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Abstract

In the present study, the plasma properties, the thermofluid fields and the induction electromagnetic fields and
further the in-flight particle behaviors in the radio frequency inductively coupled plasma (RF-ICP), which is electrically
enhanced by seeding potassium vapor, are investigated by computational simulation. Since an electrically enhanced
plasma is also influenced considerably by the applied coil frequency, the plasma structure and the in-flight particle
behaviors in seeding potassium vapor are correspondingly influenced and have distinctive profiles. Due to the electrical
enhancement of RF-ICP with potassium seeding, the frequency effect on particle heating becomes more considerable.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Plasma is regarded as one of the multifunctional
fluids [1] since it has high energy density, chemical re-
activity, controllability by an external electromagnetic
field and variable transport properties such as electrical
conductivity. In the various kinds of plasma, a radio
frequency inductively coupled plasma (RF-ICP) has
advantages of large volume, clean high energy and
chemical reactivity since it can be produced without
electrodes. Furthermore, the chemical reaction time is
comparatively long due to the low plasma velocity. It
has, therefore, been extensively used in the reactive
plasma spraying, synthesis of ultrafine powders and
decomposition of hazardous substances such as freon
and dioxin, for example. In these industrial applications,
it is very important to control the plasma structure such
as the plasma properties, the thermofluid fields and the
induction electromagnetic fields and also the behaviors
of the injected particles precisely [2-5].

It is well known that seeding a small amount of va-
porized alkali metal with low ionization potential into
plasma is one of the effective methods for the enhance-
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ment of the functions of plasma such as electrical con-
ductivity [6,7]. When a small amount of alkali metal
vapor is mixed to produce many electrons actively, the
plasma controllability can be also enhanced by utilizing
Lorentz force and Joule heating with increase in the
electrical and thermal conductivities. There have, how-
ever, been a few papers clarifying the enhancement of
the functions of RF-ICP by seeding alkali metal vapor
[7,8]. No investigation into the effects of the functional
enhancement on the behaviors of the in-flight particles
in the plasma has never been conducted since a particle-
laden RF-ICP with seeded alkali metal vapor is a complex
interference system which is difficult for an experimental
research.

In the present study, the plasma structure and the
injected particle behaviors in the RF-ICP electrically
enhanced by seeding potassium vapor are investigated
by computational simulation in detail. The trajectory
and the temperature evolution of an in-flight particle in
the electrically enhanced plasma are obtained by a La-
grangian method. The particle phase change of melting
and evaporation with the decrease in particle diameter
are also taken into account. The effects of the applied
coil frequency on the thermofluid of an electrically en-
hanced RF-ICP are investigated and the behaviors of
the injected particle in the RF-ICP are also clarified.
From these results, the important factor to control an
RF-ICP is clarified.
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Nomenclature

thermal accommodation coefficient

specific heat of the particle, Jkg=! K~!
drag force coefficient

specific heat at constant pressure, Jkg™' K~!
diffusion coefficient, m?s~!

amb ambipolar diffusion coefficient, m?s~
diameter, m

electron charge, C

electric field (= (E;, Ey, E.)), Vm™!
frequency, Hz

Lorentz force (= (F}, Fy, F.)), Nm™3
enthalpy, Jkg™!

heat transfer coefficient, Wm—2K~!
magnetic field (= (H,, Hy, H.)), Am™!
Knudsen number

Boltzmann constant, J K~!
equilibrium constant, m~>
ionization coefficient, m’ s
recombination coefficient, m®s~
latent heat, Jkg™!
mass, kg

number density, m~
coil input power, kW
pressure, Pa
Prandtl number
flow rate, Slmin~
heat flux, Js~!
mean collision cross-section, m~
Joule heating, Wm™>

radiation loss, Wm™>

Reynolds number

radial coordinate, m

carrier gas nozzle radius, m
plasma gas nozzle radius, m
plasma temperature, K

vector potential (= (4;,49,4.)), AHm™!
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ambient temperature, K

time, s

velocity component in axial direction, ms~
velocity component in radial direction, m s~
velocity component in azimuthal direction,
ms~!

