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Modeling was made of Ar induction thermal plasma with an injection of PTFE powder to study funda-
mentally the effects of polymer ablation on thermal plasma. Interactions between thermal plasma and PTFE
powder such as heat conduction, melting, evaporation and radiation was simply taken into account. At the
same, the behavior of particle in the plasma was also investigated. The predicted results shows that the
injection of PTFE powder can cause the local cooling of Ar thermal plasma temperature field, and that
increasing powder feed-rate decreases plasma temperature around torch central axis. Moreover, it was seen
that smaller powder size decays plasma much more. On the other hand, it is found that particle trajectory
as well as temperature history relate to powder loading, powder size and injection location of particle. This
calculated result concerning plasma temperature was compared with the experimental result.
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1. Introduction

In the gas circuit breaker (GCB), an electric arc
plasma is established between the electrodes during the
current interrupting period, and is quenched by working-
gas in the nozzle. The arc plasma may induce ablation of
the nozzle, and is contaminated inevitably with the noz-
zle material. One of the nozzle materials mainly used in
the GCB is PTFE (Polytetrafluoroethylene). It is there-
fore important to investigate the effects of soild PTFE
contacting thermal plasma or arc plasma. Y. Tanaka et
al. have been studying arc-quenching properties of var-
ious gases using an inductively coupled thermal plasma
(ICTP) apparatus V°® . The distinguishing feature of
the ICTP is to produce clean plasma without any elec-
trode. The ICTP can be used to investigate not only
the properties of pure gas plasma, but also the influence
of solid or liquid material on gas plasma properties by
injecting these material into the plasma fundamentally.
A contact of a solid such as PTFE affects a thermal
plasma in two points: one of which is ablated gas ef-
fects on thermodynamic properties of a thermal plasma,
the other is an energy consumption due to melting and
evaporation, which can change a temperature distribu-
tion of a thermal plasma and then its dynamic behavior.
The solid contact with thermal plasmas involves various
processes including phase transitions. However they are
very complicated to understand in detail. Thus, numer-
ical approach is useful for this purpose.

In the present paper, a model of Ar induction ther-
mal plasma with PTFE powder injection was developed.
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Argon is the most suitable gas to produce ICTP with
sufficient stability, and use of noble Ar permits us to
make a fundamental investigation of ablation phenom-
ena. This work is a first trial of the fundamental inves-
tigation on such the phenomena. This model treats two
aspects of the interactions between particles and plasma:
one of which is the individual particle trajectories and
heating in thermal plasma, the other is the entire in-
fluence of powder melting or ablation on the thermal
plasma. Using this modeling, the interactions between
Ar induction thermal plasma and PTFE particles in-
jected into the plasma were studied.

2. Modeling

A schematic of the ICTP torch geometry and its prin-
cipal dimensions used is given in Fig. 1. Details of this
torch were described in Ref. (1). Powder is injected from
the top along the torch axis together with carrier gas.

The proposed model is based on the PSI-Cell concept
developed by C.T. Crowe et al.®, and is an extension
of the work by P. Proulx and co-workers ", In this
model, the mass, momentum and energy exchange rates
per unit volume between the plasma and the particles
are introduced as source terms in the corresponding con-
servation equations for the plasma and particles. More-
over the following conditions were supposed:

(1) The plasma is assumed to be in local thermo-
dynamic equilibrium and optically thin.

(2) The flow is steady, laminar, axis-symmetric
with negligible viscous dissipation.

(3) Two-dimensional electromagnetic fields are con-
sidered in present model.

(4) For injected particles, the particle-particle in-

teractions are neglected and no internal heat

IEEJ Trans. PE, Vol.124, No.3, 2004



Modeling of Ar ITP with PTFE Powder Injection

Carrier
gast
powder

Sheath
gas

Coil
12.5

Quartz
coaxial
tubes

161.0

Water Water
Fig.1. Schematic diagram of ICTP

transfer in the particles is considered.

2.1 Plasma Equations On the basis of above
assumptions, the plasma equations can be written as
follows:

(1) Continuity:
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where 7: radial position; z: axial position; u: axial flow
velocity; v: radial flow velocity; p: pressure; p: mass
density; h: enthalpy; n: viscosity; A: thermal conductiv-
ity; Cp: specific heat at a constant pressure; o: electrical
conductivity; The calculation method about the thermo-
dynamic and transport properties p, h, , A, C}, and o
is directed in section 2.4. cprpg: mass concentration
of PTFE vapor; Dprrg: PTFE vapor diffusion coeffi-
cient, the calculation method of which can be referred
to Ref. (8); po: the permeability of vacuum; Agr, Ar:
real part and imaginary part of the phasor of vector po-
tential Ag; Ey: the phasor of the electric field strength;
H,, H,: the phasor of axial and radial component of
magnetic field strength; j: complex factor (j2 = —1).
The magnitude of the phasors including Ay, Ey, H, and
H, is defined as the root mean square value. The quan-
tities Sg, SI])VIZ, S}])”T, Sf are the source terms produced
by particles, and the calculation of which will be given
in section 2.3.

