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In order to investigate the plasma-particle energy exchange dynamics and optimize the plasma dis-
charge and particle parameters during in-flight thermal treatment of soda-lime-silica glass powders,
a plasma-particle interaction model was developed. This model solved the conservation equations to
predict the plasma temperature and flow fields, and then calculated the injected individual particle tra-
jectories and temperature histories, and the particle source terms to take into account the plasma-particle
interaction. It was noticed that particle injection significantly reduced the plasma temperature around
the centerline of the torch and hence decreased the heat transfer to particles at higher carrier gas flow-
rate and powder feed-rate. As a result the size and composition of quenched particles were affected
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thermal treatment of soda-lime-silica glass particles.
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1. Introduction

Induction thermal plasmas (ITP) have extensively been used for
the synthesis and surface treatment of fine powders since cou-
ple of decades as a clean reactive heat source [1,2]. ITP technology
may ensure essentially the in-flight one-step melting, short melting
time, and less pollution compared with the traditional technologies
that have been using in the glass industries for the vitrification of
raw glass powders [3]. The partially vitrified glass powders may be
used in glass production. Moreover, powers having high porosity
may be vitrified to reduce their porosity or solidify the powders.
During in-flight treatment of particles, it is rare to have experimen-
tal records of thermal history of particles; only some diagnosis of
the quenched particles is possible for the characterization. Thus,
the numerical analysis is the only tool to have comprehensive char-
acterization of the particle thermal history and energy exchange
during in-flight treatment. Our aim is to determine the in-flight
thermal treatment mechanism of soda-lime-silica glass powders
by ITP and to optimize the plasma discharge parameters, particle
size and feed-rate of input powders that affect the quenched pow-
ders size, morphology, and compositions. The thermal treatment
of injected particles depends mainly on the plasma-particle heat
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transfer efficiency, which in turn depends to a large extent on the
trajectory and temperature history of the injected particles. Thus,
for numerical investigation it is the challenge to predict the trajec-
tory and temperature history of the particles injected into the ITP
torch. Among others Yoshida et al. [4] pioneered the modeling of
particle heating in induction plasmas; though their work assumed
the particle trajectory along the centerline of the torch only. Boulos
[5] developed a model and comprehensively discussed the thermal
treatment of alumina powders in the fire ball of argon induction
plasma. Later Proulx et al. [6] predicted the trajectory and tem-
perature history of alumina and copper particles injected into ITP
torch and discussed the particle loading effects in argon induction
plasma. To achieve our goal, a plasma-particle interaction model
has been developed for argon-oxygen plasma, including a nozzle
inserted into the torch for the injection of carrier gas and soda-
lime-silica glass powders. This model can be used to demonstrate
the particle loading effects and to optimize the parameters that
govern the particles trajectory, temperature history, quenched par-
ticles size and plasma-particle energy exchange efficiency for any
plasma gas combination.

