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Abstract

Numerical simulation was conducted to clarify the electromagnetic thermofluid fields of a particle-laden
compressible plasma flow in a complex configuration, as well as the characteristics of the injected fine

particles in the plasma flow. The effects of an applied radio-frequency (RF) electromagnetic field, particle

size and particle material on in-flight particle characteristics were clarified by use of a numerical model

which took plasma compressibility and variable transport properties into consideration. Particle velocity

was found to be strongly influenced by particle diameter. The heating rate of the Ni particle was the highest

due to its lowest latent heat of melting. It was possible to efficiently control particle temperature by heating

of the plasma flow with an RF electromagnetic field applied to the nozzle. Finally, particle phase condition

was drawn in terms of the injection velocity and particle diameter for optimization of particle properties.
� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Plasma is regarded as a multifunctional fluid, because it is characterized by high energy density,
chemical reactivity and variable transport properties. Therefore, plasma has been utilized for
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material processing, such as cutting, welding and spraying, and environmental treatments, such as
decomposition of dioxin, freon and melting incombustible waste to reduce its volume. For ex-
ample, Yamamoto and Jang (1999) reported the reduction of NOx using corona discharge plasma.
Sakano et al. (1999) and Ramachandran and Kikukawa (2000) investigated the recovery of heavy
metals from flying ash and electroplating sludge, respectively, using thermal plasma.
McKelliget et al. (1982) investigated a steady turbulent plasma flow by numerical simulation.

Chen and Pfender (1982) theoretically analyzed the unsteady thermal characteristics of particles in
a plasma flow. Pfender (1989) investigated characteristics of in-flight particles in plasma spraying.
Wei et al. (1987) numerically analyzed the characteristics of melting particles in a low pressure
supersonic plasma flow. Heimann (1996) and Solonenko (1995) analyzed plasma spraying both
experimentally and theoretically. Vardelle et al. (1982) reported experimental data on particle
velocity and temperature in a plasma flow. Two-dimensional analysis of an radio-frequency (RF)
inductive electromagnetic field was reported by Mostaghimi and Bolous (1989). Although Nam
et al. (1996) and Nishiyama et al. (1999) presented models and simulations of particle-laden
plasma in an electromagnetic field, a particle-laden plasma flow in a complex configuration and
such a flow in an applied RF inductive electromagnetic field have not yet been investigated
completely. Especially, the optimum particle injection conditions for purification of incineration
ashes and plasma spraying have not yet been clarified in detail. Since plasma is an electrically
conductive fluid, which is considered to be a functional fluid for control of the electromagnetic
process, it is very important to clarify in detail the characteristics of particle-laden plasma flow in
an electromagnetic field. The main objective of the present paper is to clarify compressible thermal
plasma flow in a complex configuration under conditions of an RF induction electromagnetic field
and the characteristics of fine particles injected into a plasma flow using a numerical model which
takes compressibility and variable transport properties into consideration.

2. Numerical model

2.1. Assumptions

The numerical model is based on the following assumptions. (1) The DC plasma flow is treated
only downstream of the arc region. (2) The plasma is a continuous, ideal gas in local thermo-
dynamic equilibrium (LTE), which is optically thin and has variable thermodynamic and trans-
port properties. (3) The flow, temperature and electromagnetic fields are two-dimensionally
axisymmetric. (4) The magnetic Reynolds number is small. (5) All injected particles are spheres
with the same diameter, and the internal temperature is uniform because the ratio between
convection heat resistance and internal heat resistance, namely, the Bi number is low. (6) Only
drag force acts on the particles. (7) The thermodynamic and transport properties of the particles
in both the solid and liquid phases are functions of particle temperature. (8) Collisions between
particles are neglected due to the dilute particle-loading condition. (9) There is one-way coupling
between the dispersed phase and the carrier phase. (10) The nozzle and the chamber are electri-
cally insulated. (11) The vector potential and the induction electric field have only azimuthal
component.
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2.2. Governing equations

Under the above-mentioned assumptions, the governing equations for plasma flow, particle
and induction electromagnetic field are presented as follows:

2.2.1. Plasma flow

Continuity equation:

oq
ot

þ divðquÞ ¼ 0: ð1Þ

Momentum equations:

oðquÞ
ot

þr � ðquuÞ ¼ �rp þr � s¼ þ F; ð2Þ

where the axial and radial Lorentz forces Fz and Fr and the viscous stress s
¼
are given by