2.2 Particle Equations On the assumption
that forces affecting an individual particle are only drag
and gravity, the momentum equations for a single par-
ticle injected vertically downwards into the plasma can
be expressed as ®:
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The particle temperature, liquid fraction and diameter
are determined according the following energy balances:
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Up, Up: axial and radial velocity component of particle,
respectively; pp: particle mass density; d,: particle di-
ameter; Q: the net heat exchange between the particle
and its surroundings; T},, T\, and Tj,: the particle tem-
perature, melting point temperature and boiling point
temperature, respectively; T plasma temperature; e:
the particle emissivity; T,: ambient temperature which
means environmental temperature around the torch ex-
terior; og: Stefan-Boltzmann constant; c,p: particle spe-
cific heat; H,, and H,: latent heat of particle melting
and that of particle boiling, respectively; x: the liquid
mass fraction of the particle; Ugr: the relative speed be-
tween the particle and the plasma. The formula about
drag coefficient Cp and heat transfer coefficient h. can
be found in Ref. (6).

2.3 Particle Source Terms In the philosophy
of the PSI-Cell approach ¥, the particles are regarded
as sources of mass, momentum and energy of plasma
equations.

Let N be the total number of particles injected per
unit time, ng is the particle size distribution, and n,
represents the fraction of Ny injected at each point over
the torch central inlet. The total number of particles
per unit time traveling along the trajectory (I, k) corre-
sponding to a particle diameter d; injected at the point
T 1St

The particle concentration n, in the inlet is assumed
to be uniform. For the sake of computation, the powder
input position is set to five points, which are at radial
positions of 0.3, 0.6, 0.9, 1.2 and 1.5 mm. In the actual
experimental condition, the injected powder consists of
various size particles. In the computation, we assume
that the powder consists of seven discrete particles and
the particle with a powder average diameter has a frac-
tion of 60%. Table 1 shows the assumed distribution
fraction of particles. The distribution fraction of the
other particles was also assumed to decrease with in-
creasing deviation of its diameter from powder average
diameter. As a result, that gives rise to 35 different pos-
sible particle trajectories. The injection velocity of the
particle is assumed to be equal to the velocity of carrier
gas. The average diameter of powder D was obtained
by the measurements.

The source term in the continuity equation, Sg , is the
net efflux rate of particle mass in a computational cell
(control volume). On the assumption that the particles
are spherical, the eflux rate of particle mass due to the
particle trajectory (I, k) which traverses a given cell (%,

j) is:

1 Lk
Sp,is ) = GWPpN( N(dijin® = dijou®) -+ (20)
The net efflux rate of particle mass is obtained by
summing over all particle trajectories which traverse a
given cell:
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Table 1. Size distribution and fraction of powder

Diameter Fraction
0.9D 0.03
0.933D 0.07
0.966D 0.1
D 0.6
1.033D 0.1
1.066D 0.07
1.1D 0.03

Note: D is the average diameter of powder
Sp.i; € ZZSP ljc(l’c .................. (21)

The momentum source terms are evaluated in the
same fashion as the particle mass source terms. In this
case, the efflux rate of particle momentum due to parti-
cle trajectory (I, k) traversing a given cell (4, 7) is:
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and the corresponding momentum source terms are:
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The energy source term includes the heat given to
the particles Qp,ij(lvk), and superheat to bring the par-
ticle vapors into thermal equilibrium with the plasma
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2.4 Thermo-Physical Properties First, parti-
cle compositions of Ar and PTFE vapor were calculated
using minimization technique of the total Gibbs free en-
ergy of the plasma. Then the thermodynamic and trans-
port properties of pure Ar and PTFE vapor were calcu-
lated using the first-order approximation of Chapman-
Enskog method. The thermodynamic and transport
properties of the mixture of Ar and PTFE vapor were
estimated according to the empirical proportion combi-
nation rule ®.
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Fig.2. Flow chart of the computational method
Table 2. Summary of the plasma operating
conditions

