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Paper

Numerical Simulation of Solid Particle Ablation

in Thermal Plasmas using CIP-VOF Method

Yasunori Tanaka∗ Member

Javad Mostaghimi∗∗ Non-member

Numerical modelling was performed for ablation processing of a solid particle in a thermal plasma flow.
The model is based on Constrained Interpolation Propagation – Combined and Unified Procedure (CIP–
CUP) method, which can simulate incompressible and compressible flows and then the multiphase flow.
Furthermore, the volume of fraction (VOF) function was introduced to track the surface of the solid during
ablation. Using that developed model, the ablation process of a polyethylene particle was simulated in a
thermal plasma flow. Results show that ablation occurs more strongly at the particle’s upstream surface,
thereby producing strong gas flow.

Keywords: CIP, VOF, Ablation, Thermal plasma, Particles, Interactions

1. Introduction

In recent years, thermal plasmas have become widely
used for various material-processing technologies such
as nanopowder synthesis, thermal plasma spray coat-
ing, and powder spheroidization. In these processes, raw
materials are injected as powders into the plasma. They
are subsequently accelerated, heated, melted, and evap-
orated. Evaporation/sublimation affects the interaction
between solid materials and surrounding thermal plas-
mas because it absorbs thermal energy from the plasma
and might then decrease the temperature of the solid
surface. It can also modify the gas flow and density
fields around the surface of the particles because of ab-
lation phenomena, which might shield the particle sur-
face from heat transfer from the plasma. The phenom-
ena described above are closely related with the heat-
ing efficiency of the powder by the plasma. Moreover,
the particle surface shape can change by its sublima-
tion/evaporation, which might also alter the efficiency
described above.

Such interactions between thermal plasma and solid
matter are readily apparent in various thermal plasma
or arc plasma application fields. Arc plasma invariably
necessitates the use of electrodes, and interactions exist
between the arc plasma and the electrode materials. An-
other example is an ablator, which is designed to protect
the reentry capsule from high temperatures by aerody-
namic heating between the capsule and the atmospheric
air when a reentry capsule returns from space to the
earth (1).

To understand the above-described interactions be-
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tween thermal plasma and a solid material, it is im-
portant to model physical phenomena in detail includ-
ing the phase transition between solid, gas, and plasmas
self-consistently, incorporating gas flow and temperature
field solutions. However, these phenomena are very com-
plicated. For that reason, the interactions between ther-
mal plasma and solid materials have remained unclear.
Especially, experimental techniques cannot be used for
elucidation of these complex phenomena: numerical sim-
ulation is necessary for this purpose.

In this work, we present development of our compu-
tational model, which is useful to study the ablation
of a particle immersed in a thermal plasma based on
the Constrained Interpolation Propagation – Combined
and Unified Procedure (CIP-CUP) method developed by
Yabe (2) (3). The CIP-CUP method is a unified algorithm
that is useful to solve incompressible and compressible
flow. For that reason, it can simulate multiphase flows
including solid, liquid, and gas components. Rapid ab-
lation can eject much ablated vapor with a high gas flow
velocity, which might be treated as a compressible flow,
although the surrounding gas is almost an incompress-
ible flow. Furthermore, the volume of fluid (VOF) func-
tion (4) was adopted to track the boundary between solid
and gas in this work. This is the first paper to describe
modeling of solid ablation phenomena in thermal plas-
mas. Consequently, the methodology to treat gas flow is
described first in this paper, with subsequent explana-
tions of the ablation phenomenon and the shape change
of the solid boundary.

Using the developed model, the ablation process of a
polyethylene spherical particle in an Ar thermal plasma
was simulated. This issue is treated here because poly-
mer materials have a lower thermal decomposition tem-
perature and a lower latent heat than other materials,
such as metals, do. These lower values permit it to be
ablated rapidly by heat flux. This rapid ablation mate-
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rial is suitable for fundamental studies of ablation phe-
nomena. Moreover, to date, we have studied ablation
phenomena of solid polymer particle in thermal plas-
mas experimentally to investigate effects of ablated va-
por on quenching of thermal plasmas (5), and in which
the interactions between polymer powders and the ther-
mal plasmas are important for the fundamental study
of ablated vapor effects on the plasma temperature in
our previous paper (5). The calculation results presented
herein demonstrate that strong ablation occurs at the
upstream particle surface, which produces a strong gas
flow; then the particle shape changes with time.

