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Abstract-A theoretical and experimental study of mass transfer and mixing between a cold jet and a 
plasma stream is presented for an induction plasma reactor. The concentration profiles of a tracer gas (cold 
jet), injected axially in the main flow of the plasma, are measured along the centerline of the reactor. 
Through the application of a turbulent numerical model, concentration, temperature and flow fields are 
computed. By comparing the measured concentration profiles and the results of the modelling study, it is 
possible to deduce an effective mass diffusivity for the tracer gas in the mixture and thus calibrate the 
mathematical model. This work represents a first step in the study of diffusion and mass transfer phenomena 

under plasma conditions. 

1. INTRODUCTION 

NUMEROUS studies have been reported in the literature 
dealing with momentum and heat transfer phenomena 
in plasma reactors, whether dc plasma jet, induction 
plasma or transferred arc type. These have mostly 
dealt with the modelling and measurement of the flow 
and temperature fields resulting from the interaction 
of the plasma flow and (a) the walls of the confining 
chamber, (b) the substrate, in the case of plasma 
spraying studies, (c) the interaction of multiple plasma 
jets or (d) plasma flows and cold jets. 

Attention has also been given to the interaction 
between a plasma flow and the particles dispersed in 
the flow, under both dilute and dense loading 
conditions. Comprehensive reviews on the subject 
have been presented by Pfender [ 11, Fauchais et al. [2] 
and Boulos [3]. 

Far less attention has been generally given to the 
important phenomena of mass transfer, which, with 
the exception of the recent studies by Saucy [4, 51 
and Njah et al. [6, 71, has been generally overlooked. 
Earlier experimental studies of mixing and mass 
transfer under plasma conditions, were made in 
1970 by Dundas [8] and 1975 by Barnes [9]. 

In this paper, a study of mass transfer phenomena 
in an induction plasma system is presented, and 
includes the results of experimental measurements of 
concentration fields, resulting from the interaction of 
a cold jet and a plasma stream. By comparing the 
measurement results with the predictions of a 2-D 
turbulent-LTE model, it became possible to deduce 
an effective mass diffusion coefficient for these 
conditions. 

A preliminary study of mixing and mass transfer 
under ambient temperature was used as a calibration 

tTo whom correspondence should be addressed. 

method for the determination of diffusion coefficient 
under plasma conditions. This is possible because the 
measurement procedure for the tracer gas con- 
centration distribution is similar in both cases. 

2. EXPERIMENTAL SETUP 

The experimental apparatus used for the measure- 
ment of binary diffusion coefficient of argon into air 
at room temperature is illustrated in Fig. 1. Air (the 
main gas flow) was pumped at the rate of 1189 slpm 
into a circular cross section tube, 80 mm I.D., 1000 
mm long (Fig. l(a)). This arrangement provided an 
air stream at a mean flow velocity of about 4 m SK’ 
and Reynolds number of 20 000. In the region where 
the flow was well developed, argon (tracer gas) was 
injected axially through a 2 mm I.D. tube along the 
centerline, at a small flow rate (1.45 slpm) so that the 
main air flow velocity profile would not be modified. 
The gas sampling system consisted of a stainless steel 
probe (1.6 mm I.D.) which could be moved step wise 
in both axial and radial directions and the sampled 
gas was transported to the composition analysis sys- 
tem (Fig. l(b)), a VG Micromass PC 300 D quad- 
rupole mass spectrometer (MS), with mass range of 1 
to 300 amu. The vacuum in the MS is maintained at 
an absolute pressure of 10-3-10-4 Pa by a 50 lps 
turbomolecular pump backed by a 2-stage rotary 
mechanical pump. The system is controlled by a IBM 
PC with the appropriate software. 

For measurement of mass transfer under plasma 
conditions, the experimental setup (Fig. 2) consisted 
essentially of an induction plasma torch, a reactor 
system, a gas sampling probe and the mass spec- 
trometer (MS), used for the “on-line” analysis of the 
sampled gas composition. 