mole fraction of liquid phase in a particle
axial coordinate, m

1
1

T SR TN

N x

Greek symbols

0 thickness, m

Y specific heat ratio

n viscosity, Pas

0 azimuthal coordinate, m

p) thermal conductivity, Wm~' K~!
o permeability in vacuum, H/m
P density, kgm?

o electrical conductivity, Sm™!
) angular frequency, rads™!
Subscripts

Ar argon atom

Art argon ion

K potassium atom

K* potassium ion

e electron

C coil

w wall

P particle

f film

] surface

00 bulk

m melting

v vaporizing

r radial component

z axial component

0 azimuthal component

2. Numerical model
2.1. Plasma model

Fig. 1 shows a schematic illustration of the RF-ICP
torch. The inlet portion has three nozzles for carrier gas,
plasma gas and sheath gas respectively. An RF-ICP is
produced and is maintained in the torch by the RF in-
duction coils (0.5-13.56 MHz, 8 kW). The seed materials
are prevaporized and injected into the plasma gas
through the nozzle 2 as a premixed plasma gas.

The plasma model is proposed on the following as-
sumptions [8]: steady, laminar and 2D axisymmetric
flow and temperature fields; 2D axisymmetric induction

electromagnetic fields with negligible displacement cur-
rents; negligible gravitational forces and viscous dissi-
pation; local thermodynamic equilibrium (LTE) and
optically thin; two-body collision ionization and three-
body recombination; ambipolar diffusion of ions and
electrons. There are some papers concerning the devia-
tion of LTE especially under the low operating pressure
or near wall in the coil region where the temperature
gradient is steep in an RF-ICP [4,9,10]. The hypothesis
of LTE or close-to-LTE is, however, considered to be
valid for an RF-ICP operated at atmospheric pressure
and at a coil frequency of a few MHz.

The governing equations of continuity, momentum,
energy, and plasma species per unit volume are sum-
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Fig. 1. Schematic illustration of a particle-laden RF-ICP torch
with potassium seeding.

marized in the following general form in cylindrical
coordinates:

0 10
P (Yud) + o (ryve)
0 Gl 10 0
where ¢ corresponds to physical variables such as u, v,

w, h and n.  and I" correspond to density and diffusion
coefficient, respectively. In Eq. (1), the terms of the left

hand side mean the convection, the first and second
terms of the right hand side mean diffusion and the third
term S represents the source term for each governing
equation. Table 1 shows the transport variables and the
source terms in the governing equations for the plasma
flow. Since plasma is assumed to be electrically neutral,
the electron number density is written as

Ne = Rppe + Mg 2)

The governing equation of the induction electro-

magnetic fields is expressed as
2

where i is equal to v/—1. The induction electromagnetic
fields are represented using the electromagnetic vector
potential for solving a 2D induction electromagnetic
field equation to consider the interaction between the
applied electromagnetic field of the coils and the in-
duction electromagnetic field of the RF-ICP. For a
standard induction plasma torch with the coil geometry
as shown in Fig. 1, it is reasonable to assume that the
electromagnetic field, and thus the vector potential, have
only a azimuthal component. Then the induction elec-
tromagnetic fields are given by Maxwell’s equations.

E() = *Z'COA(). (4)
_ 1 a(I’AU)
toH: = o (5)
04,
polly = — 2. (6)

The density, the specific heat at constant pressure and
the radiation loss of the argon—potassium mixed plasma
are replaced with those of the argon plasma since the
seed fraction is very small in the present study [11,12].
The variation of the thermal conductivity caused by

Table 1
Transport variables and the source terms for the governing equations (1)
¢ v r N
1 p 0 0
op 0 ( Ou 10 ) 20 ou 10(rv) 1 —
Ly (=) +-= —S =42 — ~ yyoReal(EyH,
" p g Oz+az<naz>+r6r<” ) 3az{n{az+r or 2t cal(EoH)
op 0 du\ 10 29 du 10(rv) 20 w1 —
v p n ‘a*&(’@)ﬁa(’” )‘55{”{&*; or | Tt ee T HeoReal(EH)
w0 ) ow
w p n Pl U D
h P 2/Cy YoEsEy — O
[ONS 1 DAr*amb kar ionfiache — kar rellArt Me
ny+ 1 Dxg+amp kx ionngne — ki reng+n?
nx 1 DK kK renK+n§ - kK ionfIK Me

