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REVIEW OF AN ANALYTICAL MODEL FOR INDUCTION PLASMA COLUMNS

IN LTE AND ATTEMPTS TO INCLUDE NONEQUILIBRIUM EFFECTS

Hans U. Eckert
3901 Via Pavion, Palos Verdes Estates, California 90274, U.S.A.

ABSTRACT

The energy balance equation for a thermal induction plasma
column has been solved approximately by Bessel functions and
applied to argon at ambient pressure. Good agreement with
experimental data is obtained except near walls, where
diffusion causes super LTE electron concentrations. The pre-
sence of the electric field in the skin zone also keeps the
electron temperature above that of the heavy particles.

1. INTRODUCTION

The induction heating of flowing gases involves complex inter-
action between electromagnetic, fluid-and thermodynamic phe-
nomena and rigorous treatment requires an elaborate computer
program (1). In the absence of such a program and for fast,
exploratory calculations, a simple model developed for one
dimensional thermal induction columns (2,3,6), will be helpful.
It accounts for moderate radiation losses and permits deter-
mination of field-and temperature distributions across the
column, especially with argon at atmospheric pressure as plasma
gas, for which the material has been charted. 1In the following
the basic features of this model will be reviewed and the
results compared with experimental data.

Z. ANALYSIS

For an element of a plasma column in LTE the energy balance
equation can be written

2
d”s 1 dSs G2 1
Lo o arereso W
where S = I kdT is the heat conduction potential (x =
o

thermal conductivity), Q is the radiation source strength and
the other symbols have their usual meaning.
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The column is divided into two zones. In the external or
dissipation zone Q may be disregarded against o E4. For this
zone Eq. (1) can be solved in closed form under the following
two conditions: 1) the electrical conductivity o is pro-
portional to S

g = cZS; (2)

2) The variation of the induced electric field E over the
column radius R follows a power law

- r\q
E= B, (Y (3)

where E_ is the value of E at r = R. With Eqs. (2) and (3) the
solutioﬁ of Eq. (1) for the external zone can be written:

S=AaJ, [A({—)q”:l + B Y, [A(%)q”], (1)

where A and B are integration constants, J_ and Yo are the
Bessel and Neumann functions of zero order and

cE, R
_ R
Vi T 1
is the eigenvalue of the system. Constant B can be eliminated

by the boundary condition at r = R. 1In case TR = SR =0,
Eq. (4) reduces to

J (N
R A e A | ©

In_the inner or radiation zone the increases with r in Q and
oEZ will approximately cancel out, so that

Q -oE® % qQ (1)

where Q_ is the value of Q at r = 0. For this zone the solu-
tion of ~ Eq. (1) is then

r. 2
S = S0 + Qo( 2) (8)
To obtain a smooth distribution of S over the radius, Eqs. (6)
and (8) must be matched at the zone interface. This procedure
is described in Ref. (3).
3. RESULTS
a) Electron Diffusion

Temperature profiles obtained with the above model for argon

induction plasmas at p = 1 atm. have been compared with exact
numerical solutions of Eq. (1) by Pridmore-Brown (4) and with
experimental data by Stokes (5). Fig. 1 shows the results for

three different power inputs per unit column length.
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Measured and calculated temperature distributions

across full-column argon induction plasmas at atmospheric

pressure;

(c)..

f 3.8 MHz.
P/L=750 W/cm.

(a) P/L=250 W/cm.

It is seen that the results of the two-zone model agree with

the numerical calculations within a few percent.

With the

=
i
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(b) P/L=500 W/cm.

experiments agreemecnt is also satisfactory, except near thewall,
where the experiments indicate unrealistically high temperatures.

Stokes (5) has also measured temperature profiles for induction
plasmas maintained in the annular space between coaxial cylinders.

which are shown in Fig.

2 for two different power inputs.
the effect of the two walls on the profiles is much more pro-

nounced and agreement with the calculations exists only in a
narrow region near the temperature maximum.
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Fig. 2. Measured and calculated temperature distributions

in annular-column induction plasmas.
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(b) P/L
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620 W/cm,
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The author has explained this discrepancy by ambipolar
diffusion of electrons and positive ions to the walls (6),

a process that is prevalent in low pressure glow discharges,
but usually not considered in the treatment of thermal dis-
charges. Since the electron density ng is proportional to
the electric conductivity o, which according to Eq. (2) is
proportional to S, the ng-distribution should be proportional
to that of S given by Eq. (6)

N LG S R~ BN LIE il R

To test this hypothesis and determine the constant A', it has
been assumed that the plasma is in LTE at the location of the
temperature maximum, so that here ng is given by the Saha
equation. To duplicate the experimental temperature profiles,
the LTE temperatures corresponding to the ng-profile of Eq. (6')
have then been calculated from the Saha equation. The results
are shown in Fig. 3. The agreement is seen to be very close in
both cases, provided that the same exponent q, that had been
obtained for the S-profile, is also used for the neg-profile.

If we set q=0, which corresponds to a uniform electric field
and uniform electron temperature, the agreement is much poorer.
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Fig. 3. Comparison of experimental temperatures from Fig. 2
with apparent LTE temperatures based on diffusion profile for
electrons, Eq. (6'). Dashed lines: q=0; dotted lines:

case (a) q=1.75; case (b) q=2.58.

The close agreement indicates that a super LTE electron con-
centration builds up near walls and excessive temperatures
are derived from spectroscopic data on LTE basis, especially,
when the data represent absolute intensities, as in the case
of Stokes.