2. Modeling

2.1. Plasma model

The photograph of the plasma torch is presented in Fig. 1
and the schematic geometry and dimensions of the ITP torch is
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Nomenclature —(1.1)
£2; collision integral between species i and j
Ac complex amplitude of vector potential e particle porosity
B magnetic field vector o Stefan-Boltzmann constant
Cp drag coefficient X liquid mass fraction of a particle
G specific heat at constant pressure o« thermal accommodation coefficient
Cop particle specific heat at constant pressure y specific heat ratio
Dq ambipolar diffusion coefficient
dp particle diameter Subscripts
Dion Diffusion coefficient of ion f properties corresponding to film temperature
Djj binary diffusion coefficient between species i and j p particle
pm multicomponent diffusion coefficient s properties corresponding to particle temperature
E electric field vector 00 properties corresponding to plasma temperature
g acceleration of gravity (i, ) location of a control volume or cell
h enthalpy
he heat transfer coefficient Superscripts
Hn latent heat of melting (Lk) particles having an initial diameter d;, and injection
H, latent heat of vaporization point rj,
i complex vector (v—1)
] current density vector
Kn Knudsen number
M; molecular weight of species i
M; molecular weight of species of j
N? total number of particles injected per unit time
ng particle size distribution
nr fraction of N? injected at each point
Nu Nusselt number
p pressure
Pr Prandtl number
Q net heat exchange between the particle and its sur-
roundings
Qnet net energy transferred to all the particles injected
per unit time
Qr volumetric radiation loss
Q: net energy transferred to a particle throughout the
trajectory
Re Reynold number
Sg particle source term in continuity equation
SII,V’ particle source term in momentum equation
Sg particle source term in energy equation
t time . . .
T plasma temperature Fig. 1. A photograph of induction plasma torch.
Ta ambient temperature o ) . . .
T, boiling point temperature of particles presented in Fig. 2. .The torch dimensions and @schargg condi-
T, electron temperature tions are tapulated in Table 1. The overall coupling efficiency Qf
T, heavy particle temperature the reactor, i.e. the ratio of plasrpa power to plate power supply is
Tion ion temperature assumed to be 50%. In our experiment, the plate power was 20 kW
Tp particle temperature
ts residence time of particle in the plasma Tablel 4 -
I Torch dimensions and discharge conditions.
u velocity vector
up axial velocity component of particle Distance to {nitigl coil position (L) 19 mm
Ug relative speed of particles with respect to plasma L EATSE O (RS >2mm
. . . Distance to end of coil position (L, ) 65 mm
Up radial velocity component of particle Torch length (L3) 190 mm
X; mole fraction of species i Coil diameter (d.) 5mm
y mass fraction Wall thickness of quartz tube (Tyy.)) 1.5 mm
Inner radius of injection tube (r7) 1mm
uter radius of injection tube (r, 4.5mm
Greek SymbOlS guier radiuz gfinjrfer slott(r; " 6.2 mm
v vector operator Inner radius of outer slot (r3) 21.5mm
K thermal conductivity Torch radius (1p) 22.5mm
P mass density Coil radius (r¢) 32mm
I viscosity Plasma power 10 kW
. o Working frequency 4MHz
o electrlcall c.onductlwty T —— 01 MPa
Mo permeability of free space Flow rate of carrier gas (Q;) 4-91pm of argon
w angular frequency (27f) Flow rate of plasma gas (Q,) 21pm of argon

Flow rate of sheath gas (Q3) 22 lpm argon and 2 I[pm oxygen
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Fig. 2. Schematic geometry and dimensions of induction thermal plasma torch.

so assuming 50% overall coupling efficiency, the plasma power
was put to 10 kW. This assumption is quite reasonable according
to the literature of induction thermal plasma torch. The model
solves the conservation equations and vector potential form of
Maxwell’s equations simultaneously under LTE (local thermody-
namic equilibrium) conditions, including a metal nozzle inserted
into the torch. It is assumed that plasma flow is two-dimensional,
axi-symmetric, laminar, steady, optically thin, and electromagnetic
fields are two-dimensional [7]. Adding the source terms to the con-
servation equations, the plasma-particle interaction and particle
loading effects have been taken into account. In this model, the
conservation equations are as follows:

Mass conservation:

V.pu=S§ (1)
Momentum conservation:

pu-Vu=-Vp+V.uvu+JxB+S) (2)

Energy conservation:
,ou~Vh:V~<CKpVh)+J-E—Qr—SE 3)

Species conservation:
pu-Vy=V-(pD™Vy)+S§ (4)

Vector potential form of Maxwell electromagnetic field equation
(8]:

V2Ac = ipgowAc (5)

2.1.1. Boundary conditions

The boundary conditions for the mass, momentum, energy and
species conservation equations are: at the inlet, gas temperature
was set to 300K and uniform velocity profiles are assumed based
on the given flow rates; on the axis of symmetry, the symmetry con-
ditions are imposed; on the walls, no-slip condition is assumed; the
outer wall temperature is set to 350K; and, at the exit, axial gradi-
ents of all fields are set equal to zero. The inserted nozzle is assumed
to be water cooled at 300K. On the nozzle wall, the velocity is set

to zero. The boundary conditions for the vector potential form of
Maxwell’s equation are the same as those described in Ref. [8].