Overbar (—) denotes the complex conjugate.
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seeding is taken into account [13]. Since the electrical
conductivity is expected to be remarkably enhanced with
increase in electron number density by seeding a small
amount of vaporized potassium, it is given as a function
of electron number density.

e’ne

? = el 7

where /. and ¢, are the mean free path and the mean
value of the thermal velocity of electrons respectively.
Ambipolar diffusion coefficient of the heavy particle
ion is given by
PeDpr + piy+ De

Dy gy = o BTt = Art K 8
hramy = P IZ ) ®)

where u, and y,+ are mobilities of electron and heavy
particle ion respectively. On the other hand, diffusion
coefficients of electron and heavy particle ion are given
respectively by

kT
De = me(ce/le) ®)
kT
Dy =—F+——— (bW =Ar", K" 10
" my+ (e /Iy+) ( ) (1

where &, /. and ¢, are Boltzmann constant, the mean
free path and the mean thermal velocity of heavy par-
ticle ions respectively. Collision cross-sections between
each chemical species are used to calculate the mean free
paths. They are given as functions of temperature from
the experimental data [14,15] and especially Coulomb
cross-section Q,,+ is expressed

1
— e ’ 9(4neokT,)’ |°
L= = ) |nd A0
Qe 67r( 12nekT, ) n { 4nneeb
(ht =4rt K"). (11)

The recombination coefficients k.. of argon and po-
tassium are taken from the available papers [16]. The
ionization coefficient k., is expressed by

kion = keq : kre (12)

where the equilibrium coefficient k., is estimated by
Saha’s equation under LTE and under the condition
where no change in composition takes place.

As boundary conditions, non-slip condition, thermal
conduction and electrical insulation are taken into ac-
count at the inner surface of the tube [8]. For the vector
potential at the wall, the contributions from both the
coil current and the induction current in the plasma are
taken into account [17]. Since vector potential 4, is
complex, it is divided into the real part Agx and the
imaginary part A; in the present simulation. The inlet
temperature T}, is set at 800 K so that the seed materials

can be prevaporized before injection. 7, of 300 K is the
outer-surface temperature of the tube.

A summary of the torch geometry and the operating
conditions in the present calculation is given in Table 2,
with reference to a commercial RF induction coupled
plasma torch. The prevaporized potassium is injected
from nozzle 2 as mixing with a plasma gas in seed
fraction of 4.0% for example. The swirl flow ratio is
given 5.0 at the nozzle 3 to stabilize the plasma. The inlet
flow rates Q;, O, and Q; are 10.0, 10.0 and 25.0 Sl/min,
respectively. The coil frequency f is chosen as 0.5 or
13.56 MHz without and with seeding respectively.

The governing equations for the velocity, tempera-
ture, concentration and electromagnetic fields, along
with the boundary conditions, were solved using the
SIMPLE algorithm developed by Patankar [18]. The
computational simulation were performed for a 101 in
r-direction by 101 in z-direction uniform staggered grid
system.

2.2. Particle model

The particle behaviors injected into the plasma are
simulated by simultaneous calculation of the particle
trajectory and energy balance.

The particle model is proposed under the following
assumptions: force acting on the particle is only drag
force; spherical particle; no evaporation at temperatures
lower than the boiling point; uniform temperature dis-
tribution in the particle due to low Biot number; no
momentum and heat transfer from a particle to plasma
in the dilute loading; variation of plasma transport
properties by particle evaporation is neglected. The
particle motion is described by

mp%:fdngD(u—uPﬂu—uPL (13)
t 8
Table 2
Torch geometry and operating conditions
Radius of nozzlel r; (mm) 5.5
Radius of nozzle2 r, (mm) 17.0
Torch radius ry (mm) 25.0
Coil radius rc (mm) 33.0
Coil length zc (mm) 20.0
Axial position of coil z; (mm) 30.0
Torch length z, (mm) 200.0
Wall thickness dw (mm) 5.0
Coil turn number N (turns) 3.0
Inlet temperature 7;, (K) 800.0
Ambient temperature 7, (K) 300.0
Coil input power P (kW) 8.0
Coil frequency f (MHz) 0.5, 13.56
Operating pressure p (atm) 1.0
Injection flow rate Q;, Q», Qs (SImin~!") 10.0, 10.0, 25.0
Seed fraction SF (%) 4.0
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From the viewpoint of multiphase flow dynamics, the
added mass term and the Basset history term are sig-
nificant under strongly non-steady conditions [19].
However, these terms can be neglected under the oper-
ating conditions in the present study due to the small
size of the in-flight particle and the large density differ-
ence between the plasma and the particle [20].