2. Modeling

2.1 Assumption This expository work addresses
the thermal sublimation/evaporation of a solid particle
in the thermal plasma flow. This system is expected
to include solid, liquid, gas, and thermal plasma. How-
ever, the following assumptions were made for simplic-
ity: (i) The thermal plasma around the solid particle is
assumed to be under local thermodynamic equilibrium
conditions. In this case, the temperatures of the elec-
tron and the heavy particle, the excitation temperature,
etc. are identical. Furthermore, it is assumed that all
the reactions reach their equilibrium condition instantly.
(ii) The plasma is assumed to be optically thin. (iii) The
plasma and gas are treated as a continuum because of
the low Knudsen number Kn. In this work, Kn ∼ 1/30.
(iv) One fluid model is adopted for the plasma, which
means that the electrons and the heavy particles includ-
ing ions, neutral atoms and molecules move with equal
gas flow velocity. (v) Melting phenomena of the parti-
cles are neglected. Only sublimation is considered. (vi)
Ablation of the solid surface is caused only by heat, not
directly by radiation from the plasmas. (vii) Charging
effects of the particle and the electron emission process
from the solid particle are neglected. (viii) Cracking and
breaking phenomena of the solid particle are neglected.
(ix) Physical and chemical sputtering are neglected.

2.2 Governing equations Herein we deal with
the solid, gas, and thermal plasma using the following
set of fluid equations.
Mass conservation:

Dρ

Dt
= −ρ(∇ · u) · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1)

Momentum conservation:

ρ
Du

Dt
= −∇p +∇ : τ · · · · · · · · · · · · · · · · · · · · · · · · (2)

Energy conservation:

ρCv
DT

Dt
= −pth(∇ · u) + Qheat − Ssub · · · · · · · · (3)

Mass fraction of ablated vapor from the solid:

ρg
DYC

Dt
= ∇ · (ρgDj∇YC) + SCg · · · · · · · · · · · · · (4)

Volume fraction:
Df

Dt
= −Sf · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (5)

In addition, we use the equation of state (EOS) p =
p(ρ, T ) for Ar gas and ablated vapor from the solid par-
ticle, and that of the solid. Therein, the variables rep-
resent the following. D/Dt = ∂/∂t + u · ∇: the sub-
stantial derivative, t: time, ρ: total mass density in a
control volume, ρg: mass density of gas in a control vol-
ume, u: the flow velocity vector, p: pressure, τ : stress
tensor, T : temperature, Qheat: heating power, DC: ef-
fective diffusion coefficient of ablated vapor against Ar,
Cv: specific heat at constant volume, YC: mass fraction
of ablated vapor in reference to the total gas (Ar gas +
ablated vapor) in a control volume, SCg : source term
for ablated vapor mass fraction YC by sublimation, f :
VOF function, Sf : source term for the VOF function f
by sublimation, Ssub: sublimation loss. Quantity pth is
defined as

pth = T

(
∂p

∂T

)

ρ

. · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)

The VOF function f is assumed to be unity when a
cell is fully occupied by the solid, and zero when a cell is
fully occupied by the gas. Cells with values of 0 < f < 1
contain a solid surface.

2.3 Source terms
2.3.1 Heating power Heating power Qheat in

Eq. (3) was calculated considering thermal conduction
and radiation loss as

Qheat =




∇ · (λ∇T )− Prad

−εemitσsb(T 4 − T 4
a ) ∆S

∆V (if ` > ε1)
∇ · (λ∇T )− Prad (otherwise)

where λ: thermal conductivity, Prad: volume radiation
loss, σsb: Stefan-Boltzmann’s constant, Ta: ambient
temperature, εemit: emissivity of the solid surface, ε1:
the positive value to track the solid surface, ∆S: sur-
face area of the solid in a control volume, ∆V : volume
of a control volume.

The quantity ` is introduced as a parameter used to
detect the surface of the solid particle, which is expressed
as

` =
∑

α,β

|fα,β − fi,j |, · · · · · · · · · · · · · · · · · · · · · · · · · (7)

where α = i− 1, i+1 and β = j− 1, j +1. Point (i, j) is
recognized as the solid surface if ` has a non-zero value.

2.3.2 Source term Sf for f The source term
by sublimation and deposition on the solid surface in
Eq. (5) was incorporated as follows.