2.1.2. Computational procedure and thermophysical properties

The conservation equations, which are listed in previous section,
are solved numerically using the SIMPLER algorithm of Patankar
[9]. The algorithm is based on a control-volume finite-difference
scheme for solving the transport equations of incompressible fluids.
Calculations are performed for a 44 (in radial direction) by 93 (in
axial direction) non-uniform grid system.

Thermodynamic and transport properties of argon and oxygen
gases required for the simulation are mass density, specific heat
at constant pressure, viscosity, electrical and thermal conductivity
and radiative loss coefficient. The transport properties, which are
function of temperature, are calculated under LTE conditions using
Chapman-Enskog first approximation to Boltzmann equation [10].
The effective diffusion coefficient of species is calculated based on
the following equations:

pm 1 Vi
i = v
Zj;é i,j:]xi/DU

M; +M; T15
o _2 i J
Djj =2.628 x 10 2M;M; §(1.1) )
ij

The ambipolar diffusion coefficient for ions can be approximated
as Dq =Djon(1+Te[Tion). As the thermal equilibrium condition, i.e.
Ty, =Te = Tjpp, Was applied thus, Dg = 2Dy,

(6)

2.2. Particle model

The following assumptions are made in the analysis of
plasma-particle interactions in the ITP torch; the particle motion
is two-dimensional, only the viscous drag force and gravity affect
the motion of an injected particle, the temperature gradient inside
the particle is neglected, and the particle charging effect caused by
the impacts of electrons or positive ions is negligible. Because the
size of the particles considered in the simulation is very large com-
pared with the atomic or molecular size of the powders. The particle
charging effects have not been intensively studied yet. However, the
electromagnetic drag forces caused by the particle charging of the
injected particles are negligible compared with those by neutrals
and charged particles due to negligible electrical conductivity of
soda-lime-silica powders. Thus, the momentum equations for a sin-
gle spherical particle injected vertically downward into the plasma
torch can be expressed as follows:

d 3

T = = Colup — u)Ug (pp’;p> +8 (8)
dvp 3 0

dar = —ZCD(Vp —1)Ur </Opdp> (9)
Up = \/(up —u)’ +(vp - v)? (10)

The particle temperature, liquid fraction and diameter are pre-
dicted according to the following energy balances:

Q = wdZhe(T — Tp) — wdZose(Ty — Ty) (11)
T,
a, _ 6Q forTp, < Tj (12)
dt mppdyCop
dx __ 82 tor1000 < T, <1600 (13)
dt  mppd3Hp
dd
p___ 29 51000 < Tp < 1600, T, > Tj, (14)

dt _nppdﬁH,,
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Drag coefficient Cpy is calculated using Eq. (15) and the prop-
erty variation at the particle surface layer and the non-continuum
effects are taken into account by Egs. (16) and (17) [11].

i—4 Re < 0.2
e
%4 (1 + %Re) 0.2 <Re <20
Cor =19,y (15)
T Z2(1+0.11R%%1) 2.0 <R <21.0
R—(l +0.189R%-%?) 21.0 < R, <200
e

-0.45
A= (50 (16
_ ~0.45
fr= {1+ (%) (%) %Kn} , 102 <Kn<0.1 (17)
N
Cp = Cpsfifa (18)

To take into account the steep temperature gradient between
plasma and particle surface, the Nusselt correlation can be
expressed by Eq. (19) [12]. The non-continuum effect is taken into
account by Eq. (20) [11].