The plasma torch, a water-cooled, quartz tube (50 
mm I.D., 55 mm O.D.) model, with a 5-turn induction 
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NOMENCLATURE 

A vector potential 
A0 circumferential component of A 

AR real part of A0 
‘41 imaginary part of A, 
C,, C,, C, turbulence model constants 
c, molar concentration of species i 
D mass diffusivity 
J% electric field intensity 
H, radial magnetic field intensity 
HZ axial magnetic field intensity 
FZ axial component of Lorentz force 
F, radial component of Lorentz force 
GK generation rate of kinetic energy 
G(f) function of complete elliptic integrals 
h enthalpy 
I coil current 
K kinetic energy of turbulence 
k, Boltzmann constant 
k thermal conductivity 
M molecular weight 
m mass of a molecule or an atom 
P pressure 
P plasma power 
PO volumetric heat generation due to 

Joule heating 
Pr’ turbulent Prandtl number 
Q molar flow rate of the tracer gas 
Q,, Q2, QX plasma gas flow rates 
Qr radiative power per unit volume 
r radial coordinate 
Re Reynolds number 
SC’ turbulent Schmidt number 
T thermodynamic temperature 
T, external surface temperature of the 

torch and reactor walls 
TS inside surface temperature of the torch 

and reactor walls 
T: non-dimensional temperature, kbT/a,, 

U, u, w velocity components in (x, y, 2) 
directions 

W mass fraction 
x mole fraction 
Z axial coordinate 
ZP axial position of the injection probe. 

Greek symbols 

; 
transport property 
thermodynamic property 

6, thickness of the torch or reactor walls 

Au high-order correction term in the 
diffusion coefficient expression 

E kinetic energy dissipation rate 
Eij energy scaling parameter 
1, thermal conductivity of the torch or 

reactor walls 
p viscosity 
PO permeability of vacuum 
P density 
Cu length scaling parameter 
bk, CT, turbulent Prandtl number for K and E 
ge electrical conductivity 
@I, non-dimensional coefficient in the 

transport properties expressions 

: 
oscillator angular frequency, 2rrf 
collision integral. 

Subscripts 
i,j property relative to the gas i, j 
ij property relative to the gas-pair i, j 
mix property of the mixture. 

Superscripts 
e effective property 
m molecular property 
t turbulent property. 

coil was connected to a 50 kW, 3 MHz Lepel rf power 
supply. A schematic of design parameters of the torch 
used is shown in Fig. 2 and the actual torch-reactor 
dimensions are summarized in Table 1. The plasma 
reactor consisted of a water-cooled, stainless steel cyl- 
indrical chamber (127 mm I.D., 737 mm long). The 
torch was operated with Ar-H, mixture as the sheath 
gas, argon, the central plasma gas, being introduced 
into the torch with a swirl velocity component. The 
tracer auxiliary gas, nitrogen, was axially injected 
through a central water-cooled probe shown in Fig. 
2. Taking the axial zero position at the torch exit, 
measurements were carried out with the probe tip 
located at an axial position, Zp = - 78 mm. 

The gas sampling system for the plasma operation 
was similar to that used at ambient temperatures. It 

consisted of a water-cooled stainless steel probe (4.6 
mm O.D., 1.0 mm I.D.). It could be moved along the 
axis of the torch and reactor assembly, at a controlled 
speed by means of a steeper motor drive. Gas samples 
collected were transported through a heated stainless 
steel capillary line to the VG mass spectrometer, at a 
flow rate of 0.5 slpm. 

