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Abstract

Thermal interaction between feed rate powder and thermal plasma was calculated using

the developed numerical model for inductively coupled thermal plasma (ICTP) with particle

injection. The interaction between feed powder and thermal plasmas is greatly important

to consider the stable establishment of the ICTP and effective heating and evaporation

of injected particles, for example, for particle synthesis. Injected particles are heated by

thermal plasma, and they are melted and evaporated to contaminate the thermal plasma,

which influences the thermal plasma properties. The ICTP model was used in this research

because it has benefit of good repeatability and no contamination process. Interactions be-

tween ICTP and injected powder are very complicated to be understood only by related

experiments. The developed numerical model solves mass, momentum and energy con-

servation equations of thermal plasmas as well as mass transport equation for evaporated

materials. In addition, particle motions were derived by solving the lagrange equation of

motion. The temperature distribution inside the particles and phase transition from solid,

liquid to gas of the particles were also taken into account.

Furthermore, numerical simulation in inductively coupled thermal plasma was made on

the temperature distribution in argon (Ar)+ hydrogen (H2) induction thermal plasma torch

with silicon (Si) powder injection to obtain the temperature distribution and gas flow fields.

The ICTP model was used in this research because it has benefit of good repeatability and

no contamination process. The temperature distributions of thermal plasma and Si vapor

distribution were compared at input powers of 20 kW, 30 kW, and 40 kW. Results indicated

that higher input power increases the temperature of the thermal plasma with doughnut

shape but it slightly enhances evaporation of the powder at the center axis of the plasma

torch.

In addition, thermal interaction between titanium feedstock powder and thermal plasma

was calculated using the developed numerical model for inductively coupled thermal plasma

xvii
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(ICTP) with particle injection. The interaction between titanium powder and thermal plas-

mas is greatly important to consider the stable establishment of the ICTP and effective

heating and evaporation of injected particles, for example, for particle synthesis. Injected

particles are heated by thermal plasma, and they are melted and evaporated to contami-

nate the thermal plasma, which influences the thermal plasma properties. The developed

numerical model solves mass, momentum and energy conservation equations of thermal

plasmas as well as mass transport equation for evaporated materials. In addition, particle

motions were derived by solving the Lagrange equation of motion. The temperature dis-

tribution inside the particles and phase transition from solid, liquid to gas of the particles

were also taken into account. Finally, a parametric study was conducted to show the influ-

ence of different important physical parameters such as input power, sheath gas flow rate,

and Ti powder feeding rate.

In this thesis, tandem ICTP is formed using two coil currents (upper coil and lower

coil) in a single plasma torch, that was already developed for nanoparticle synthesis. The

temperature distribution of the tandem ICTP and evaporation of feedstock Ti powder were

obtained for different gap lengths between the upper and lower coil and coil turn numbers.

Results indicate that increasing the gap length between the upper and lower coil produces

two separately controlled high-temperature areas in tandem ICTP. This result suggests

that tandem ICTP provides a temperature field that is favourable for particle evaporation

of injected particles while maintaining ICTP in the upper region of the plasma torch for

stable operation





Chapter 1

Introduction

1.1 Plasma state

1.1.1 Overview of plasma

The plasma state has fourth state of matter in the sequence: solid, liquid, gas and plasma,

as depict in Fig. 1.1 When the material is heated, it changes from solid, to liquid, to gas

phase, and then even becomes hotter. In solid state, molecules and atoms in the material

onerously move because of very low kinetic energy. In liquid and gas states, neutral particles

move freely in the space because the kinetic energy is higher than that of solid state. If the

energy applied to matter is increased more from gas state, neutral particles can be splitted

into electrons and ions, that is, ionization. This fourth state of matter is called ionized gas

or “Plasma”.

Ionized gas can be called a plasma if plasma has electrons, ions (positive and negative

ions of molecules and atoms) and molecules and/or neutral atoms. Therefore, plasma

is microscopically charged positively or negatively because it contain both positive and

negative species. However, positive and negative charged particle move collectivity in

plasma state. Furthermore, plasma containing the same number of positive and negative

species. Hence, if characteristic length is much longer than the Debye length, plasma is

electrically neutral in macroscopic view. In summary, A plasma balance each other in

positive and negative charges and plasma must be neutral particles which exhibits collective

behavior. This is a basic theory and useful definition of plasma [1].