The drag coefficient Cp, is written as [21]

Cp = Cpefifa (14)
% (Repf < 02)
Co % (1 + %REP[‘) (02 < Reps < 20)
DU A (14 0.01ReB) (2.0 < Repr < 21.0)
% (1+0.189Repf?)  (21.0 < Repr < 200.0)
(15)
where particle Reynolds number Rep is defined as
d
ReP:f—/lphl—llp‘. (16)
The film temperature is defined by
1
Tf:E(Ts+Tx). (17)

Subscript f denotes film and the values are calculated
on the film temperature for correction due to large
temperature variation between the particle surface and
plasma bulk [20].

The drag coefficient is corrected by the term f; ex-
pressing the variation of the transport properties in the
particle boundary layer and the term f, expressing non-
continuum effect for the small particle diameter.

. (pmnm)ms "
PsMs
24 y 4 ~0.45
Ao (50 (75 e}
(1072 < Kn < 1) (19)

where a is the thermal accommodation coefficient, y the
specific heat ratio, Kn the Knudsen number determined
by the particle diameter and the effective mean free path
length [20].

The particle temperature is obtained considering heat
transfer by the plasma and radiation.

0 = ndy[he(T — Tp) — epos(Ty — T7)] (20)

For the phase change, 0 is given by
. Lppdacl  (Tp < T, T < Tp < T)
0= redilny (T =Tn) (21)
—Sppdply Gt (o =T.)
where 7, and 7, are melting point and boiling point,
respectively.

The heat transfer coefficient 4, is written with Nusselt
number.

A
hf = jNufﬁ (22)
P
12 p.1/31 [ Pooll *rCp "
Nup = (2 4 0.6Rey; Pr.’ (M) ( X) 23
f ( pr L7 ) s Cps ( )

This is also corrected by the term f; considering non-
continuum effect due to the small particle diameter [22].

s={r () ()}

(107 < Kn < 1) (24)

Especially for the investigation into the effects of the
functionally enhanced RF-ICP on the in-flight particle
behavior injected with plasma gas from Nozzle 2, the
particle injected from the radial position of 11.25 mm is
particularly focused as a representative. The initial
temperature and initial diameter of an injected particle
are given as 300 K and 20 pm, respectively. The initial
velocity of the particle is assumed 70% of the carrier gas
velocity at the position [23].

3. Results and discussion

The distributions of the plasma properties and the
thermofluid fields in the RF-ICP and further the particle
behaviors are investigated by computational simulation
for four cases in Table 3. In the present paper, the
control parameters are the seed material and the coil
frequencies. The particle material are copper, nickel and
tungsten and the data of their properties are given for
the realistic numerical simulation [24].

3.1. Plasma properties and thermofluid fields in the RF-
Icp

Fig. 2(a) and (b) show the electron number density
distributions in Cases 1-4. In seeding a small amount of
potassium (4.0%), the electrons exist much wider and the
maximum values increase near the coil since potassium
ionizes easily with much lower ionization potential than
Argon regardless of the applied coil frequency. When
the applied frequency is 13.56 MHz, the distributions

Table 3
Controlled variables

Seed material Coil frequency f (MHz)

Casel Without seed 0.5
Case2 K 0.5
Case3 Without seed 13.56
Cased K 13.56
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Fig. 2. Electron number density distributions: (a) f = 0.5 MHz
and (b) /' = 13.56 MHz.

approach nearer to the wall along with the temperature
distributions as stated later.