The concentration profiles along the centerline of 
the reactor were measured by setting up the MS in a 
continuous monitoring mode and moving the probe 
tip at constant speed along the axis of the reactor. 
Each composition profile scan was started from the 
bottom of the reactor, at a position furthest away 
from the plasma. The probe tip was then raised until 
it penetrated (by about 50 mm) the plasma torch 
interior (z = - 50 mm). 
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FIG. 1. Experimental set-up for the determination of an effective mass diffusivity of argon into air at 

ambient temperature. (a) Sampling system ; (b) gas composition analysis system (MS). 
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FIG. 2. Schematic diagram of the induction plasma torch-reactor system. 

3. MASS TRANSFER ANALYSIS UNDER COLD for experimental determination of binary diffusion 
FLOW CoNDnloW coefficient between two fluids, was that of injecting a 

tracer gas (i) axially into the main flow of a second 
Mixing and mass transfer phenomena between gas gas (j) in an axisymmetric apparatus as shown in 

jets under room temperature conditions have been the Fig. l(a). By measuring the spread of the tracer gas 
subject of many researches. A popular technique used concentration, the diffusion coefficient can be 
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Table 1. Torch and reactor dimensions and operating con- 
ditions 

R, = 1.6 mm 
R2 = 3.6 mm 
R3 = 20 mm 
R, = 25 mm 
R,, = 63.5 mm 
Rc=34mm 

R,, = 20.5 mm 
R,, = 38 mm 
R,,=31mm 

L,, = 64 mm P = 13,24 kW 
Lcz = 76 mm w=45ms-’ 

L, = 135 mm f=3MHz 
Lz = 220 mm Coil : 5 turns 
Lj = 28 mm Q, (NJ : 15 slpm 
L,= 19mm Q2 (Ar) : 59 slpm 
L,= 12mm Q, : (Ar) 89 slpm 
Zp = 78 mm +(H2) 9.6 slpm 

deduced. This technique was used as the calibration 
method in the present study, but applied to mass trans- 
fer under high temperature conditions. 

At room temperature, gas density p and mass diffu- 
sivity Di may be reasonably considered as constant. 
At an axial position far enough from the tube 
entrance, the flow is well developed so that gas velocity 
may be represented by a flat profile (u). A mass bal- 
ance for species i over a cylindrical ring leads to the 
following partial differential equation : 

where C, is the molar concentration of i (mole cm-‘). 
Radial and axial diffusion of the tracer gas (i) results 

from both molecular and turbulent transfer mech- 
anisms. Therefore, the coefficient Di, represents a 
effective mass diffusivity which is the sum of a molec- 
ular coefficient (Dy) and a turbulent one (Di) : 

D; = Dr+D:,. (2) 

Assuming that the tracer gas molar flow rate Q (mole 
ss’) is small enough so that the main flow velocity is 
not deviated appreciably from its flat profile u, the 
analytical solution of equation (1) is available from 
the literature [lo] and it is given by : 

Q Ci(T,Z) = - 
47rD;s ew -&s-z) 

> 
(3) 

1, 

where 

s = J(r’ +z2) (4) 

Equation (3) may be rewritten as follows : 

(5) 

Knowing the concentration profile Ci(r, z), the linear 
plot of In (Ci, s) vs (s-z) may be used to deduce the 
effective mass diffusivity Di, from either the intercept 
or its slope. 

4. MASS TRANSFER ANALYSIS UNDER 
PLASMA CONDITIONS 

Under very high temperature conditions, thermo- 
dynamic and transport properties of gases are not 
constant. The general diffusion equation then 
becomes very difficult, if not impossible, to solve ana- 
lytically. Under these conditions, the concentration 
field is, of necessity, dependant on the temperature 
and flow fields, which means that mass, heat and 
momentum transfer phenomena must all be studied 
simultaneously. This is often achieved by means 
of a numerical method to solve the conservation 
equations, the method employed in the present 
study. 