As explained above, plasma has other neutral, electrons, and charged particles. The

other particles is much heavier than mass of electron. Thus neutral particles and ions are
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Fig. 1.1: States of materials.

often classified “heavy particle”. The different kinetic energy in the plasma caused by the

differences of electron, particle mass, and other heavy particle. Thus, electron and other

heavy particle has different kinetic temperature as discussed in the following paragraph.

1.1.2 Concept of temperature in a plasma

Plasma consist of electrons, ions and neutral particles. Due to differences in the large

mass between electrons and other heavy particles, the other heavy particle and electron

can produce different kinetic energy (i.e. kinetic temperature). The kinetic temperature

of other heavy particles and the electron are expressed as “heavy particle temperature”

and “electron temperature”, respectively. These temperatures in plasma are determined

by average kinetic energy of the particle. If the Maxwell-Boltzmann distribution is followed

by particles, the average kinetic energy can be expressed as follows [2, 3]:

1

2
mv2 =

3

2
kT (1.1)
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Fig. 1.2: Maxwell-Boltzmann distribution of velocities in argon atom.

where (v2)1/2 is root mean square velocity, m is the mass of particle , T is the kinetic

temperature, and k is the Boltzmann constant. Thus, to explain kinetic energy or other

parameters in the plasma on a macroscopic scale, microscopic properties have to be av-

eraged. The velocity distribution function of the particle should be introduced in this

purpose.

The velocity distribution function f(v⃗, r⃗, t) depends on velocity v⃗ at that coordinate, the

space coordinate r⃗, and time t. The velocity element v⃗ → v⃗ + dv⃗ and number of particle

dwelling in the volume element dxdydz (=dr⃗) is given by following equation:

∆N = f(v⃗, r⃗, t) · dv⃗ · dr⃗ (1.2)

n(r⃗, t) =

∫
f(v⃗, r⃗, t)dv⃗ (1.3)

where N is the total number of particle. Thus, the integration of Eq. (1.2) over the

total velocity space gives the total particle number density n(r⃗, t) The velocity distribution

function f(v⃗, r⃗, t) gives existence probability of particle at that velocity.
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Distribution function is studies by the Maxwell-Boltzmann distribution function. If the

energy of each particles are fully exchanged., collision frequency between each particles are

very high. Meanwhile, this high collision frequency leads a plasma to complete-equilibrium

state. Under the complete-equilibrium condition, the distribution function is isotropic,

uniform, and steady. The number of particles having velocities between v → v + dv, in

random directions at an absolute temperature T is expressed by

dN(v)

Ntot

= f(v)dv =
4πv2dv

(2πkT/m)3/2
exp

(
−mv2

2kT

)
(1.4)

As shown in Fig. 1.2, the Maxwell-Boltzmann distribution of velocities in Argon (Ar) atom.

When the plasma reaches high temperature, particles in the plasma will reach high energy,

thus the proportion of higher speed particles is increased.

The Maxwell-Boltzmann distribution function is very important property to decide the

temperature in the plasma. There are several types of “temperature” in the plasma; heavy

particle temperature, excitation temperature vibrational and rotational temperature of

diatomic molecule, and electron temperature. Former two temperatures, heavy particle

temperature and electron temperature, are caused on the kinetic energy of the translational

motion of these particles. In the following section, classification of plasmas by electron

temperature and electron density for simplicity.

1.1.3 Different types of plasma by temperature

Various kinds of plasma sources have been discovered and developed until now. Each type

of plasma has unique electron density and temperature as depict in Fig. 1.3. Furthermore,

“temperature” is a very important parameter for classifying plasma.

As explained above section, plasma has various type of temperature, heavy particle

temperatures and electron are most basic temperature in plasmas. In this section, plasmas

are classified based by temperature differences between heavy particle and electron.

When plasma is called “thermal equilibrium plasma (thermal plasma)”, then heavy par-

ticle temperature is equal to electron temperature. The temperature of the gas is very high

up to few thousands kelvin or few tens thousands kelvin by thermal plasma. Due to the

high temperature, thermal plasma also has high chemical activity field. These high chem-

ical activity field and high temperature sustain us to use thermal plasma for various types
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Fig. 1.3: Classification of plasmas by electron temperature and electron density.

of material processing such as deposition, combustion processes, surface modification, arc

cutting and welding, and nanopowder synthesis Conversely, if heavy particle temperature

is not equal to electron temperature, that plasma is “thermal non-equilibrium plasma”.