Input power to the plasma | 30 kW

Oscillator frequency 1.67 MHz
Pressure 101325 Pa
Sheath gas flow rate Ar: 100 liters/min
Carrier gas flow rate Ar: 6 liters/min

Table 3. Physical properties of PTFE powder
Boiling point temperature (K) | 895
Density (kg/m’) 2,160
Boiling latent heats (J/kg) 1060,000
Solid specific heats (J/(kg K)) | 1,610
Vapor specific heats (J/(kg K)) | 1,610
Emissivity of particle surface | 0.3

2.5 Calculation Procedure and Calculation
Conditions The complete solution for a plasma-
particle flow field is illustrated in Fig.2. The calcula-
tion starts by solving the plasma flow field assuming
that no powder is present. Using this flow field, indi-
vidual particle trajectories together with temperature
and size history along the trajectories are calculated.
The mass, momentum and energy source terms for each
control volume throughout the flow field then are deter-
mined. The plasma flow field is solved again incorpo-
rating these source terms. The new plasma flow field is
used to establish new particle trajectories, temperature
and size history and to calculate the new source terms,
thereby completing the cycle of mutual interaction. It-
erations are repeated for as many times as needed con-
vergence of the plasma and the solution that accounts
for the mutual interaction between powder and plasma
are obtained. The SIMPLER algorithm of Patankar
is used for solving the above plasma flow field. In the
calculation, the torch is divided into non-uniform grids

000 BO1240 30020040
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of 30 x 34 in radial and axial direction, respectively.

A summary of the plasma operating conditions used
for all the calculation in this paper is presented in
Table 2. The physical properties of PTFE powder used
in the present investigation are listed in Table 3 *9.

3. Interactions Between Ar Plasma and
PTFE Particles for Different Powder
Feed Rates

In this paragraph, attention is given to the problem
of plasma-particle interactions for different powder feed-
rate. For all simulations, the other conditions are kept
constant, only the powder feed-rate is changed to study
its effect on the overall process of thermal treatment of
powder in the ICTP. Two aspects of the thermal treat-
ment are investigated: the behavior of the individual
particle, and the global effect of powder on the plasma.
Computations were made for powder feed-rate of 5, 10,
20, 30 and 40 g/min, powder average diameter was fixed
at 300 pym.

3.1 Individual Particle Trajectories and Tem-
perature History Figure 3 shows the trajectories
of particles initially injected at » = 0.3 and 1.5 mm. The
corresponding temperature history as a function of the
distance traveled in the axial direction is shown in Fig. 4.

The particle temperature history shows that: (i) De-
creasing powder feed-rate quickens the temperature ris-
ing of the particles, which indicates powder feed-rate
may affect plasma temperature, and in turn plasma tem-
perature affects particle absorbing heat from plasma.
(ii) The initial injection location of the particle influ-
ences its heating, which indicates uneven distribution of
plasma radial temperature.

On the other hand, the influence of powder feed-rate
on the trajectories of the particle can hardly be observed
as seen in Fig. 3. Another noticeable fact is that in these
calculation cases, the resultant particle temperatures do
not reach to PTFE boiling temperature. This does not
affect thermodynamic properties of Ar thermal plasma.

3.2 Plasma Fields As implied in the previous
section, an increase in the powder feed-rate can have an
important cooling effect on the temperature field in the
plasma. The streamlines and isotherm contours of Ar
induction thermal plasma in the absence and presence
of PTFE powder are depicted in Fig.5. The left part
(a) of this figure represents the flow and temperature
fields in the absence of powder, while the right part (b)
corresponds to that in the presence of PTFE powder at
a feed rate of 40 g/min. The tangent of streamlines in-
dicates gas flow direction. Numerical numbers on the
streamlines are values of a stream function referred to
the point (0,0). As seen in Fig. 5, there is a vortex in the
upper side of the torch. Because the trajectories of the
particles are very close to torch central line as observed
in Fig. 3, the plasma is significantly cooled down in this
region due to heat absorption of particles from thermal
plasma. The plasma temperature decreases from 5100 K
to 2800K at Z = 95mm on the center axis with pow-
der injection of 40 g/min. However, the outer region of
the plasma remains largely unaffected by the powder
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Fig.7. Plasma temperature profiles along radial
position at 10 mm below coil end

injection. The flow pattern, on the other hand, is rela-
tively little changed by the presence of powder.