4.1. Mathematical model 
Flows in plasma reactors occurs very often in both 

flow regimes, laminar and turbulent. In high tem- 
perature regions, the viscosity is so high that a laminar 
model might provide a resonable prediction of flow, 
temperature and concentration fields. In the cooler 
regions, the contribution of turbulence to transport 
phenomena is very important and cannot be neglec- 
ted. A model which takes both flow regimes into 
account is then necessary for the computation of flow, 
temperature and concentration fields in plasma reac- 
tors. The present study uses the k--E standard model, 
as described by Launder and Spalding [l 11, to rep- 
resent the turbulent viscosity, the differential kinetic 
energy of turbulence and the dissipation rate of tur- 
bulence equations, and the vector potential concept, 
to represent the two-dimensional electromagnetic field 
[12]. The theoretical foundations of this model have 
been presented previously by Mostaghimi et al. [ 121, 
El Hage et al. [13] and more recently by Chen and 
Boulos [14, 151. Improvements have been added in 
the mass transfer part such as the possibility of using 
a mixture of several gases and an updated molecular 
diffusion coefficient. The later was calculated from the 
algorithm proposed by Bzowski et al. [ 161 which uses 
results from the theory of statistical mechanics and a 
combination of an extended principle of cor- 
responding states, with some knowledge of inter- 
molecular potentials. 

The assumptions involved in the model are : plasma 
in local thermodynamic equilibrium (LTE) and 
optically thin, steady flows, gravity and heat dis- 
sipation due to viscosity effects are neglected, two- 
dimensional flow, temperature and concentration 
fields, two-dimensional electromagnetic fields and 
negligible displacement current, density fluctuations 
are not considered, and Boussinesq’s concept of 
eddy viscosity is adopted for turbulent flow 
representation. 

4.1.1. Governing equations. A schematic of the 
torch-reactor geometry is shown in Fig. 2 and the 
actual dimensions are given in Table 1. The math- 
ematical statement of the problem is readily given 
by writing the equations of conservation which 
are : 



1. Continuity 

2. Momentum : 

_y+$_$+F, (8) 

F, and F, are radial and axial components of the Lor- 
entz electromagnetic force, see equations (20), acting 
on the plasma gas discharge region. 

3. Thermal energy 

The standard model constants are those proposed by 
Launder and Spalding [ 1 l] : 

C,, = 0.09, C, = 1.44, C2 = 1.92, 

crl& = 1.0, oc = 1.3. 

In addition to this set of conservation equations, 
two more, aiming for the calculation of electro- 
magnetic field using the vector potential concept, are 
considered : 

(10) 
(17) 

where P,, is the volumetric heat generation due to 
Joule heating, and Qr is the radiative power per unit 
volume. 

4. Species conservation 

a 
+z PDF% . ( > (11) 

5. Kinetic energy and its dissipation rate 

+~((,+~)~)+G,--ps (12) 

+~((P+~)~)+~(C,GK-PC*E). (13) 
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In equations (12) and (13), the generation rate of 
kinetic energy GK is : 

The effective viscosity $, mass diffusivity 0: and ther- 
mal conductivity k’ are : 

k” = km+-k’ (15b) 

Df = Df”+D’ (15c) 

where superscripts m and t denote respectively molec- 
ular and turbulent transport properties. Turbulent vis- 
cosity $ is calculated from : 

pL’ = pc,K2- 
c 

=O. (18) 

Assuming that the vector potential A has only its 
circumferential component A,, by means of Maxwell 
equations, the circumferential components of the elec- 
tric field E. and the radial H, and axial Hz components 
of the electromagnetic field may be estimated from : 

E. = -ioAB (194 

H 

z 
= J_ a(rAd 

p0r ar (19b) 

(19c) 

Therefore the quantities FE’,, Fz and PO involved in the 
equations for momentum (equations (7) and (8)) and 
thermal energy, equation (lo), are : 

E; = + PO~,W&H~ (204 

Fz = - ~~o~,WMC’? GObI 

PO = ~ae(&Gl WC) 

where the superscript * and the symbol % denote the 
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Table 2. Boundary conditions for the conservation equations 