Non-thermal plasma has lower gas temperature compared with electron temperature.

Gas temperature in non-thermal plasma is close to room temperature. However, the

electron temperature often have few eV for thermal non-equilibrium plasma. If gas tem-

perature is lower than room temperature, that plasma is categorized into cryo-plasma.

Non-thermal plasma is generally used for low temperature process such as medicine, ster-

ilization, semiconductor manufacturing, and so on.

In contrast, if heavy particle temperature is not equal to electron temperature, that

plasma is classified “thermal non-equilibrium plasma”. Non-thermal plasma has lower gas

temperature compared with electron temperature. Gas temperature in non-thermal plasma

is close to room temperature. However, the electron temperature often have few eV for
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Fig. 1.4: Configuration of ICTP torch.

thermal non-equilibrium plasma. If gas temperature is lower than room temperature, that

plasma is categorized into cryo-plasma. Non-thermal plasma is generally used for low

temperature process such as medicine, sterilization, semiconductor manufacturing, and so

on. The thermal plasma and its application are mainly discussed in this thesis.
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1.2 Inductively coupled thermal plasma torch

An RF discharge can be maintained either by capacitive coupling or inductive coupling

with the power source. An inductive coupling discharge is often called “inductively coupled

(thermal) plasma”, and maintained by the time-varying magnetic field generated by high

frequency (e.g. few hundreds kHz to few MHz) coil-current [2]. The inductively coupled

thermal plasma (ICTP) is firstly established by T. B. Reed [4]. In the ICTP torch, an

induction coil is installed around quartz tube and it is connected to the RF power supply.

An induction thermal plasma is established inside of the quartz tube. In this type of plasma

source, the electrode and a plasma are spatially separated.

The high-pressure and high-power inductively coupled thermal plasma (ICTP) is widely

used as a chemical reaction source and an effective heat source for various materials process-

ing. One benefit of the ICTP is to have higher radical density and higher enthalpy without

any impurity contamination because the high power ICTP is sustained by electromagnetic

coupling without any electrodes. Another benefit of the ICTP in materials processing is

that such an ICTP can provide a one-step direct processing including rapid evaporation

of injected raw materials and then rapid cooling of evaporated materials. From the above

benefits, the ICTP has been well adopted for synthesis of fullerene, fabrication of diamond

films [1], materials surface modifications [2], and thermal barrier coatings [3], etc. Recently

in addition, the ICTP is widely used for synthesis of nanometer’s. For example, synthe-

sis of TiO2 nanoparticles [4] are continually receiving attention for use as phonic crystals,

photocatalysts [5], gas sensors [6] and photovoltaic cells [7].

In the high-temperature field, the injected feedstock powder is heated to elevate its tem-

perature, which results in its melting and then evaporation. The evaporation of feedstock

material can change the temperature field because of powder consumption, and also the gas

flow field due to mass source from the evaporation. In addition, the evaporated material

can contaminates the ICTP, which can greatly change the thermodynamic and transport

properties of the ICTP. Further, the above change in the properties can affect the temper-

ature distribution and gas flow field in the ICTP. These sequential change from feedstock

powder injection to evaporation in steady state is extremely complex [8]− [28]. . Using

the calculated equilibrium composition, we computed the thermodynamic and transport

properties such as the mass density, the enthalpy, the specific heat, the electrical conduc-
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tivity, thermal conductivity and viscosity. In calculation of the transport properties, the

first order approximation of Chapman-Enskog method was adopted [19] [20] [30] [31].

Figure 1.4 depicts the configuration of the inductively coupled thermal plasma torch used

in this research. The plasma torch comprises two coaxial quartz tubes. Between the inner

quartz tube and the outer quartz tube, cooling water flows to keep the wall temperature

around 300 K. Around the outer quartz tube, an eight-turn induction coil is installed. To

this coil, the radio-frequency (rf) coil current is supplied to generate electromagnetic field

inside the plasma torch from an rf power source. The coil current frequency is 450 kHz.