Sf = Ssub
f + Sdep

f · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)

Ssub
f =





max(0, Qheat
ρmat
s L )

(if f > ε2
& T ≥ Tsub

& ` > ε3)
0 (otherwise)

· · · (9)

Sdep
f =





min(0, Qheat
ρmat
s L ) (ρgYCRCT ≥ Psat

& ` > ε3)
0 (otherwise)

(10)
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Therein, Ssub
f and Sdep

f respectively signify the source
terms for sublimation and deposition, and L represents
the latent heat for sublimation, ρmat

s is the mass density
of the solid as a material, Tsub is the sublimation tem-
perature, RC is the gas constant of the ablated vapor,
Psat is the saturation vapor pressure of the solid mate-
rial, ε2 and ε3 are small positive values used to track the
solid surface. A constraint for Sf∆t is that

− ρg

ρmat
s

< Sf∆t < f, · · · · · · · · · · · · · · · · · · · · · · · · (11)

where ∆t is the time step for calculation.
2.3.3 Source term SCg for YC The quantity

SCg was calculated using Sf as

SCg =
ρg

∆t
(1− YC)

Sf∆tρmat
s

ρg + Sf∆tρmat
s

. · · · · · · · · · · (12)

2.3.4 Energy loss by sublimation Ssub Sublimation
requires energy Ssub that has been added in the energy
conservation equation (3). This term Ssub is estimated
as

Ssub = SfLρmat
s . · · · · · · · · · · · · · · · · · · · · · · · · · · · (13)

3. Solution procedure

To solve the equations introduced in the previous sec-
tion, the time-splitting method was adopted. Time-
splitting was done in three phases: advection, diffusion,
and isentropic.

The advection phase corresponds to advection phe-
nomena of all physical parameters by gas flow. The non-
advection phase gives thermodynamic change in matter.
This non-advection phase was separated further into two
parts—the diffusion phase and isentropic phase—as de-
scribed below. It is important to consider a general-
ized thermodynamic parameter Θ. This parameter can
be a function of two other thermodynamic parameters
like mass density ρ and entropy S. It therefore brings
Θ = Θ(ρ, S). If one considers the exact differential dΘ,
it can be written as

dΘ =
(

∂Θ
∂ρ

)

S

dρ +
(

∂Θ
∂S

)

ρ

dS. · · · · · · · · · · · · (14)

This expression shows that dΘ contains a change in Θ by
S with ρ fixed, and that by ρ with S fixed. These phe-
nomena correspond respectively to the diffusion phase
with an entropy change and the isentropic phase.
(i)Advection phase
In this phase, all physical parameters are only advected
with the flow velocity u according to the following ad-
vection equation.

DF

Dt
=

∂F

∂t
+ u · ∇F = 0 · · · · · · · · · · · · · · · · · · (15)

Therein, F = (ρ, u, T, YC, f). Those components cor-
respond respectively to the mass, momentum, energy
equations, and the mass equations for ablated vapor,
and the equation of the VOF function. This advection
equation was solved using the CIP and rational CIP (R-
CIP) algorithms developed by Yabe (2) (3) The pressure

was also advected using the EOS p = p(ρ, T ). The CIP
algorithm is well known to realize a slightly diffusive
scheme for advection.
(ii)Diffusion phase
In this diffusion phase, diffusive processes were con-
sidered, including the viscous force for the momentum
equation, the thermal conduction, the input power and
loss for the energy equation, and the phase transition
phenomena, where the total mass density ρ in a control
volume is fixed as follows.
Mass equation:

∂ρ

∂t
= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (16)

Momentum equation:

ρ
∂u

∂t
= ∇ : τ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (17)

Energy equation:

ρCv
∂T

∂t
= Qheat − Ssub · · · · · · · · · · · · · · · · · · · · · (18)

Mass fraction of ablated vapor:

ρg
∂YC

∂t
= ∇ · (ρgDC∇YC) + SCg · · · · · · · · · · · · (19)

VOF function:
∂f

∂t
= −Sf · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (20)

The equations shown above for the diffusion phase
were solved with the full implicit method using values
after the advection phase. The pressure rise ∆p oc-
curs by the temperature rise and the phase transition,
whereas the total mass density ρ in a control volume is
constant in this diffusion phase according to Eq. (16).
The pressure increase ∆p in a control volume was esti-
mated through EOS as

∆p = ∆ρgRCT + pth
∆T

T
· · · · · · · · · · · · · · · · · · · (21)