Fr ¼
1

2
rRealðEhBzÞ; Fz ¼ � 1

2
rReal EhBr

� �
ð3Þ

and

s
¼ ¼ sij ¼ 2l eij

�
� 1

3
dijðr � uÞ

�
: ð4Þ

Here, eij and dij are the strain rate tensor and the Kronecker delta, respectively.
Energy equation:

o

ot
eþr � eð½ þ pÞu	 ¼ r � krTð Þ þ UD þ Qj � Qr; ð5Þ

e ¼ q CvT
�

þ u � u
2

�
; Qj ¼ j � E ¼ r

2
EhEh

� �
ð6Þ

and

UD ¼ 2l eij

�
� 1

3
dijðr � uÞ

�2

; ð7Þ

where e, Qj and UD are stagnant internal energy per unit volume, Joule heating and dissipation
loss, respectively, as shown in Eqs. (6) and (7). Qr is radiation loss given by approximation curve
fittings from the experimental radiation data reported by Evans and Tankin (1967).
Equation of state:

p ¼ qRT : ð8Þ

In the equations for plasma flow, u, p, E, B, T and Cv represent plasma velocity, pressure, electric
field intensity, magnetic flux density, plasma temperature and specific heat at constant volume,
respectively. q, r, l and k represent density, electrical conductivity, viscosity and thermal con-
ductivity, respectively.
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2.2.2. Particle

Equation of motion:

mp

dup
dt

¼ p
8
d2pqCDf u

�
� up

�
u
		 � up

		: ð9Þ

The drag coefficient is reported by Crowe et al. (1977). Accounted for are variable transport
properties in the particle boundary layer, as shown by Pfender and Lee (1985):

CDf ¼
24

Rep
1

�
þ 0:15Re0:687p

� q1l1
qsls

� ��0:45

; ð10Þ

where the particle Reynolds number Rep and the film temperature Tf are respectively defined as

Rep ¼
qfdp u� up

		 		
lf

and Tf ¼
T1 þ Tp

2
: ð11Þ

Heat balance equation:

mpcp
dTp
dt

¼ pd2p hfðT1
h

� TpÞ � eprSBðT 4
p � T 4

a Þ
i

ðTp < Tm and Tm < Tp < TbÞ: ð12Þ

The heat transfer coefficient presented by Lee et al. (1985) incorporates the variable transport
properties in the particle boundary layer.

hf ¼
kf
dp

ð2þ 0:6Re1=2p Pr1=3Þ q1l1
qsls

� �0:6 Cp1

Cps

� �0:38

; ð13Þ

where Prandtl number Rr is defined using film temperature.

Pr ¼ Cpflf

kf
; Tf ¼

T1 þ Tp
2

: ð14Þ

The phase change of a particle is evaluated from the following criteria.
The particle is fully melted whenZ t

0

Qn dtPmp

Z Tpm

T0

cp dT þ mpLpm � Qpm ðTp P TpmÞ: ð15Þ

The particle is fully evaporated whenZ t

0

Qn dtPQpm þ mp

Z Tbm

Tpm

cp dT þ mpLpb: ð16Þ

In the equations for particle motion and heat transfer, mp, up, dp, Rep, cp, Tp, Tpm, Lpm and Lpb
respectively represent the mass, velocity, diameter, Reynolds number, specific heat, temperature,
melting point, latent heat of melting and latent heat of boiling of the particle, and Ta represents
ambient temperature. The ambient temperature is the room temperature. l, ep and rSB represent
viscosity, particle emissivity and Stefan–Boltzmann�s constant, respectively. Subscripts s, 1 and f
correspond to particle surface, bulk and film, respectively. For example, parameters ls and l1
represent the viscosities of the plasma flow at the particle surface temperature and at the plasma
temperature, respectively, the latter being unaffected by the boundary layer, around the particle.
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Parameters q, T and Cp are defined by the same method as employed for ls and l1. The transport
properties are given by approximation of multiterms as a function of temperature as presented by
Bilodeau and Gleizes (1997).

2.2.3. Induction electromagnetic field
The vector potential equation as presented by Mostaghimi and Bolous (1989),

r2Ac � il0rxAc ¼ 0; ð17Þ

is derived from Maxwell�s equations.
Electric field:

Ec ¼ �ixAc: ð18Þ

Magnetic field:

Bc ¼ r� Ac; ð19Þ

where

x ¼ 2pfRF; A r; tð Þ ¼ AcðrÞeixt; Bðr; tÞ ¼ BcðrÞeixt; Eðr; tÞ ¼ EcðrÞeixt: ð20Þ
In the equations for the electromagnetic field, A, E, B, fRF, x, l0 and i represent vector po-

tential, electric field intensity, magnetic flux density, frequency of RF coil current, angular fre-
quency, permeability of vacuum and imaginary unit, respectively.