Torch inlet 

T= 350K v=o 8A @A R=--L=, 
K = 0.005(u2+ w’) E = lOOOK* 

0 < r < R,: 
R2 i r < R, : 
R,<r<R,: 

az2 a2 
u = Q, /zR: W’ = 0 
u = Q,/n(R: - R:) w = 45 m s-’ 

WN, = 1, W”, = 0 
WN, = IV”, = 0 

u = Qh(R: --R:) w=o WN, = 0, WH, = 3.58 x 1o-3 

Centerline 

au ah aw, aK a& -~--_--_--_--_~v~w~A,~~,~~ ar ar ar ar ar 
Walls 

I”, = 350K 

Reactor exit 

aw, au) au ah a2A, a2A, aK a8 -=- 
aZ az 

=-_--_~--_~-__-_--_~ 
82 az a12 az* a2 aZ 

*G(f) is a function of complete elliptic integrals [12]. r, and S, are the radius and cross section of the ith control volume 
(cv), 

complex conjugate and the real part of the considered 
vector respectively. 

4.1.2. Boundary conditions and numerical procedure. 
The boundary conditions for equations (6)-(13) and 
for equations ( 17) and (18) are summarized in Table 2. 
The wall-function approach, as described by Launder 
and Spalding [ 111, was adopted to represent the fluid 
behavior near the walls where the flow is almost 
laminar. 

The numerical resolution of the whole set of the 
differential equations is done using the SIMPLER 
algorithm [17]. Non-uniform staggered grids (86 x 68) 
were used with the majority of nodes concentrated in 
the zone of plasma generation and the near-wall 
regions where the gradients of dependant variables 
are the greatest. The criterion for convergence was 
that the total normalized residue be less than 0.001. 

5. THERMOPHYSICAL PROPERTIES 

Molecular transport and thermodynamic proper- 
ties for pure gases were taken from available data 
sources [ 181. Thermal conductivities Gi, and vis- 
cosities && of mixtures are given by the Wilke for- 
mula [19] : 

in which y represents the viscosity n or the thermal 
conductivity k, and aij a coefficient given by the fol- 
lowing equation : 

a$ =$(l+$)“* (1+ ($r*e)‘I’>;. 

(22) 
Thermodynamic properties I (such as density or 
specific heat) of a mixture are given by : 

l-& = $ w,l-, . (23) 
r=l 

Molecular mass diffusivities D$’ were calculated 
from the correlation established by Bzowski et al. [16], 
based on the theory of statistical mechanics and the 
principle of corresponding states : 

(24) 
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This formula provides values for molecular diffusivity 
of pairs of molecular and noble gases and their 
mixtures. It may be used for high temperature mix- 
tures up to the ionization temperature of the gases 
considered, which makes it very useful under our 
operating conditions. The higher-order correction 
term Ah, is a complicated function of composition and 
was simplified to : 

A, = 1.3(6C,:-5)’ +$ (25) 
II u 

where 

Expressions for the reduced collision integral Q(r,r)* 
as a function of the non-dimensional temperature 
Tz = kbT/Eb and those of the coefficients C;, aij and 
4 may be found in ref. [ 161. 

Once molecular diffusivities are calculated for each 
i, j gas-pair, the transport coefficient 0: for a species 
i in the mixture is determined by the formula [20] : 

Turbulent coefficients for mass and heat transfer 
were calculated from turbulent viscosity as : 

D’=& 
PSC' (284 

(28b) 

The turbulent Prandtl number Pr’ was assigned the 
value of 0.9 and values of 0.7 to 1.0 were applied to 
the turbulent Schmidt number SC’ in order to study 
its effect on concentration profiles. . 

6. RESULTS AND DISCUSSION 

Since the measurement procedure for concentration 
profile determination of the injected tracer gas under 
plasma conditions is similar to that used at room 
temperature, determination of mass diffusivity under. 
cold flow may be used as the calibration technique for 
the gas composition analysis system. 