1/2p.1/3  Poolboo O [ C 0%
Nus = (2.0 +0.6R /“Pr ( x °°) Lad 19
! ( o ) Ps s Cps (19)
2—-«a Yy 4 1 _3
fz= {1 + (?) (m) P—rsl(n} , 1077 <Kn<0.1 (20)
The convective heat transfer coefficient is predicted as follows:
K
he = L Nugfs (21)
dp

2.2.1. Particle source terms

Let us assume N? be the total number of particles injected per
unit time, ny is the particle size distribution, and n; is the fraction
of N? injected at each point through the injection nozzle. Thus, the
total number of particles per unit time traveling along the trajectory
(I, k) corresponding to a particle diameter d; injected at the inlet
point ry is:

NOO = gy, N (22)

For the sake of computation, the particle concentration n in the
inlet is assumed to be uniform and to be separated into five injec-
tion points, which are at radial positions of 0.3, 0.45, 0.6, 0.75 and
0.9 mm. In the present computation the particles diameter distri-
bution is assumed to be Maxwellian (similar to experiment). The
particle size and corresponding distribution fraction are presented
in Table 2. In the present computation, the powder is assumed to
be composed of seven size particles according to its diameter and
deviation. The average particle diameter is 58 wm and the maxi-
mum deviation is 67%. As a result, there are 35 different possible
trajectories of the injected particles. The injection velocity of the
particles is assumed to be equal to the injection velocity of carrier
gas.

To take into account the particles loading effects, particles source
terms for the mass, momentum, energy and species conservation
equations have been calculated in the same fashion as described in
Ref. [6], using the Particle-Source-In Cell (PSI-CELL) approach [13],

Table 2

Particle size and corresponding distribution fraction.

Particle diameter (wm) 20 40 50 68 77 80 90
Fraction 0.03 0.07 0.1 0.6 0.1 0.07 0.03

where the particles are regarded as sources of mass, momentum
and energy. The source terms in the mass and species conservation
equation, Sg is the net efflux rate of particles mass in a computa-
tional cell (control volume). Assuming the particles are spherical,
the efflux rate of particle mass for the particle trajectory (I, k) that
traverses a given cell (i, j) is:
C(L,k) (Lk) 43 3
S g 77TIOPN (dz] in du out) (23)
The net efflux rate of particle mass is obtained by summing over
all particles trajectories which traverse a given cell (i, j):

SS = ZZS (L) (24)

The source terms for momentum conservation equations are
evaluated in the same fashion as that of mass conservation equa-
tion. In this case, the efflux rate of particles momentum for the
particle trajectory (I, k) traversing a given cell (i, j) is:

1,k)
sMe(tho _ 77'(,0pN( 1t in3 1 = i 003 ) (29)
My (1K) _ () >
Sp,ij( k) — E”'OPNU (vij,indij,m Vi, outdy out) (26)

Thus, the corresponding source terms for axial and radial momen-
tum conservation equations are:

Mz _ ZZSMZ (Lk) (27)
SMr _ ZZSM,—(I k) (28)

The source term for energy conservation equation SIE i consists
of the heat given to the particles ng”i]’.‘), and superheat to bring the

particle vapors into thermal equilibrium with the plasma QIEI'I,}‘):

Tout
Q) = / dahe(Ty — T03) dt (29)
T

in

o [ T gz, (G0 Gy - T ar (30)
i 20 PP e ) PR T

in
(1,k) Lk
= TN ol o

The calculation is started by solving the plasma temperature and
flow fields without injection of any particles. Using these conversed
temperature and flow fields, particles trajectories together with
particle temperature and size histories are calculated. The particle
source terms for the mass, momentum and energy conservation
equations for each control volume throughout the torch are then
predicted. The plasma temperature and flow fields are predicted
again incorporating these particle source terms. The new plasma
temperature and flow fields are used to recalculate the particles
trajectories, temperature and size histories. Calculating the new
source terms and incorporating them into conservation equations
constitute the effects of plasma-particle interaction, thereby com-
pleting the cycle of mutual interaction. The above computation
schemes are repeated until convergence. The physical properties
of soda-lime-silica glass powders used in the present investigation
are listed in Table 3.

3. Simulated results
The calculation has been carrier out for a plasma power of 10 kW,

reactor pressure 0.1 MPa and induction frequency 4 MHz. The dis-
charge conditions are tabulated in Table 1. In this study, attention
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Table 3

Physical properties of soda-lime-silica glass powders.