∆ρg = Sf∆tρmat
s . · · · · · · · · · · · · · · · · · · · · · · · · · · (22)

(iii)Isentropic phase
In this phase, we consider isentropic phenomena in a
fluid governed by the following equations:
Mass equation:

∂ρ

∂t
= −ρ(∇ · u) · · · · · · · · · · · · · · · · · · · · · · · · · · · · (23)

Momentum equation:

∂u

∂t
= −∇p

ρ
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (24)

Energy equation:

∂T

∂t
= − pth

ρCv
(∇ · u)· · · · · · · · · · · · · · · · · · · · · · · · (25)

Mass fraction of ablated vapor:

∂YC

∂t
= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (26)

電学論 X，129 巻 7 号，2009 年 3



VOF function:
∂f

∂t
= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(27)

with the EOS of p = p(ρ, T ).
Considering the total differential of the EOS as

∆p =
(

∂p

∂ρ

)

T

∆ρ +
(

∂p

∂T

)

ρ

∆T, · · · · · · · · · · · (28)

and Eqs. (23), (24) and (25), one can obtain the follow-
ing Poisson equation for pressure:

−∇ ·
(∇p

ρ

)
=

1
ρC2

sS

[
p0 − p

(∆t)2

]
− ∇ · u0

∆t
· · · · (29)

where CsS is the isentropic sound velocity, p0 and u0

are the pressure and the flow velocity after the diffusion
phase. The equation presented above becomes the well
known Poisson equation for pressure in the incompress-
ible flow if ρC2

sS is much larger than the pressure vari-
ation p0−p

(∆t)2 . This equation is transformed into the wave
equation for pressure in the compressive flow if the sec-
ond term on the right-hand-side in Eq. (29) is negligibly
small compared to the other terms. The above transition
between incompressible and compressible flows is made
automatically by changing the sound velocity used. The
isentropic sound speed CsS was derived through the EOS
by the following.

C2
sS =

(
∂p

∂ρ

)

S

=
(

∂p

∂ρ

)

T

+
pth

ρ2

(
∂p

∂e

)

ρ

= C2
sT +

p2
th

ρ2CvT
· · · · · · · · · · · · · · · · · · · · · · · (30)

C2
sT =

(
∂p

∂ρ

)

T

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (31)

In those equations, CsT is the sound velocity at constant
temperature, and e is the internal energy. Quantities
CsT and pth can be derived from the EOS.

In this isentropic phase, the Poisson equation (29) de-
scribed above was first solved with the implicit method.
Thereafter, the flow velocity u progresses according to
Eq. (24). Using updated u, the mass density ρ and tem-
perature T progress considering compressible aspects
∇ · u, according to Eqs.(23) and (25).

4. Temperature during sublimation pro-
cesses

The temperature during the sublimation of materials
is well known to change only slightly because of the sub-
limation equilibrium condition. In contrast, the temper-
ature of the control volume in which sublimation occurs
can be overestimated or underestimated during actual
computation. In this work, we propose that this temper-
ature is approximately corrected using the enthalpy-like
value ρCpT after each advection phase, diffusion phase,
and isentropic phase, as shown below.

T new =





ρgCpgT old+ρsCpsTsub
ρgCpg+ρsCps

(if f > ε
& T old ≥ Tsub)

T old (otherwise)
(32)

0 2 4 6 8 10 12 14 16 18 20
10-2

10-1

100

101

100%Ar

100%PE vapor

T
he

rm
al

 c
on

du
ct

iv
ity

 [W
/m

/K
]

Temperature [kK]

Fig. 1. Thermal conductivity of 100%Ar and
100%PE vapor at atmospheric pressure as a func-
tion of temperature.

In those expressions, Tsub is the sublimation temper-
ature, T new is the corrected temperature, T old is the
temperature before correction, Cpg is the specific heat
of gas at constant pressure, Cps(= Cvs) is the specific
heat of solid at constant pressure, and ε is a positive
value to detect a control volume containing the solid.

5. Transport and thermodynamic proper-
ties

Transport properties of 100%Ar and 100% ablated va-
por were calculated using the first order approximation
of the Chapman-Enskog method (5). Thermodynamic
properties such as the mass density ρ, the specific heat
at constant volume Cv, the sound velocity at constant
temperature CsT , and the gas constant R were calcu-
lated using the calculated equilibrium composition (5).
For the specific heat at constant volume Cv, for exam-
ple, the following relation was used.