6.1. Effective mass diffusivity under ambient conditions 
Figure 3(a) shows the argon (tracer gas) mole frac- 

tion profile X(r) at an axial position of 170 mm from 
the injection point of the argon. This data were then 
applied to equation (5), leading to the graph in Fig. 
3(b). The latter presents a straight line whose slope is 
- u/2D:. The measured, main flow velocity u was 4 m 
SK’ (Reynolds number = 20 000) which gave an effec- 
tive mass diffusivity for argon in air of 20.00 cm2 s-r. 

Measurements 

0.3 

0.2 

0.1 

0 
-40 -30 -20 -10 0 10 20 30 40 

r (mm) 

-12.0 1.1 

-12.5 @) 

-13.0 

2 -13.5 

2 -14.0 

A -14.5 

-15.0 

-15.5 

0 0.5 1.0 1.5 2.0 2.5 3.0 

(s-x) (mm) 

FIG. 3. (a) Radial profile of argon mole fraction in the air 
flow under room temperature conditions. z = 170 mm, 
QA, = 1.45 slpm, Qtir = 1189 slpm, Re = 20 000. (b) Typical 
experimental points representing In (CJ) against (s-z). The 
straight line represents equation (5) with 0: = 20 cm’ so’. 

This value is in good agreement with literature results : 
the mass diffusivities of CO1 in air and of HZ in air 
measured by Sherwood [lo] were found to be 19.00 
cm2 s-l. 

Figure 3(a) also shows the calculated profile (full 
line) of the tracer gas concentration (Ar) produced by 
combining the measured value for mass diffusivity and 
equation (3). From the comparison of the measured 
and calculated profiles one may reasonably consider 
that the value 20 cm2 s-l, found for the mass diffusivity 
at room temperature, is acceptable. 

6.2. Effective mass diffusivity with plasma conditions 
6.2.1. Measured concentration projiles. Nitrogen 

(tracer gas) concentration profiles were measured in 
the plasma reactor under the operating conditions 
summarized in Table 1. Plasma power and reactor 
pressure effects on the mixing behavior were inves- 
tigated. 

Figure 4 represents the measured Nz concentration 
profiles in the absence of plasma, at two different 
plasma powers (13 kW and 24 kW) and at two differ- 
ent reactor chamber pressures (35 and 93 kPa). In the 
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1 

FIG. 4. Effect of the plasma presence, plasma power and reactor chamber pressure on the N2 concentration 
profile. The bottom schematic represents the torch-reactor configuration with the probe exit shown by the 

arrow. 

absence of plasma (i.e. cold flow), nitrogen con- 
centration along the axis of the reactor drops rapidly 
in the first 28 mm from the injection point (pure N,) 
located at Zp = -78 mm, to 30 or 40% vol. N2 at 
z = -50 mm respectively. This rapid drop is mostly 
due to the strong turbulent flow conditions that pre- 
vail up to that point. Beyond r = -50 mm, nitrogen 
concentration along the torch axis continues to drop 
gradually until it reaches its asymptotic value, cor- 
responding to perfect mixing (8.7% vol. NJ at the 
level of the torch exit. 

Figure 4 also shows the substantial influence of the 
plasma presence on the mixing pattern in the torch. 
The results, pl_otted for two plasma plate power levels, 
i.e. 13 kW and 24 kW, reveal that almost no mixing 
of the auxiliary gas takes place in the first 30 mm from 
its point of injection. The N2 concentration in this 
region remains close to 90-100% vol. N,. This is the 
hottest region of the discharge where the surrounding 
gas temperature is in the range 9000-10000 K, as 
shown by the modeling study (Fig. 5(a)). Over this 
temperature range, the gas viscosity increases con- 
siderably, resulting in the local laminarization of the 
how. 