Mass density 2300 kg/m?
Specific heat at constant pressure 800]/kgK

Porosity 80%

Fusion temperature 1000-1600 K
Boiling temperature 2500K

Latent heat of fusion 3.69 x 10° J/kg
Latent heat of vaporization 1.248 x 107 J kg

is given to the plasma-particle interaction effects on individual
particle trajectory, velocity, and temperature history along the tra-
jectories for different carrier gas flow-rate and powder feed-rates.
Attention also paid to investigate how the plasma-particle energy
exchange process is affected by the particle loading effects. Two
aspects of the thermal treatment are investigated: the behavior of
the individual particles, and the global effects of the particles on the
plasma fields. The carrier gas flow-rate is very vital in determin-
ing the individual particle trajectories, and the allowable powder
feed-rate. Fig. 3 shows the isotherms in the torch for a carrier gas
flow-rate of 6 1pm argon and various powder feed-rates. The other
discharge conditions are the same as presented in Table 1. A com-
parison among the isotherms clearly reveals the intense cooling
around the torch centerline that increases with powder feed-rate.
However, the plasma temperature away from the centerline of the
torch remains almost unaffected by higher powder feed-rates. This
is because the individual particle trajectories are not widely out-

20

40

bound in the radial direction; rather the trajectories are very close
to the torch axis. Thus, the plasma-particle interaction around the
centerline is very crucial at higher powder feed-rate. The same kind
of arguments is proposed by Ye et al. [14] to explain the parti-
cle trajectories for alumina and tungsten particles. The effects of
carrier gas flow-rates on the individual particle trajectories are pre-
sented in Fig. 4, for the particle diameter of 50 wm and a feed-rate
of 5 g/min. It is comprehended that the higher flow-rate of carrier
gas enhances the axial velocity of the particles, because the ini-
tial axial velocity of the particles depends on carrier gas flow rate;
as a result the trajectories become closer to the torch axis at higher
flow-rate. The individual particle temperature history along the tra-
jectory is also influenced by the carrier gas flow-rate and powder
feed-rate. Fig. 5 shows the effects of carrier gas flow-rate on the
particle temperature for a feed-rate of 5 g/min. It is found that the
particle temperature along the trajectory decreases at higher carrier
gas flow-rate. The main reason is the cooling of plasma at higher
carrier gas flow-rate that leads less heat transfer to particles. As
the particle’s boiling or vaporization temperature is 2500 K, particle
temperature cannot be greater than the boiling point temperature.
In Fig. 5, for a carrier gas flow-rate of 41pm, the curve is flat with
axial distance along the torch length (from 142 mm to 190 mm)
because, particles attain the boiling point temperature earlier than
those for higher carrier gas flow-rate.

Fig. 6 describes the effects of powder feed-rate on the parti-
cle temperature along the trajectory. Like the flow-rate of carrier
gas, the higher feed-rate of powder also causes intense cooling of

60
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g
E= 11kK
E:- 100 10kK
e 9kK
<
8kK
120
TKK
6kK
140 SkK
4kK
{60 3kK
2kK
1kK
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0 10 20 0 10 20 0 10 20
Radius [mm)] Radius [mm] Radius [mm]

Fig. 3. Effects of powder loading on the isotherms for a carrier gas flow-rate of 6 Ipm.
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Fig. 4. Effects of carrier gas flow-rate on the particle trajectories for a powder feed-
rate of 5 g/min.
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Fig. 5. Dependence of particle temperature history along the trajectory on carrier
gas flow-rate.

plasma; thus, the heat transfer to particles decreases what results
lower particle temperature. At this stage of investigation, it is indeed
necessary to discuss the energy transfer mechanism to particles.
The energy transfer is affected by the particles physical proper-
ties, plasma temperature, and velocity. The last two parameters are
affected to a large extent by the carrier gas flow-rate and powder

3000 —————

2500

2000

Feed-rate: 5

1500 f  ========- Feed-rate: 10

1000

Particle temperature [K]

500

0 20 40 o0 80 100 120 140 160 180
Axial distance [mm]