2.3. Boundary conditions

The boundary conditions for the plasma jet and the induction electromagnetic field are given in
terms of independent variables such as density, velocity and vector potential.

Nozzle inlet:

q ¼ qin; u ¼ uin; v ¼ 0;
oAR

oz
¼ oAI

oz
¼ 0: ð21Þ

Axis:

oq
or

¼ 0;
ou
or

¼ 0; v ¼ 0; AR ¼ AI ¼ 0: ð22Þ

Nozzle wall and outer wall:

oq
or

¼ 0 ðhorizontal wallÞ; oq
oz

¼ 0 ðvertical wallÞ; u ¼ v ¼ 0; ð23Þ

AR ¼ loI
2p

ffiffiffiffiffi
rc
rw

r Xcoil
i¼1

GðliÞ þ
lox
2p

Xc:v:
j¼1

ffiffiffiffiffi
rj
rw

r
rjAIjSjGðljÞ; ð24Þ

AI ¼ � lox
2p

Xc:v:
j¼1

ffiffiffiffiffi
rj
rw

r
rjARjSjGðljÞ:
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Inner wall:

oq
or

¼ 0 ðhorizontal wallÞ; oq
oz

¼ 0 ðvertical wallÞ; u ¼ v ¼ 0; AR ¼ AI ¼ 0: ð25Þ

Reactor exit:

oq
oz

¼ 0;
ou
oz

¼ ov
oz

¼ 0; p ¼ poperating;
oAR

oz
¼ oAI

oz
¼ 0: ð26Þ

When the flow is supersonic at the reactor exit, the pressure condition in Eq. (26) is neglected.
Here, AR and AI represent the real part and the imaginary part of vector potential A, respectively.
rc, rw, Sj and GðljÞ are coil radius, nozzle and chamber radius, cross section of the jth control
volume and function of complete elliptical integrals, respectively.

2.4. Numerical procedure

Fig. 1 shows a schematic of the complex computational domain. The configuration represents
plasma spraying and the computational conditions are given in Table 1.
The governing equations for plasma flow are solved using the 3rd-order MUSCL type TVD

method for the convective term as reported by Anderson et al. (1986) and the LU-SGS method for
time integration as proposed by Yoon and Jameson (1988) to take the variation of plasma density
into account, these methods being suitable for unsteady transonic or supersonic flows. Nishiyama
et al. (1999) also showed that these methods are very suitable for a supersonic plasma flow near a

Fig. 1. Schematic of computational domain.
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flat plate. The governing equations for the particle method are discretized by regarding them as
the 1st-order differential equations. The plasma parameters at the particle position correspond to
the value of the upper and center side node in the cell where the particle is located. The equations
for the electromagnetic field are solved using the Pointing Jacobi method. The calculation domain
includes a particle injection nozzle and a reactor having a 298� 131 grid, but does not include a
DC torch. Turbulent eddies larger than the cell size can be evaluated without introducing the
turbulence model in this direct simulation.

3. Numerical results and discussion

3.1. Plasma characteristics

Fig. 2 shows the plasma axial velocity field (a) without and (b) with an RF electromagnetic field
under the conditions of a discharge power of 10 kW and an operating pressure of 50 kPa. The
plasma flow is accelerated in the nozzle due to the expansion effect. The flow impinges on the inner
wall with some entrainment. The high velocity region is expanded from the nozzle exit under an
applied RF electromagnetic field. However, the effect of an applied RF electromagnetic field on
the plasma velocity is slight because the driving force accelerating the plasma flow depends on the
pressure difference between the nozzle inlet and exit.
Fig. 3 shows the plasma temperature field (a) without RF and (b) with RF under the same

operating conditions as mentioned above. Although the plasma velocity is high, the temperature is
increased effectively in the downstream region by applying the RF electromagnetic field due to the
active production of Joule heating. Although the inlet plasma temperature is high, it decreases
with the increase in the plasma velocity due to the conservation of the stagnant enthalpy as shown
by Eq. (6).