Fig. 3(a) and (b) show the electrical conductivity
distributions in Cases 1-4. The high electrical conduc-
tivity regions extend axially with the considerable in-
crease in electron number density by potassium seeding
for both coil frequencies. This phenomenon means that
the plasma is electrically enhanced by seeding potassium,
which also results in the enhancement of the controlla-
bility of the plasma by external electromagnetic fields.

Ar ArtK Ar ArtK

Fig. 3. Electrical conductivity distributions: (a) /' = 0.5 MHz
and (b) f = 13.56 MHz.

(b)

Ar Ar+K Ar ArtK

Fig. 4. Joule heating distributions: (a) /' = 0.5 MHz and (b)

f =13.56 MHz.

Fig. 4(a) and (b) show the Joule heating distributions
calculated by 6E4Ey/2 in Cases 1-4. They extend longer
and have the same tendencies as the electrical conduc-
tivity distributions as shown in Fig. 3. When the applied
coil frequency is 13.56 MHz, the Joule heating concen-
trates nearer to the wall due to the skin ei?fect which is
closely related to skin depth 6 = (2nuy0f) 2. The higher
the applied coil frequency is, the smaller the skin depth
becomes. With potassium seeding, the Joule heating
concentrates nearer to the wall since the electrical con-
ductivity is higher there as shown in Fig. 3.

Fig. 5(a) and (b) show the plasma temperature fields
in Cases 1-4. In the cases of /= 0.5 MHz, the high
temperature region becomes wider by potassium seeding
along with the Joule heating which is the heat source of
the RF-ICP. On the other hand, the distribution short-
ens axially with potassium seeding due to the wall con-
centration of the Joule heating in the cases of /' = 13.56
MHz. Comparing the cases between potassium seeding
and no seeding, the variations of especially the high
temperature regions by the applied coil frequencies are
more remarkable in seeding potassium. This means that
potassium seeding enhances the controllability of the
temperature field of the RF-ICP by the applied coil
frequency.

Fig. 6(a) and (b) show the plasma velocity fields in
Cases 1-4. By seeding potassium, the velocity fields
change for both frequencies. But the difference by
seeding potassium is small because of the cancellation
effect, since the increase in the viscous force effect in the
high temperature field and Lorentz forces in the potas-
sium seeded RF-ICP interfere complexly. The difference
of the velocity fields between f = 0.5 and 13.56 MHz is
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Fig. 5. Plasma temperature fields: (a) /' = 0.5 MHz and (b)
f =13.56 MHz.
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Fig. 6. Plasma velocity fields: (a) f=0.5 MHz and (b)
f =13.56 MHz.

quite remarkable regardless of potassium seeding. When
the applied coil frequency is 0.5 MHz, a recirculating
flow exists in the upstream region of the torch because
the flow is strongly pinched by the radial Lorentz force
in the RF-ICP. On the other hand, the flow is almost
straight in the cases of f = 13.56 MHz. This is because
the Lorentz forces concentrate near the wall due to skin
effect with the high coil frequency, which is the same
tendency as the Joule heating as shown in Fig. 4. The
absolute values of Lorentz force, however, are smaller

than the cases of f = 0.5 MHz since the coil currents
may decrease as the coil frequency increases.

3.2. Particle behaviors

Fig. 7 show the particle trajectories for a copper
particle as a representative. In the cases of /' = 0.5 MHz,
a particle approaches slightly to the wall in the upstream
region of the torch and then return to the axis of the
torch because of the recirculating flow as shown in Fig.
6. In the cases of /= 13.56 MHz, the injected particle
travels straight due to the absence of the recirculating
flow in the plasma. However, the difference of the tra-
jectories is small with or without potassium seeding.

Fig. 8 show the particle axial velocity evolution for
copper as a representative. In the cases of /' = 0.5 MHz,
the particle axial velocities decrease in the upstream re-
gion of the torch due to the recirculating flow as shown
in Fig. 6 and then drastically increase just downstream
of the coil region. The particle is axially accelerated
simply in the cases of f = 13.56 MHz. The effect of
potassium seeding on the particle axial velocity is not
very remarkable.