Fig. 6. Dependence of particle temperature history along the trajectory on the pow-
der feed-rate.
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Fig. 7. Effects of powder loading and carrier gas flow-rate on the plasma-particle
energy transfer.

loading. The net energy transfer to particles is calculated by inte-
grating the energy transfer rate to the particles injected per unit
time over the residence time for all the particle trajectories. Mathe-
matically the net energy transfer to particles (Qnet) can be expressed
as follows:

t=ts
Q= {md5he(T — Tp) — wdyose(T,) — T4} dt (32)

t=0
Quer = » > NtOg, (33)
Ik

Fig. 7 clearly presents how the net energy transfer to particles is
affected by the carrier gas flow-rate under powder loading condi-
tions. Only 5 g/min of powder feeding decreases the energy transfer
to particle by about 44%. The powder loading effect and the depen-
dence of energy transfer to particles on the powder feed-rate is
presented in Fig. 8, for a carrier gas flow-rate of 91pm. It can be
noticed that energy transfer to particles increases linearly with
feed-rate in the absence of particle loading effect; however, when
particle loading effect is taken into account, energy transfer to parti-
cles still increases with the feed-rate but with a declined slop. With
the increase of powder feed-rate the total energy transfer increases

300 |
®— Without loading effect

250 | -=<0-=- With loading effect ‘
E 200 |
=1
£ 150 -
&
2
N B

......... O
50 F Q- |

4 6 8 10 12 14 16 18 20 22
Powder feed-rate [g/min]

Fig. 8. Particle loading effects on plasma-particle energy transfer at various powder
feed-rate.
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but the energy transfer per unit mass of powder actually decreases
when powder loading effect is taken into account (broken line of
Fig. 8). This fact is clearly evident from the broken line of Fig. 8,
when powder loading effect is taken into account, which situation
is very close to the experimental condition. The main reason is the
intense local cooling of plasma around the torch centerline under
dense particle loading. It is also evident that the particle loading
effect is pronounced at higher powder feed-rate.

4. Experimental
4.1. Setup

The experimental setup consists of a plasma torch (Fig. 1), a
reaction chamber, powder feeder, and a power supply unit (4 MHz,
20 kW). The plasma torch consists of a water-cooled co-axial quartz
tube surrounded by a three-turn induction coil. The soda-lime-
silica glass powders are prepared by spray-drying method from
the reagents of Na;CO3, CaCO3 and SiO, with the composition
of Nay0:16, Ca0:10 and SiO,:74 in wt%. The mean diameter and
porosity of soda-lime-silica glass powders are 58 wum and 80%,
respectively. The plasma discharge conditions are the same as those
described in Table 1 in the modeling section. The soda-lime-silica
glass powders are injected into ITP torch along with the carrier gas
at a rate of 5-20 g/min and the quenched powders are collected on
a water-cooled ceramic block at 340 mm from the nozzle exit.

4.2. Characterization of plasma-treated particles

The treatment quality of the powders is characterized by the
vitrification degree, the surface morphology, cross-sectional struc-
ture and composition of the quenched powders. The vitrification
degree is defined as the ratio of the converted crystalline phases
of SiO, in the quenched powder to the crystalline SiO; in the raw
powders. The vitrification degree of quenched powders is quan-
titatively determined by X-ray diffractometry (XRD) on Miniflex
(Rigaku) with Cu Ko radiation at 30kV and 15mA. The data are
collected in the 26 range 3-90° with a step size of 0.02° and a scan
speed of 4°/min. The quenched powders collected at the reaction
chamber are examined by scanning electron microscopy (SEM) on
JSM5310 (JEOL) to observe their surface morphologies and cross-
sectional microstructures. The composition of quenched powders
is analyzed by inductively coupled plasma (ICP) on ICP-8100
(SHIMADZU).

