the overpopulation of the 4s level with respect to the
PLTE distribution of excited states and free electrons. The
effect of this overpopulation factor is to modify Eq. (24) to

the form:
) nyfn2\*
fle = a'ne[-ﬁ—l‘<;fl> - nez:l 27

To determine this overpopulation factor 8, we make use of a
recently developed 23-level collisional-radiative model for ar-
gon'® and consider the limiting case of a stationary state
plasma. In a stationary state, we can solve the source term as:

2\ % 2 | stationary state

nf{n n

”ff:":“'"f[é(f) ‘ﬂ @
1

<’_1_€§> stationary state _ <,1> <n_e2> * @9
n B/ \m

where we have added an additional factor v to accommodate
other small, unaccounted for loss mechanisms (such as depop-
ulation of excited states due to radiation loss). By using the
complete collisional radiative model to predict steady-state
population densities, Eqgs. (26) and (29) can be solved for the
quantities 8 and v as a function of electron density. The results
of these calculations are shown in Figs. 8 and 9 for the electron
density range encountered in the argon plasma under study.
The complete electron continuity equation used for this simu-
lation thus becomes

where

thus,
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19 10 \|rD, 3 d
ror (rnev) = ror [kT ar (nekT)] +5;(neu)

| mfnd\F n2
=a N, E n—l —7 30)

along with Eq. (25).

Nonequilibrium Effects

Since the argon plasma is in a state of PLTE instead of
LTE, certain properties of the plasma will differ significantly
from their LTE values. These properties include the thermal
conductivity, the plasma optically thin radiation, and the
plasma optically thick radiation. Other properties such as the
specific heat and viscosity are not significantly affected.

Thermal Conductivity

The coefficient of thermal conductivity for a monatomic
plasma has contributions from impact, reactive, and radiative
thermal conductivities. The impact thermal conductivities are
due to the action of atoms, electrons, and ions. Fay and
Kemp!® propose a mixture rule formula for the impact thermal
conductivity:
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Although it is difficult to readily discern the dependence of
Mimpact ON the electron density, it is quite significant for even
small ionization fractions. For this reason, the full form of the
impact thermal conductivity (31) is retained to accurately ac-
count for the electron density overpopulation in this re-
combining PLTE plasma.

The reactive thermal conductivity is that contribution aris-
ing from the diffusion of electron-ion pairs, which carry po-
tential energy of an amount equal to the ionization energy,
from one region to another. Using the formulation of De-
voto!” and neglecting the small (=1%) contribution from
thermal diffusion we can write:

_ Ne€n 1 1 D
T2kT?2 [1-2(n./n)] (1 +n./n) " °

AR (38)

where n = p/kT is the total gas density. For the small ioniza-
tion fractions of the plasmas under study, the reactive thermal
conductivity is approximately proportional to the electron
density and is thus sensitive to the effects of PLTE.

The radiative thermal conductivity is due to the short-range,
optically thick, radiative transport occurring within a plasma.
This concept arises from the reduction of the equation of
radiative transport for the optically thick limit, which results
in a diffusion-type equation,'® where

16n26T3
ANad=S——— 39
ad 3BR ( )

i=r 1 dLb(T)
Br  Ji=o B, Alp(T)

The majority of the optically thick radiation in argon comes
from the resonance transitions between the 4s and ground
states. Since this recombining plasma has elevated excited
state densities, as well as an elevated 4s population with re-
spect to these already overpopulated excited states, this non-
equilibrium contribution to the thermal conductivity can be
important. This will be discussed further in the context of
optically thick radiation transport. The total thermal conduc-
tivity used for this simulation is thus given by

dv » 40)

Aot = )\impact +Ar+ Arad (41)

where Nimpacts Mg, and A,q are given by Egs. (31), (38), and
(39), respectively.