On the other hand, from the head of the plasma torch, gas mixture is supplied as a sheath

gas. This sheath gas is supplied along the inner quartz tube wall with a swirl to prevent

the plasma from contacting the inner quartz tube. The electromagnetic field generated by

the coil current can accelerate an electron inside the torch, and a plasma can be formed

there if the electron impact ionization occurs. At high pressure near atmospheric pressure,

the thermal plasma with high gas temperature is generated without any electrode. This

is called inductively coupled thermal plasma (ICTP). One feature of the ICTP is the high

gas temperature, high enthalpy without any contamination from the electrodes. As for

feedstock, titanium (Ti) feedstock powder was injected to the high temperature region of

the ICTP directly through the water-cooled tube with Ar carrier gas flow. This water-

cooled tube installed from the top of the plasma torch head deeply into the torch. For

numerical calculation of ICTP with powder injections, the calculation space was set to the

two-dimensional cylindrical r − z cross section of this plasma torch.
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1.3 Objective of this thesis

The high-pressure and high-power inductively coupled thermal plasma (ICTP) is widely

used as a chemical reaction source and an effective heat source for various materials process-

ing. One benefit of the ICTP is to have higher radical density and higher enthalpy without

any impurity contamination because the high power ICTP is sustained by electromagnetic

coupling without any electrodes. Another benefit of the ICTP in materials processing is

that such an ICTP can provide a one-step direct processing including rapid evaporation

of injected raw materials and then rapid cooling of evaporated materials. From the above

benefits, the ICTP has been well adopted for synthesis of fullerene, fabrication of diamond

films, materials surface modifications, and thermal barrier coatings, etc. Recently in addi-

tion, the ICTP is widely used for synthesis of nanometer’s. For example, synthesis of TiO2

nanoparticles are continually receiving attention for use as phonic crystals, photocatalysts,

gas sensors and photovoltaic cells. To consider the process of nanoparticle synthesis, it is

very important to understand thermal interaction between feedstock powder injected and

high-temperature field in the ICTP.

On the other hands, in plasma torch, feedstock powder is injected to the high-temperature

field, thereby causing its evaporation. The evaporated materials are subsequently cooled

to achieve nucleation and thereafter to synthesize nanomaterials. During these processes,

the ICTP sometimes becomes unstable because of disturbance from heavy-load injection

of feedstock powder. In the worst case, the ICTP can be extinguished by an overly heavy-

load injection of feedstock powder. To resolve this persistent difficulty, a tandem-type

inductively coupled thermal plasma (tandem ICTP) has been developed. The tandem

ICTP is established in a dielectric cylindrical tube with two coils. Powder injection is well

known to affect the temperature field in the ICTP by powder evaporation. The materials

evaporated into the thermal plasma can markedly change the thermodynamic and transport

properties of the thermal plasma. This marked change in the properties can alter the

temperature and the gas flow field in thermal plasmas.

The goal of this work is to develop of numerical model on thermal interaction between

feedstock powder injected and high-temperature field and control the gas temperature

because of disturbance from heavy-load injection of feedstock powder. In this work, the

developed model is based on the PSI-Cell concept developed by Crowe et al [26]; it is
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an extension of the work by Proulx and co-workers [27, 28]. In modeling, the following

assumptions were made:

1. The plasma is in local thermodynamic equilibrium; consequently, all the temperatures

such as the electron temperature, heavy particle temperature, and excitation temper-

atures are identical. In addition, the model assumes chemical equilibrium conditions

for all reactions.

2. The plasma is optically thin for wavelengths greater than 200 nm. For wavelengths

of less than 200 nm, 20% of the total emission coefficient is accounted for radiation

loss to consider the effective light absorption [4, 29].

3. The flow is steady, laminar, and axis-symmetric, with negligible viscous dissipation.

4. For injected particles, the particle-particle interactions are neglected.

5. The particle radius is much larger than the mean free path of plasma components.

6. The particle is always spherical even during and after melting and evaporation.

7. Particle surface is uniformly heated from thermal plasmas. Thus, evaporation also

uniformly occurs around the particle surface.