Cv = Cp +
∂(RT )

∂T

∣∣∣∣
ρ

T

ρ

(
∂ρ

∂T

)

p

· · · · · · · · · · · · (33)

Cp =
(

∂h

∂T

)

p

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (34)

h =
∑

j

nj

ρ

(
5
2
kT + kT 2 ∂ ln Zj

∂T
+ ∆Hfj

)
· · · (35)

In those equations, h is the enthalpy, k is Boltzmann’s
constant, Zj is the internal partition function, and ∆Hfj

is the standard enthalpy of formation for species j.
Figure 1 presents thermal conductivity of 100%Ar and

100%PE vapor at atmospheric pressure as a function
of temperature, as an example. The thermal conduc-
tivity of 100%PE vapor is much higher than that of
100%Ar at temperatures greater than 1000 K, specif-
ically around 4000 K, because the reactional thermal
conductivity by dissociation/association reactions of H2

and C2 contribute equivalently to the total thermal con-
ductivity at temperatures of around 4000 K.

The transport and thermodynamic properties of
mixed gas were assumed simply using the following com-
bining rule:

φ = (1− YC)φAr + YCφC · · · · · · · · · · · · · · · · · · · (36)
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where φ is the combined property, φAr is the property
of Ar, and φC is the property of ablated vapor. This
empirical combining rule is roughly valid for argon and
additional gas mixture. It is used only for one approxi-
mation to deduce properties of mixed gas for simplicity.
This rule is not always adequate for all gas combinations:
it is inadequate for gas mixtures which have a large dif-
ference in ionization potential for two gases, and for gas
mixtures which produce combined molecules, etc.

The properties of the control volume were deduced by
combining the properties of gas and solids according to
the VOF method if a control volume of interest contains
gas and solids. For example, the mass density ρ in a
control volume was calculated as

ρ = ρg + ρs, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (37)

where ρg is the mass density of gas in a control volume,
ρs is the mass density of solid in a control volume. These
values ρg and ρs are calculated with material mass den-
sity properties:

ρg = (1− f)[(1− YC)ρmat
Ar (p, T )

+YCρmat
Cg

(p, T )] · · · · · · · · · · · · · · · · · · · · · · · · (38)

ρs = fρmat
s , · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (39)

where ρmat
Ar (p, T ), and ρmat

Cg
(p, T ) are the mass densities

of Ar gas and the ablated vapor gas as a material, and
ρmat
s is the mass density of the solid as a material.

6. Calculation condition

As described in this paper, calculation was made for a
polyethylene (PE) spherical particle immersed in an Ar
thermal plasma flow at atmospheric pressure as a test
case. This paper describes a PE particle in Ar thermal
plasmas because we have actually studied the interac-
tion between the PE particles and Ar thermal plasmas
in other experiments to study the plasma quenching ef-
fect of polymer ablated vapors (5). The PE particle can
be ablated easily because of its lower latent heat for abla-
tion. Table 1 summarizes thermal properties of the solid
PE particle. For simplicity, the melting process and liq-
uid phase were neglected in this calculation. The solid
PE has low thermal conductivity of about 0.34 W/m/K.
Consequently, the time required for a uniform tempera-
ture distribution inside the PE particle is estimated as
0.6 s, which is much longer than the complete ablation
time described later. Therefore, only the particle sur-
face is heated strongly by the surrounding Ar plasmas.
This heating causes apparent surface ablation while the
solid phase is retained inside the particle, which arises
from the fact that the melting process and liquid phase
are rapidly passed by high heat flux from the Ar plasma
under the present calculation condition. For that rea-
son, we neglect the melting process and liquid phase.
The actual melting process consumes only a little en-
ergy transferred to the particle. Therefore, the neglect
of this process slightly underestimates the time neces-
sary for complete ablation of the particle.

Figure 2 depicts a diagram of the calculation space.

Table 1. Thermodynamic properties of polyethy-
lene.

Properties PE

Diameter [µm] 300

Mass density [kg/m3] 932

Evaporation temperature [K] 734

Latent heat for evaporation [kJ/kg] 75.5

Specific heat of solid [J/kg] 2408

Thermal conductivity [W/m/K] 0.34

Emissivity 0.3

20 40 60 80 100 120 140 160 180 200
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40
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100
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x 
j

Fig. 2. Calculation space.