4.3. Experimental results

In the experiment soda-lime-silica glass powders are injected
along with the carrier gas through the nozzle inserted into the
plasma torch. Thus, the initial particle velocity is the same as that
of carrier gas. When the particles come in contact to high tempera-
ture plasma flame, they are heated and their temperature starts to
rise. As the particle temperature reaches to its melting temperature,
particle porosity decreases drastically; as a result, particle diameter
shrinks. When particle temperature reaches to its boiling tempera-
ture, vaporization takes place and particle diameter shrinks further.
In order to investigate the effects of carrier gas flow-rate and pow-
der feed-rate on energy transfer to particles, the vitrification degree
and Na, O evaporation rate are estimated through XRD and ICP spec-
trum analysis. Higher vitrification degree and Na,O evaporation
rate indirectly indicate the large energy transfer to particles. Fig. 9
shows the XRD and ICP spectrum analysis results. It can be noticed
that both the evaporation rate of Na,0 and the vitrification degree
decrease with the increase of both carrier gas flow-rate [Fig. 9(a)]
and powder feed-rate [Fig. 9(b)]. The vitrification degree and the

(a) 105 4 50
5 i —
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8 o
=, A =]
5 100 =
= 430 Z
= G
.2 <
by [ d o
E 951 23
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-
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Carrier gas flow-rate [Ipm]

—_
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—

Vitrification degree [%)]
Evaporation of Na,O [wt%)]

90 | 1 . L 1 I 1 L
4 6 g8 10 12 14 16 18 20 22

Powder feed-rate [g/min]

Fig. 9. Effects of carrier gas flow-rate (a), and powder feed-rate (b) on the vitrifica-
tion degree and Na,O evaporation rate.

evaporation of Na, O depend to a large extent on the particle tem-
perature. Higher carrier gas flow-rate and powder feed-rate cause
lower plasma temperature which causes less heat transfer to par-
ticles; as a result particle temperature is lower. It is important to
underline that after the thermal treatment, the size, composition,
and morphology of the particles have been changed significantly.
The effects of thermal treatment are visualized in the SEM photo-
graph as shown in Fig. 10. From Fig. 10(a) and (b), it can be noticed
that after treatment, the particle size becomes smaller, quite spher-
ical, smoother and compact surface.

5. Discussions

To validate our modeling and simulated results, a comparative
discussion between simulated and experimental results are indeed
necessary. From the experimental results it is found that at higher
carrier gas flow-rate and powder feed-rate, both the evaporation
rate of Na,O and the vitrification degree decrease. These results
indicate that less heat transfer to particles takes place at higher car-
rier gas flow-rate and powder feed-rate. From the simulated results
itis evident that atincreased carrier gas flow-rate and powder feed-
rate, the energy transfer to particles decreases; as a result, particles
temperature becomes lower. It is convinced that the main reason of
less heat transfer to particles is the severe local cooling of plasma
around the torch centerline at higher carrier gas flow-rate and pow-
der feed-rate. Thus, it may be argued that the simulated results well
agree with the experimental findings.

From experimental results, high vitrification degree of raw
material is always accompanied by high evaporation of Na,0. The
high evaporation loss of Na,O indicates the change of glass com-
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Fig. 10. The SEM photographs of soda-lime-silica glass powders before (a), and after
(b) thermal treatment.

position and the increase of cost. Hence, it is necessary to find an
optimized condition to obtain a high vitrification degree with lower
Na, O evaporation under the direction of this model.

6. Conclusions

A plasma-particle interactive flow model has been developed to
simulate the particle trajectories, temperature histories. The devel-
oped model can be used to optimize the carrier gas flow-rate,
particle size, and powder feed-rate to achieve the maximum treat-
ment efficiency during thermal treatment of soda-lime-silica glass
powders by argon-oxygen induction thermal plasmas. Numerically,

it is found that the heat transfer to particles decreases at increased
carrier gas flow-rate and powder feed-rate, and these results well
agree with those of experiment. Thus, it can be concluded that,
efficient thermal treatment of particles depends not only on the
physical properties of the particles, but also on the plasma discharge
conditions and particle parameters. Therefore, for a particular type
of powder (certain physical properties) both carrier gas flow-rate
and powder feed-rate mainly govern the treatment quality.
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