8. Effects of electric charging on the particle are neglected.

9. The rocket effect from ejected ablation vapor is neglected.

10. Titanium feedstock particles are evaporated by the heat from the thermal plasma
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1.4 Composition of the thesis

This thesis is composed from following chapters. In first chapter, which is already de-

scribed, fundamental informations of plasma were introduced. In second chapter, Inter-

action between feedstock powder and thermal plasma was investigated for Ar/H2 thermal

plasma with Si powder. In third chapter, Inclusion of particle evaporation feedstock evap-

oration were fundamentally investigated for Ar/O2 Induction Thermal Plasmas with Ti

Powder Injection. In fourth chapter, Interaction of heavy-load injection of feedstock pow-

der with tandem ICTP were investigated for stable temperature distribution with Ar-O2

and Ti feedstock powder injection. In final chapter, fifth chapter, is summary of this thesis.
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Chapter 2

Influence of input power in Ar/H2

thermal plasma with Si powder by

simulation

2.1 Introduction

High-power and high-pressure inductively coupled thermal plasma (ICTP) has been

widely used for various materials processing such as fabrication of diamond films [1], synthe-

sis of fullerene [2], surface modification of materials, nanomaterial [3,4], nanocrystallites [5],

nanopowder [6, 7] and thermal barrier coatings [8, 9]. Another important in ICTP is in-

fluence of input power. The ICTP can be a sufficient heat and chemical source to various

materials processing with no contamination. In addition, the ICTP gives one-step direct

processing with rapid evaporation of injected raw materials and also rapid cooling of evapo-

rated materials. The rapid cooliing of evaporated material can enhance nucleation of vapor

and produce nanoparticles in metastable phase or a non-equilibrium during nanoparticle

synthesis with input power by numerical simulation.

During nanoparticle synthesis, feedstock solid power is often supplied into the ICTP to

be evaporated. The evaporation rate depends on the temperature distribution and gas

flow fields. However, the temperature distribution and gas flow field are also influenced

by injected feedstock powder. To understand these complex processes, it is important to

model the ICTP with power injection considering its evaporation. Previously, we have

developed a numerical model to understand thermal interactions between thermal plasma

and particles [10]– [12]. In this work, we studied the influence of input power on thermal
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Fig. 2.1: Configuration of ICTP torch.

interactions between 99% Ar+1%H2 ICTP and silicon (Si) feedstock powder injection using

our previously developed numerical simulation model [13]– [16]. Results indicated that

influence of input power can increase the thermal plasma temperature in the plasma torch

but can just slightly enhance evaporation of feedstock powder at the center axis of the

plasma torch.

2.2 Configuration of Inductively Coupled Thermal Plasma

torch

Figure 4.1 shows the configuration of the inductively thermal plasma torch used in this

numerical simulation. The plasma torch contains two coaxial quartz tubes with 320 mm

in length. The inner quartz tube has an internal radius of 35 mm with 3 mm in thickness.

An 8 turn-coil is located around the quartz tube to generate the electromagnetic field. The
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radius of this coil is 58 mm. The generated electromagnetic field forms a thermal plasma

inside the torch by inductively coupling. The torch wall of the plasma torch is cooled at

room temperature with cooling water. Silicon powder is injected through a water cooled

pipe into the ICTP as indicated in Figure 4.1. The carrier gas is also injected together with

the silicon powder through this pipe. For numerical simulation of the ICTP with silicon

powder injections, a two-dimensional cylindrical r-z cross section of this plasma torch was

set as the calculation space.

2.3 Modeling of the Inductively Coupled Thermal Plasma

with Powder Injection

2.3.1 Modelling Assumptions

We have assumed the following conditions for modeling thermal plasma [10]– [14]; (i)

Local thermodynamic equilibrium (LTE) is established in the inductively coupled thermal

plasma. Thus, all the temperatures such as the heavy particle temperature, excitation

temperature, and electron temperature are identical. In addition, we have equilibrium

conditions for all reactions. (ii) The optically thin condition is assumed in the plasma

at wavelengths above 200 nm. Whereas at wavelengths below 200 nm, 20% of the total

emission coefficient is accounted for as radiation loss to take into consideration the effective

light absorption. (iii) Steady, laminar, and axis-symmetric flow is assumed without viscous

dissipation. (iv) The particle-particle interactions are neglected for injected particles. (v)

The mean free path of plasma components is assumed to be much smaller than the particle

radius. (vi) Particle always has spherical shape even at evaporation. (vii) The particles are

uniformly heated from the surrounding plasmas. Therefore, evaporation uniformly occurs

around the particle surface. (viii) Effects of electronic charging on the particle are not

considered. (ix) The rocket effect from ejected evaporation vapor is not taken into account.