The cooling effect that an increase in powder feed-rate
causes can be observed from plasma axial and radial
temperature profiles shown in Figs.6 and 7. From the
two figures, we may further find that: (i) From z = 0 to
60 mm, plasma temperature on torch central line is not
affected by the injection of powder, where the cooling is
due to carrier gas. (ii) The radial limit of the influence
of powder on plasma temperature is about r = 7mm.
The plasma temperature in the region r > 7mm hardly
changes as powder feed-rate.

4. Interactions between Ar Plasma and
PTFE Powder for Various Powder
Average Size

In this section, the effect of powder size on the inter-
action of plasma-particle is investigated. Computations
were carried out for PTFE powder of average diameters
250-500 pm. Powder feed-rate was fixed at 5g/min.

4.1 Individual Particle Trajectories and Tem-
perature History Figure 8 shows the trajectories
of the particles injected at two limiting injection loca-
tions of r = 0.3 mm and r = 1.5 mm for various powder
sizes.

The particle trajectories show that: (i) The particles
of initial injection location at r = 0.3mm, regardless
of particle size, move almost vertically downwards to
z = 80 mm, then a slight drift of smaller particles can
be found. (ii) For the particles injected at » = 1.5mm,
they begin to appear drift at z = 30mm, and the
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deviating distance obviously increases as a decrease in
particle size.

The influence of powder size on individual particle
heating from plasma can be clearly observed from parti-
cle temperature history shown in Fig. 9. For the particle
injected at r = 1.5 mm, the exit temperature in case of
diameter 250 pm is 856 K, while that in case of diameter
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500 pm only reaches 482 K.

4.2 Plasma Temperature Fields Figures 10
and 11 show that the plasma temperature drops with
a decrease in powder size. The smaller powder size de-
cays plasma temperature much more. But this kind of
influence is not so obvious as that of powder feed-rate
as described as before.

5. Comparison of Predicted and Experi-
mental Plasma Temperature

An experimental investigation about the effects of
PTFE powder injection on Ar plasma was also carried
out. The experimental conditions are listed in Table 4.
Pressure 0.1 MPa and pure Ar sheath gas 1001/min were
fixed throughout the experiments. PTFE material pow-
der of average diameter 410 um was fed into the plasma
with Ar carrier gas. The input power at the plate ter-
minal of vacuum oscillator was fixed at 50 kW. Cosider-
ing the conversion efficiency of vacuum tube oscillator is
about 0.6, the given power to the plasma was estimated
to be 30kW. In the experiment, spectroscopic observa-
tions were first made for measuring the radiation inten-
sity of Ar lines from thermal plasma. Then plasma tem-
perature was estimated by using the two-line method of
the spectral lines V.

The spectral intensity of Ar I (703.0nm) and Ar I
(714.7nm) at different radial positions, obtained by Abel
inversion *?, were used for determining plasma radial
temperature distribution at 10 mm below coil end. The
results are shown in Fig. 12. Comparing this figure with
Fig.7, we can find that though the absolute value of
temperature is different between the two figures, a sim-
ilar temperatre decrease shape around torch center af-
ter injecting PTFE powder is clearly observed both in
the calculation and in the experiment. The tempera-
ture difference between the experiment and computa-
tion can be considered from two sides. One is from the
experiment. Some of the powder can be attached to
torch wall when it is injected into the torch, which may
bring the difficulty of spectroscopic observation and af-
fect the precision of estimated temperature. Another
reason from experiments is plasma state. Actual plas-
mas are not completely in LTE condition especially in
radiation field. Excitation population of Ar may not
always follow Boltzmann law, which results in a certain



Table 4. Experimental conditions

No Sheath gas Carrier gas | PTFE(g/min)
(Ar: I/min) (Ar: /min)
#1 100 6 0
#2 100 6 2
12 T T r T
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Fig.12. Plasma radial temperature at 10 mm below
coil end

error in temperature estimation. This occurs in not only
a case with powder injection but also a case without
powder injection. This is one of problems frequently
faced in experiment. Other reason is from the compu-
tation. In the computation, some assumptions such as
neglecting the particle-particle interaction and no inter-
nal heat transfer in the particles and LTE conditions
were made.

6. Conclusions

A plasma-particle interaction model was developed,
and used for the analysis of Ar induction plasma with
PTFE powder injection. The computed results show
that: (1) The injection of PTFE powder can cause a
local cooling of Ar thermal plasma temperature field.
(2) Increasing powder feed-rate decreases plasma tem-
perature around torch center. (3) Smaller powder de-
cays plasma temperature much more. (4) Particle
trajectories and temperature history were related to
many factors such as powder feed rate, particle size and
injection location. Moreover, a similar decrease sharp of
plasma temperature between experiment and simulation
after PTFE powder injection is also found.
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