Beyond a distance of 3&40 mm from the injection 
point, the injected auxiliary gas starts to heat while 
the surrounding plasma cools slightly, resulting in a 
rapid increase of the mixing and mass transfer 
phenomena between the two streams, the Nz con- 
centration along the centerline dropping rapidly in 
this region. Substantial mixing of the gases does not 
take place in the low pressure case however until the 
torch exit level is reached where the auxiliary gas 

( Q2 Q3 

(a) r (mm) 

FIG. 5. Computed isotherms (a) and stream lines (b). P = 24 
kW, p = 93 kPa. 
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FIG. 6. Computed H2 (a) and N, (b) mole fraction fields. 

P=24kW,p=93kPa. 

concentration on the centerline is still in the range of 
8&90% vol. 

Within the reactor volume, the input gases cool 
(temperatures in the range of 300@-4000 K) and mix- 
ing is completed within 150 mm from the torch exit. 
The overall mixing length in this case is therefore 
between 230 and 250 mm from the gas injection point, 
which is considerably longer than that observed in the 
absence of plasma (70-80 mm). 

6.2.2. Computed results. Figure 5 shows the com- 
puted flow field and isotherms. In Fig. 5(b), three 
recirculation zones are evident. The first is caused by 
electromagnetic pumping of the plasma in the coil 
region. The second and third zones are due to two 
sudden expansions of the reactor cross section. The 
third recirculation zone has a large effect on the trans- 
port phenomena. Figure S(a) indicates that the 
maximum heat loss to the wall occurs in this region 
(high temperature gradient near the wall). At the reac- 
tor exit, the gas temperature is almost uniform (1000 
K). Figure 5(a) also suggests that the maximum tem- 
perature occurs “off axis” in the discharge zone 
(11000 K), but, 100 mm further downstream from the 
torch exit, the temperature maximum has moved to 
the centerline. 

Figures 6(a) and (b) show respectively the effect on 
the concentration fields for H,, injected with Ar, as 

2043 

2s -78 mm 

E-70 mm 

Z=130 mm 

FIG. 7. Illustration of N2 radial diffusion in the plasma flow 
showing N2 mole fraction profiles at different axial positions 

in the reactor. P = 24 kW, p = 93 kPa. 

the sheath gas and for the tracer gas (NJ injected 
axially via the central tube. One might expect that 
hydrogen, having the greater molecular diffusion 
coefficient, would mix faster than nitrogen, but both 
gases have almost the same mixing length. This is due 
to the fact that HZ, initially present in the cooler region 
of the torch, finds it more difficult to penetrate the 
“hot” zone because of its high viscosity. These results 
are consistent with observations made earlier by 
Dundas [8] on the mixing of the sheath gas with the 
main flow in an inductively coupled rf plasma. 

Figure 7 illustrates the radial diffusion of N2 at 
different axial positions in the reactor. It shows that, 
within the first 50 mm of the tracer gas probe exit, 
there is almost no radial diffusion of Nz. Its con- 
centration on the centerline is still as high as 90%. 
Computed axial velocity at the probe exit is 40 m s-’ 
(Fig. 10(a)), which corresponds to an Re of 8000. 
Thus the flow regime in this region is turbulent and 
one would expect stronger mixing in this zone. But, 
on the other hand, Fig. 5(a) shows that the cold jet 
is surrounded by the hot plasma (10 000 K) whose 
viscosity is so high that mass transfer between the 
N2 jet and the plasma stream is reduced to that of 
molecular diffusion. In the next 50 mm the N, mole 
fraction drops rapidly to about 30%, reaching its 
lower limit (perfect mixing) in the next 50 mm. The 
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FIG. 8. Effect of turbulent Schmidt number on the computed axial profile of N, mole fraction. P = 24 kW, 
p = 93 kPa. 
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FIG. 9. Comparison of the computed and experimental N2 mole fraction profiles at two plasma power 
levels, P = 13 kW and 24 kW, p = 35 kPa, Qz = 59 slpm. 

gas becomes much cooler (3000-4000 K) and tur- 
bulent mass transfer increases. 