(x) Silicon feedstock powder particle is evaporated only by heat from the plasma.
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2.3.2 Governing equation

For an individual feedstock particles supplied through the water-cooled tube, we solve

the equation of motion were solved with Lagrangian form considering drag force from the

plasma fluid and gravity. In addition, we solve the energy conservation equation of the

individual particle taking into account heat conduction inside the particle, the heat flux

from the plasma and radiation loss from the particle surface. In addition, we considered

melting and evaporation process at the surface of the particles. The detail of the calculation

can be obtained in reference [12]. Based of the assumptions described above, the thermal

plasma is governed by the following equation.

Mass conservation.
∂(ρu)
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r
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Radial:
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Swirl:
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∂rη

∂r
(2.4)
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Energy conservation.

ρu
∂h

∂z
+ ρv

∂h

∂r

=
∂

∂z
(
λ

Cp

∂h

∂z
) +

1

r

∂

∂r
(r

λ

Cp

∂h

∂r
)

+ σ|Ėθ|2 − Prad − SE
p (2.5)

Mass conservation equation for Si vapor.

ρu
∂YSi

∂z
+ ρv

∂YSi

∂r

=
∂

∂z
(ρDSi

∂YSi

∂z
) +

1

r

∂

∂r
(rρDSi

∂YSi

∂r
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Maxwell equation for vector potential.

∂2Ȧθ

∂z2
+

1

r

∂

∂r
(r
∂Ȧθ

∂r
)− Ȧθ

r2
= jµ0σωȦθ (2.7)

Ḣz =
1

µ0

1

r

∂

∂r
(rȦθ), Ḣr = − 1

µ0

∂Ȧθ

∂z
(2.8)

Ėθ = −jωȦθ (2.9)

In these equations, Cp: specific heat at constant pressure, ρ: mass density, h: enthalpy,

σ: electrical conductivity, p: pressure, η: viscosity v: radial flow velocity, u: axial flow

velocity, r: radial position, z: axial position, λ: thermal conductivity, Prad: radiative loss,

YTi: mass fraction of Ti vapor, DSi: effective diffusion coefficient of Si vapor in Ar, µ0:

permeability of vacuum, Ȧθ: phasor of vector potential, ω: frequency of the coil current,

Ėθ: electric field strength, Ḣz, Ḣr: axial and radial components, of the magnetic field

strength, respectively, j: complex factor (j2=−1).

The magnitudes of the phasor including Ȧθ, Ėθ, Ḣz and Ḣr are defined as the root

mean square values. The asterisks * in Eqns. (4.11) and (4.12) indicate the conjugate,

and a symbol ℜ is the real part of the phasor. The quantities SC
p , S

Mz
p , SMr

p , and SE
p

indicate source terms by the translation quantities from ablated vapor. These quantities

are described later. These terms were computed by PSI cell method developed by P.Proux

et al [17]– [19].

The calculation execution method is the same to our previous work [10]– [13]. The above

governing equations were solved by SIMPLE method after Patankar to obtain gas flow field,

and temperature field. Under this calculated field, particle trajectories were calculated by
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solving motion equation for each individual particles, solving particle temperature and

size histories along the trajectories. At the same time, the mass, momentum and energy

source terms for each control volume from particles were determined. The plasma flow and

temperature fields were solved again incorporating these source terms. The new plasma

flow field was used to establish new particle trajectories, particle temperature and size

history. Iterations are repeated for as many times as needed convergence of the plasma and

the solution that accounts for the mutual interaction of the particle and plasma is finally

obtained.

2.3.3 Calculation condition

In this calculation, the frequency of the coil current for the ICTP was fixed at 450 kHz.