3.2. Particle characteristics

Fig. 4 shows the instantaneous dispersion of particles for W, Ni and Al2O3 (a) without RF and
(b) with RF under the same discharge power and the same operating pressure. Different dispersions

Table 1

Computational conditions

Working gas Ar

Gas flow rate 0.1 g/s

DC torch input power 10 kW

RF power 6 kW

Frequency 13.56 MHz

Operating pressure 50 kPa

Nozzle angle 4.5�
Particle material W, Ni, Al2O3

Particle diameter 10–100 lm
Particle injection velocity 0.0–8.0 m/s

RF induction coil with/without
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are observed among the particle materials because of the different densities. Dispersed fluctuations
are caused by the unsteady effects of the plasma jet. Furthermore, larger fluctuation can be ob-
served near the plasma jet fringe. Sato and Nishiyama (2000) also reported in detail that particle
trajectories depend on the injection particle velocity, operating pressure, diffusive angle of the
nozzle and particle diameter in a straight pipe. The optimum diffusive angle and operating
pressure were clarified to obtain high impact particle velocity and temperature.
Fig. 5 shows the axial evolution of particle velocities of W for different diameters, namely, 20,

30 and 60 lm. The radial injection velocity of particles is 2.5 m/s at z ¼ 5 mm. The particle ve-
locity is greater for smaller particles due to their low inertia. The effect of application of an RF

Fig. 2. Plasma axial velocity: (a) without RF, (b) with RF.
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electromagnetic field on particle velocity is insignificant in this case which corresponds to the
plasma velocity as shown in Fig. 2. The particle momentum is important in plasma spraying to
increase the adhesion of coating on the substrate. Therefore, it is necessary to clarify the velocity
of the particle prior to its impact on the inner wall.
Fig. 6 shows the correlation between the particle injection velocity and particle diameter for

high and low particle impact velocities without RF. This means, for example, that an Al2O3

particle is accelerated up to more than 450 m/s prior to impact under conditions in the left-hand
portion of the figure. The conditions for the right-hand portion of the figure show that the particle
impact velocity is less than 250 m/s. The particle impact velocity strongly depends on both the
particle diameter and the material density. Since the density of an Al2O3 particle is the smallest

Fig. 3. Plasma temperature: (a) without RF, (b) with RF.
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among the materials, the line showing 450 m/s is located at larger particle diameters. When the
particle injection velocity is very low, the particle impact velocity becomes lower for smaller
particles, because they cannot reach the high velocity region near the center axis of the plasma.
Fig. 7 shows the axial evolution of particle temperatures for W, Ni and Al2O3. The particle

temperature increases rapidly up to the melting temperature. The heating rate of the Ni particle is
greater than those of the W and Al2O3 particles. It is shown that the heating rate of the particles
increase effectively when an RF electromagnetic field is applied because of the greater heat ex-
change with the plasma jet heated by Joule heating. It is also important to clarify the liquid phase
conditions of the impact particles, because their particle solidification is one of the key processes
which determine the coating properties in plasma spraying.

Fig. 4. Instantaneous dispersion of particles: (a) without RF, (b) with RF.
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Fig. 5. Axial evolutions of W particle velocities with RF and without RF.

Fig. 6. Conditions of the particle injection velocity and particle diameter for high and low particle impact velocities

without RF.

Fig. 7. Axial evolutions of particle temperatures with RF and without RF.
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Fig. 8 shows the solid and liquid phase conditions of the impact particles with and without RF,
(a) W and (b) Al2O3, respectively. The liquid phase region with RF is shifted to the larger particle
diameter region by the effect of RF electromagnetic heating. This implies that the applied RF
electromagnetic field is an effective means of controlling the solid and liquid phases of the in-flight
particles without changing the particle injection velocity and particle diameter. Compared with
the solid region of W, that of Al2O3 is observed in a wide range of diameters and of injection
velocities despite the smaller liquid phase region, because Al2O3 has larger specific heat and lower
boiling points.

4. Conclusions

Important control parameters and optimum operating conditions for in-flight particles in a
compressible plasma flow through a complex configuration under conditions of an electromag-

Fig. 8. Solid and liquid phase conditions of impact particles with and without RF: (a) W, (b) Al2O3.
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netic field were clarified by numerical simulation. The main results obtained can be summarized as
follows:

(1) Particle temperature is strongly affected by the plasma temperature. The latter can be in-
creased effectively by applying an RF electromagnetic field to the nozzle due to active Joule
heating.

(2) Particle dispersion depends on the material density.
(3) Particle impact velocity is influenced by its diameter and the material density via particle mass.
(4) The heating rate of the Ni particle is the highest due to its lowest latent heat of melting.
(5) Particle phase change is effectively controlled by its diameter, injection velocity and the ap-

plied RF electromagnetic field. Especially, the optimum conditions to change to the liquid
phase depend on the kind of material.
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