6.2.3. Comparison between computed and exper- 
imental results. Figures 8 and 9 show the comparison 
between the computed and measured N2 con- 
centration profiles along the axis of the plasma reac- 
tor. Two observations from this comparison are of 
particular interest : 

(1) The mathematical model used in this work is 
considered to be realistic even with all the physical 
approximations that were applied. This study con- 

stitutes the model’s first experimental calibration on 
mass transfer phenomena. 

(2) Since the computed and measured N2 con- 
centration profiles are in good agreement, the effective 
mass diffusivity for nitrogen in the plasma flow may 
be calculated by the mathematical model from the 
turbulent viscosity, using the relation : 

where the molecular diffusion coefficient Df^ is esti- 
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FIG. 10. Profiles of axial velocity (a), temperature (b) and 
mass diffusivities for Nz in the mixture (c) for the operating 

conditions, P = 24 kW and p = 93 kPa. 

mated, as described previously, from equation (24), 
and the turbulent Schmidt number SC’ was assigned 
the value that gives the best representation of the 
experimental N, concentration profile by the model. 
Figure 8 shows that, with the turbulent Schmidt num- 
ber equal to unity, the model represents more accu- 
rately the experimental profile in the region t > 50 
mm of the reactor. Smaller values (less than 1 .O) give 
computed profiles which are closer to the measured 
one in the z < 50 mm zone. However, the difference 
is not significant and an optimal value of 0.8 was 
attributed to S> for the two other cases (Fig. 9). 

Axial velocity and temperature profiles are shown 
in Figs. 10(a) and (b), respectively. Figure 10(c) rep- 
resents molecular, turbulent and effective mass diffu- 
sivity profiles along the centerline of the torch-reactor 
system. From the Nz injection point (shown by the 
arrow on the bottom schematic) to the torch exit, 
the centerline temperature is still low and so is the 
molecular component of mass diffusivity. On the other 
hand, eddy diffusivity in this zone is also low because 
of the laminarization of the surrounding plasma. 50 
mm downstream of the torch exit, the flow becomes 
hotter on the centerline, which increases laminar 
transfer (D”). But turbulent mass transfer (rep- 
resented by D’) became more important because the 
bulk gases temperature decreased and also because of 
the sudden expansion at the reactor throat. In the 
middle zone of the reactor (z = 250 mm), D’ rises to 
its maximum value which is about ten times higher 

than D”. This is in fact the region where the strong 
recirculating flow occurs, because of the last reactor 
expansion. 

7. SUMMARY AND CONCLUSION 

A calibration of the mathematical model used for 
the prediction of flow, temperature and concentration 
fields in an rf plasma reactor is accomplished on a 
mass transfer basis. Comparison between computed 
and measured N, concentration profiles has allowed 
us to determine an effective mass diffusivity under 
plasma conditions. Thence, by estimating values for 
molecular diffusivity from statistical mechanics 
theory, it has been possible to compare the two mech- 
anisms for mass transfer, i.e. molecular and turbulent, 
under high temperature plasma conditions. The fol- 
lowing specific conclusions can be made : 

(1) Mass transfer phenomena between a cold jet 
of gas injected axially into the discharge zone of an 
induction plasma torch and the surrounding plasma 
heated gas is much different from that existing under 
room temperature conditions. The computed results 
show that, in the highest temperature zone, mass 
transfer is mostly achieved by molecular diffusion, 
while, downstream of the torch exit where the gas has 
become cooler, turbulence takes over and the mixing 
between the gas jets is faster. 

(2) Turbulent Schmidt numbers close to unity 
appear to provide a realistic basis for the computation 
of mass transfer, under plasma conditions. 

(3) The mathematical model developed for this 
study provides a satisfactory representation of the 
mixing behaviour in comparison to the experimental 
findings. 
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