Two-dimensional cylindrical space (z−r coordinate) was
adopted for the calculation. At the center of the calcula-
tion space, a spherical PE particle with initial diameter
of 300 µm is fixed. First, we set the area of 1200 µm
× 600 µm on the z-r plane around the sphere particle.
This area was divided into 160 × 80 divisions. Conse-
quently, each of the cells in this area is a ∆z=7.5 µm
× ∆r=7.5 µm square, where ∆z and ∆r respectively
denote divisions for axial and radial coordinates. In this
case, the particle with an initial diameter of 300 µm
has 40 × 20 grids. Around this area, other areas were
located with 20 divisions as portrayed in Fig. 2. This
area was located to avoid influence from the boundary.
For this purpose, the boundary was set about 4.0 m
(=4.0×106 µm) away from the particle by adopting un-
equal grids with increasing length using geometric pro-
gression. Adoption of boundaries far away from the par-
ticle enables a study of ablation phenomena almost in a
free space. Consequently, in all, 202 × 102 unequal grids
including cells for setting boundary values were used in
this calculation.

The boundaries on the right-hand-side and the upper
side were set as a free flow condition. Therefore, the gra-
dients of all physical parameters u, v, T , p, ρ, and YC

were set to zero at the boundaries. The Ar plasma flow
comes uniformly from the left boundary of the calcula-
tion space. The gas flow velocity and the temperature
of Ar plasma at the boundary on the left-hand-side of
the calculation space are assumed, respectively, as 100
m/s and 10,000 K. The pressure at the inlet was fixed
at 101 325 Pa atmospheric pressure. These gas flow and
the temperature were adopted because the gas flow ve-
locity of 100 m/s and the temperature of 10,000 K are
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typical values in arc thermal plasmas used for thermal
plasma spray coating, etc. These values are adequate
for fundamental investigation of ablation phenomena in
thermal plasmas.

First, we calculated the gas flow field around the par-
ticle for the initial value in the subsequent transient cal-
culation with assumptions of the uniform temperature
of 10,000 K for the calculation space including the par-
ticle inside, with no ablation of the solid particle. Using
the calculated gas flow and pressure profiles around the
particle as described above for the initial values, we sim-
ulated transient process including ablation around the
particle in the Ar plasma flow. For this transient pro-
cess, the initial temperature of the PE particle was set to
300 K. After starting the transient calculation, the sur-
face temperature of the PE sphere particle put into the
Ar thermal plasma increases because of the heat trans-
fer from the surrounding plasma; then its surface will
be ablated, thereby changing the particle surface shape.
Ablated vapor produced by the particle surface ablation
will change the efficiency of the heat transfer from the
plasma to the particle.

7. Results

7.1 Gas flow field Figure 3(a) presents the time
evolution in the flow field only near the particle. The
flow velocity is denoted with flow vectors. The upper
panels correspond to the time evolution in the gas flow
field from t=0 µs to t =17.56 µs; the lower panels por-
tray those from t=35.71 µs to t=430.7 µs. The gas flow
field at t=0 µs is the initial gas flow field that was ob-
tained previously without consideration of ablation. At
t=0 µs, the laminar gas flow is apparent around the solid
sphere particle because the Reynolds number for this
case is only Re = 5.24. With elapsed time, the particle
surface temperature increases rapidly from heat transfer
by the surrounding plasma; then ablation of the particle
surface occurs. Ablation of the solid particle produces
the gas flow jet from near the particle surface; the mass
and pressure around the particle increases because of
the ablation. Especially, the upstream portion of the
particle surface is ablated strongly to produce gas flow,
as portrayed in Fig. 3(a). That ablated gas flow goes
downstream, incorporating the surrounding Ar plasma
flow. In addition, the strong ablation is seen to decrease
the upstream radius of the particle.

7.2 Temperature field Time evolution in the
temperature distribution around and inside the particle
is depicted in Fig. 3(b). Initially, the Ar plasma has a
uniform temperature of 10 000 K, whereas the PE par-
ticle has a uniform temperature of 300 K at t=0 µs. At
t=1.371 µs, the plasma temperature around the particle
decreases rapidly, chiefly by thermal conduction. There-
after, such a reduced temperature area spreads down-
stream because the ablated vapor near the evaporation
temperature is transported mainly by convection.