Fig. 9(a) and (b) show the particle temperature evo-
lution for Cases 1-4. The temperatures of all the parti-
cles increase drastically, reach their boiling points and
start to evaporate in the upstream region of the torch. In
any cases, copper and nickel have similar profiles but
tungsten shows more rapid increase due to the lower
heat capacity. When the applied coil frequency is 0.5
MHz, the particles obtain more heat from plasma ac-
cording to the extension of the high temperature region
as shown in Fig. 5 regardless of potassium seeding. With
potassium seeding in Fig. 9(b), the effect of applied
frequency on particle heating is more remarkable than

Cu

2r f=13.56 MHz

Injection—»
11

10|

1, (Mmm)

Coil region

5F |
L L L L 1 . . .
40 50 100
z, (mm)

Fig. 7. Particle trajectories for copper.
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Fig. 8. Particle axial velocity evolution for copper.

the case without seeding in Fig. 9(a). Focusing on the
axial starting points of evaporation of tungsten as an
example, they are zp = 19.8 and 23.2 mm without po-
tassium seeding, while zp = 16.9 and 25.6 mm with po-
tassium seeding in = 0.5 and 13.56 MHz respectively.
This means that it is possible to adjust the particle
heating by the applied coil frequency easily with potas-
sium seeding.

Fig. 10(a)—(c) show the particle diameter evolution
with evaporation in Cases 1-4 for each material of
particles. The particle diameters decrease with evapo-
ration and then reach the constant values finishing
evaporation. In any cases, the lower the applied coil
frequency is, the smaller the final particle diameters
become. With potassium seeding, the final particle di-
ameters show smaller in /= 0.5 MHz because of the
active evaporation, while those show larger in f = 13.56
MHz. To investigate the effect of potassium seeding on
the variable range of the particle diameter, the values of
the final particle diameter difference Adp between in
f=0.5 and 13.56 MHz divided by the initial particle
diameter dpy = 20 um for each case are shown in Table
4. With potassium seeding, the values for each material
show from 1.6 to 1.9 times as large as those without
seeding, which means that the controllable range of
evaporated diameter by the applied frequency becomes
larger.

4. Conclusions

The plasma structure and the in-flight particle be-
haviors in the RF-ICP electrically enhanced by seeding

——— f=0.5MHz p
- - - - f=13.56 MHz
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Fig. 9. Particle temperature evolution (a) Ar and (b) Ar+K.

potassium vapor are investigated and the effects of the
applied coil frequency as an important factor to control
an RF-ICP are also clarified by computational simula-
tion.

1. By seeding a small amount of potassium, the high
electrical conductivity regions extend along with the
increase in electron number density since potassium
ionizes with much lower ionization potential than
Argon. Correspondingly, Joule heating distributions
also extend longer. The high temperature region also
changes by potassium seeding depending on the ap-
plied coil frequency. These distributions concentrate
near the wall due to the skin effect in the cases of
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Fig. 10. Particle diameter evolution with evaporation: (a) copper, (b) nickel and (c) tungsten.

seeding. In the plasma velocity fields, a recirculating

Table 4
Seeding effect on the variable range by the applied coil fre- flow exists in the upstream region for low applied fre-
quency quency due to the pinch effect when the applied coil
(Adp /o) x 100 (%) frequengy is 0.5 MHz. But there is small seeding effect

on velocity field structure.

(AD) (Art+K) 2. The trajectories and the axial velocity evolution of
Cu 7.5 14.5 the in-flight copper particles are different for each
\1\;} ﬁg %(7)2 case along with the difference of the plasma velocity

f = 13.56 MHz. The variations of the high tempera-
ture regions by the applied coil frequencies are more
remarkable with seeding potassium than without

fields depending on the applied coil frequency. The
effect of the applied coil frequency is more dominant
than that of the potassium seeding. The temperature
of the particle increases drastically, reaches their boil-
ing points and starts to evaporate in the upstream
region of the torch. With potassium seeding, the
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differences of the profiles are more remarkable and
the profiles shift upstream considerably with the
lower frequency compared with the case without
seeding. The final particle diameter shows smaller
with the lower applied coil frequency. The difference
of the final particle diameter by the applied coil fre-
quency is larger with potassium seeding, which means
that the controllable range of the processed particle
diameter by the applied frequency becomes larger.
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