In more recent work (7) the author has applied these results
to calculate the variations in temperature and electron con-
centration along the axis of the carrier jet in an analytical
induction torch (ICP), by assuming the jet to take on the role
of the inner cylinder in the coaxial arrangement. The geometry
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of the torch considered has been described by Scott et al. (8).
After emerging from the orifice at room temperature, the jet

is cxposed to the heat and electron fluxes from the surrounding
plasma core. As a consequence, both, temperature and electron
concentration rise, but the electron concentration rises much
{aster, than it would under LTE conditions. This is illustrated
in Fig. 4 for a jet flow rate of 1 liter/min and an rf power
input of 1 kW. 1In the observation zone, z >20 mm, the actual
electron concentration fip_averaged over the jet arca, exceeds
the LTE concentration ng(T) by about an order of magnitude.

Also shown are three experimental points obtained by Kalnicki

et al. (9) for the same geometry and the same test conditions
from Stark broadening of the hydrogen B-line, that is, inde-
pendently of the existence of LTE. It is seen, that the rcsults
from the diffusion model are much closer to the experimental
data than the LTE calculations. The existence of a super-LTE
electron concentration in the carvier jet also explains the
frequent observation that addition of an easily ionizable
element, like Na, to the analyte solution has a much lower
effect on the suppression of ijon spectral lines in the 1cp

torch than in other excitation sources. In the ICP the electrons
produced by ionization of Na have to compete with a large in-
flux of electrons from the annular plasma.
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Fig. 4. Mean electron concentrations in ICP carrier
jet vs. distance from orifice (7).

X -———— X Calculation based on LTE
0 ———— 0 Calculation based on diffusion model
§ ———-— 8 Experimental data by Kalnicki (9)

derived From Stark broadening of lB-line.
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b) Two Temperature Plasma

In more accurate modeling of thermal induction plasmas one must
account for the fact, that an electric field causes the temp-
erature of the electrons, Te, to exceed that of the heavy par-
ticles, T, because the energy from the field is first transmitted
to the electrons, which in turn transfer it by collisions to the
heavy particles. The energy balance equation (1) thus has to

be split into two parts, one for the electrons and one for the
heavy particles. Both equations are coupled by a collision term.
For a rigorous treatment of two temperature plasmas, see Dresvin
(10). In the following we want to show, how T,(r) can be
determined in a first approximation from the two-zone model des-
cribed in Section 2.

For the dissipation zone, which is the only zone of interest
here, because E is significant (and oE2>>Q), Dresvin's equations
reduce to

a) for the electrons

2 _ 3 1 d Ay
oE” = 3 k (Te-T)Evne -l (Aer ?ﬁf—)' (1a)
b) for the heavy particles
3 _ .1 d dT
3 k (Te-T)Evne = si=e ok (Xair HF)' (1b)

where £ is the fraction of energy exchanged per collision, vis
the electron collision frequency, Ae and A,; are the thermal
conductivities of electrons and heavy particles, respectively.

According to Dresvin, the electron conduction term in Eq. (la),
is generally small and will be distegarded here, so that one
obtains

-2
T = T + _3___(&_————-
e
7 KBV Te (9)
with neez ETE
o= RY and £ % Le1. = M

where e and mg are the electronic charge and mass, respectively,
and M is the atomic mass, Eq. (9) can be written :

2
) (10)

eE
v

_ M
Te =T+ 3 &

e
e

It is noteworthy, that ng does not appear in Eq. (10)

v has been evaluated in Ref. (7) for argon at p = 1 atm. as a
function of Tg and T. To obtain Tg(r) from Eq. (10), T(r) has
been determined from Eq. (6) and E(r) from Eq. (3).

A result from this calculation procedure is shown in Fig. 5,
where T, T, and E are plotted vs. T for a large argon-induction
plasma (R = 7.75 cm, f = 2.6 MHz, P/L = 1270 W/cm)., It is seen
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that only in the skin zone, where E >0.2 V/cm, does Tédif[er
significantly from T. In close proximity to the wall
(r = 7.5 cm) Te-T ~ 2000K.
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Fig. 5. Radial Distributions of Electron Temperature Tg,
pPlasma Temperature T, and Induced Electr. Field E in Argon
Induction Plasma at P = 1 atm.

Calculations: ..... Tes = == T, — -—FE. Experiments (11):
XX Te from Arl 430 nm line, 0——0 Tg from continuum.

Also shown in Fig. 5 are spectroscopic determinations of Tg by
Leonard (11). Agreement between the calculated and experi-
mcntal data is good over 80% of the radius, but near the wall
the calculated Tg-values are about 10% higher. A possible
explanation for this discrepancy is, that the plasma was main-
tained in a swirl flow, which tended to keep a cool gas layer
near the wall, a phenomenon not accounted for by the model.

Summarizing, it can be said that the above outlined simple
model is adequate for describing thermal induction plasmas in
which flow phenomena and two dimensional effects are not sig-
nificant. Non LTE phenomena, caused by diffusion of electrons
and by their incomplete energy exchange with heavy particles,
can be approximately taken into account.

1t may be added that recent extensive measurements by Barnes
and Schleicher (12) of temperature profiles across ICP torches
with and without central flow yield similar discrepancies with

results from the authors own LTE computer model as the data show
here, indicating effects of electron Jdiffusion and/or-temperature.

A computer program that accounts for these effects, has been
proposed by Aeschbach (13).
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