7.3 Mass fraction of ablated vapor Figure
3(c) presents the time evolution in the mass fraction of
ablated vapor to Ar. At t=0 µs, no ablated vapor exists
in the calculation space. After starting calculation, ab-

lation occurs rapidly to produce ablated vapor around
the particle. At t=1.371 µs, results show that the region
with an ablated vapor mass fraction of 10−3 reaches 225
µm upstream away from the upstream particle surface.
This is one cloud of ablated vapor. This transport of
the ablated vapor around the particle at this time was
mostly attributed to its diffusion. Subsequently, the ab-
lated vapor ejected from the particle surface is trans-
ported by a combination of diffusion and convection to
the downstream region. After t=8.736 µs, the region
with an ablated vapor mass fraction of 10−3, which is
an ablated vapor cloud, reaches 300 µm upstream away
from the upstream surface of the particle. The region’s
thickness remains mostly unchanged during ablation.

7.4 Change in the particle shape In this
work, the surface change of the particle is tracked using
the VOF function f . Figure 4 presents the VOF func-
tion profile at t=0µs, t=183.0 µs, t=430.7 µs, t=1358 µs,
and t=1794 µs. The VOF function outline corresponds
to the particle surface. As shown there, the particle
shape changes by ablation. From t=0 µs to t=183.0 µs,
the left half surface of the particle is ablated almost uni-
formly. From t=183.0 µs to t=1794 µs, the upstream
surface perpendicular to the flow on the axis is ablated
more strongly, resulting in the reduction of the axial
‘radius’ of the particle. Thereafter, the particle volume
is reduced rapidly. This result is considered reasonable
because high heat flux from the plasma comes from the
upstream plasma flow; the ablated vapor is transported
quickly downstream, as portrayed in Fig. 3.

8. Discussion

8.1 Comparison to calculation results without
ablation Calculation was conducted for comparison
without consideration of ablation phenomena. Figures
5(a) and 5(b) indicate the gas flow and temperature
fields around the particle, respectively, without consider-
ation of ablation phenomena. If ablation does not occur,
the gas flow field only slightly changes from the initial
gas flow field with time. The temperature around the
particle decreases with time, mainly because of thermal
conduction. A comparison of Fig. 3 to Fig. 5 reveals
clearly that ablation produces strong gas flow near the
particle surface, and that the produced strong gas flow
transports low-temperature ablated vapor from the sur-
face to the downstream region of the particle. This low-
temperature transport decreases the temperature near
the particle and downstream of it.

8.2 Rough estimation of the complete ablation
time The complete ablation time is often estimated
using the following simple energy equation.

4πr2
polρpolL

∂rpol

∂t
= htrans(T∞ − Twall)πr2

pol · (40)

Therein, rpol is the radius of the particle, ρpol is the mass
density of the solid polymer, htrans is the heat transfer
coefficient for a sphere in a convection flow, T∞ is the
temperature of Ar plasma far away from the particle,
and Twall is the temperature of the particle surface. This
equation assumes the uniform temperature distribution
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Fig. 3. Gas flow, temperature and ablated vapor distributions around the PE particle in Ar plasma
flow.

inside the particle and the uniform heat flux irradiated
on the whole surface of the particle. From this equation,

the complete ablation time was estimated roughly as 360
µs. This value is about one-sixth shorter than the result
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from the calculation present in this paper. The shorter
ablation time might be attributed to the fact that no
shielding effect exists from the ablated vapor in case
of this rough estimation of complete ablation time. In
other words, ablation produces an ablated vapor cloud
around the particle, which shields it from the heat of the
surrounding hot plasma.

9. Conclusion

Modelling was performed for ablation of a solid par-
ticle in a thermal plasma considering interactions be-
tween the solid particle and the thermal plasma. The
model was developed based on the CIP-CUP method.
The VOF function was adopted to track the boundary
of the solid particle. Using the developed model, the
ablation process of a polyethylene spherical particle in a
thermal plasma was simulated. This model can predict
the phase transition and shape change of a solid parti-
cle. Strong ablation is apparent at the upstream surface
of the particle. The model also enables prediction of
the ablated vapor cloud thickness around the particle as
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Fig. 5. Gas flow and temperature fields without
consideration of ablation of a PE particle in Ar
plasma.

300 µm. The developed model can predict ablation phe-
nomena in thermal plasmas such as interaction between
electrodes and arc plasmas, and polymer ablation in a
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circuit breaker.
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