Optically Thin Radiation
The optically thin radiative losses of the argon plasma are

given by the volumetric radiative loss term?® S,. A suitable
curve fit for the equilibrium radiation source strength is given

by
S =1.065 X 104 ex <ﬂ> [_\Y. (42)
o P Tire m’

Since the plasma is in PLTE, the actual local radiation will be
higher or lower than the equilibrium value by the nonequi-
librium factor «.® The nonequilibrium optically thin radiation
loss can thus be written as

—141,170\ | W
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or equivalently as .
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where Tg,n, is given by Eq. (13).
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Optically Thick Radiation

As discussed earlier, the optically thick plasma radiation is
treated in the diffusion approximation as radiative thermal
conductivity as defined by Egs. (39) and (40). In a formal
analysis of Eq. (40), the spectral and total black-body func-
tions can be substituted, and the approximation of strong
absorption only in a narrow region near a resonance line can
be applied to yield the equation

1 Hrav, r 1y, 45)
Br  2¢2%T50 exp(hrg/kT) )0 B,

where
B,=Snd()p (46)
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Here, ¢(») is the Voigt line-shape function incorporating
Stark, resonance, and Doppler broadening. For proper evalu-
ation of the integral in Eq. (45), the integration limits are
reduced to those frequencies for which the line is optically
thick. These limits are thus determined by the physical extent
of the plasma (since an infinitely large plasma is optically thick
to all frequencies, and an infinitely small plasma is optically
thin to all frequencies). It is in the evaluation of these limits
that the formal evaluation of the radiative thermal conductiv-
ity becomes difficult. Since the plasma is not uniform (and it
is this that drives the optically thick radiative transport), the
evaluation of these limits based on strictly local properties
becomes inaccurate. Radiation excluded from the integration
as being optically thin based on local limits may indeed be
absorbed in a nearby region whose properties are different.
Because of this difficulty, an effective radiative thermal con-
ductivity?® is often empirically defined as A,.q o< C£T3, where
Cis an empirical constant. Using information gained from the
formal analysis (basically, that £ scales as ~ 72 for the range
of conditions encountered), a suitable empirical value for the
radiative thermal conductivity was found to be

w
Arag =1.90 X 10-21T3 [E} 43

The magnitude of this radiative thermal conductivity is only
~15% of the impact thermal conductivity at the maximum
temperature considered in the plasma flow (= 8500 K), but is
necessary to accurately predict the evolution of the tempera-
ture field. '

Results

Using the measured nozzle exit conditions (Figs. 4 and 6) as
input to the flow code, the evolution of the plasma flowfield
to the test section exit was computed. By iteratively comparing
the predicted electron density profile at the test section exit to
that measured from the continuum radiation (Fig. 6), the
electron-ion three-body recombination rate was adjusted to
provide best agreement between the measured and simulated
densities in the core region (r=<1.5 cm). It should also be
noted that the related cross section in the collisional-radiative
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Fig. 10 Comparison of measured and predicted temperature pro-
files.
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Fig. 11 Comparison of measured and predicted electron density pro-
files.

model was similarly adjusted to be consistent in the analysis.
Since the core flow of the argon plasma covers a relatively
small range in temperature as the plasma cools in the test
section, the form of the recombination rate [Eq. (10)] was
maintained, and only the pre-exponential constant was ad-
justed. The best fit rate was found be

o 0. —-0f
a/(Te)=3.3OX10_32<_al+2>exp<_19n__ﬂ>’
T, T,

[cmS/s]  (49)

A 10% variation in this best fit rate causes an approximately
3.5% variation in the predicted electron density (which corre-
sponds to the measurement uncertainty). The comparison of
the measured and predicted temperature and electron density
profiles are shown in Figs. 10 and 11, respectively. It is very
interesting to note that this value of the electron-ion three-
body recombination rate is very close to that given by Hof-
fert,* approximately 10% lower, and is approximately 2.5
times the widely used rate of Eq. (9). Although the uncertain-
ties involved in the computational simulation of this flowing
nonequilibrium plasma certainly prevent this from being con-
sidered an absolute measurement of the electron-ion three-
body recombination coefficient, the results here indicate that
the rate may be 51gn1f1cantly higher than that which is
presently in use.

Conclusions

Spectroscopic measurements of a flowing, atmospheric
pressure argon plasma have been performed at the inlet and
outlet of a controlled test section to ascertain temperatures
and electron densities. The plasma is found to be in a state of
partial local thermodynamic equilibrium. An axisymmetric,
two-dimensional, partial equilibrium flow code with a fully
coupled electron continuity equation has been developed to
model this nonequilibrium flowfield. Iterative comparison be-
tween the experimental and computational flowfield develop-
ment permitted determination of the dominant electron-ion
three-body recombination rate. This rate is found to be ap-
proximately equal to a previously reported rate, but approx-
imately two and one-half times larger than the most widely
used rate.
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