The input power was set to three values of 20 kW, 30 kW, and 40 kW. The pressure was

set at 300 Torr (=40 kPa) inside the torch. Total flow rate of Ar and H2 gas mixture as

sheath gas was set to 100 L/min. The fraction of Ar/H2 was set to 99% Ar-1% H2. To

this ICTP, silicon feedstock powder was assumed to be injected through a water-cooled

pipe inserted on the torch axis from the plasma torch head. The injected silicon feedstock

powder has a mean diameter of 2 µmm and a deviation of 1 µm. The silicon feedstock feed

rate was set to 0.5 g/min. The thermodynamic properties of Silicon used in the numerical

calculation is summarized in Table 1. In addition, thermodynamic and transport properties

of Ar-H2 mixture and Si vapor were in advance calculated as a function of temperature [20].

Transport properties for the numerical calculation can was adopted by Chapman-Enskog

method [21]– [22].
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Table 2.1: Thermodynamic Properties of Silicon Powder

Parameter Unit Value

Injection load [g/min] 0.1

Mass density [kg/m3] 4506

Melting temperature [K] 1953

Boiling temperature [K] 3535

Latent heat for melting [kJ/kg] 391

Latent heat for evaporation [kJ/kg] 8294

Specific heat of solid [J/(kg·K)] 528

Specific heat of liquid [J/(kg K)] 700

Thermal conductivity [W/(m·K)] 14

Emissivity of particle source (-) 0.4
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2.4 Calculation results

2.4.1 The Temperature Distribution of Thermal Plasma

2.4.1.1 Temperature distribution and gas flow pattern

The calculation from governing equation in (2.1) to (2.9) was made for Si powder injection

to 90% Ar-1%H2 ICTP at input powers of 20 kW, 30 kW, and 40 kW to obtain temperature

distributions and gas flow pattern of ICTPs, and evaporated mass fraction and also particle

size history in Figure 3.3 to 3.2. Figure 3.3(a) shows the temperature distribution of the

ICTP with an input power 40 kW, while Figure 3.3(b) shows the temperature distribution

with an input power 30 kW, and Figure 3.3(c) presents the result at an input power 20

kW. In case of Figure 3.3(a) with an input power 40 kW, the ICTP has high temperature

area about 13000 K in wide region around radial positions of 10 mm < r < 26 mm and

axial positions 150 mm < z < 250 mm. At this high temperature area, the current flows

inside the thermal plasma to be heated. On the other hand, as indicated in Figure 3.3(b),

with an input power 30 kW, the high temperature area at temperatures above 13000 K

becomes smaller around radial positions of 12 mm < r < 24 mm and axial positions of 170

mm < z < 240 mm. Furthermore, lower input power 20 kW case as shown in Figure 3.3(c)

presents a further smaller high temperature area at temperatures above 13000 K around

radial positions of 16 mm < r < 23 mm and axial positions of 205 mm < z < 230 mm. This

means that increasing input power makes increased temperature in the ICTP. However, as

seen along the center axis, the similar temperature around 6000-6500 K can be obtained

for 20 kW, 30 kW, and 40 kW. This implies that increasing power just slightly increases

the temperature at the center axis of the plasma torch.

To compare the temperature distribution clearly with input powers of 20 kW, 30 kW, and

40 kW in 99% Ar-1%H2 ICTPs, the radial temperature distributions at axial positions of z=

250 mm are plotted in Figure 3.4. As seen, an increase in input power hardly improves the

axial temperature of the ICTP, although the temperatures outside from a radial position

of 10 mm rises by increased input power. This implies that evaporation of Si feedstock

is hardly improved just by increasing input power. On the other hand, Figure 3.5 shows

the axial temperature distribution at radial position of 5 mm, that is at off-axis region,

at different three input powers of 20 kW, 30 kW, and 40 kW. At the off-axis region, the
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Fig. 2.2: The temperature distribution of 99% Ar-1%H2 ICTPs with Si powder injection

at input powers of 20 kW, 30 kW, and 40 kW.

temperature recovers faster at higher input power.
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2.4.1.2 Mass fraction distribution of Silicon vapor

We also consider Si evaporation occurrence in the plasma torch. Figure 3.6 shows vari-

ation in diameters of the 35 particles with 7 different initial diameters injected from 5

different initial positions [23] into the 40 kW-ICTP as a function of axial position. From

axial position from 0 to 200 nm, the diameters do not change because all the particles are

present inside the water-cooled pipe. From axial position of 200 mm, the particles start

flying into the ICTP, and then they are heated. After some fly to be heated, the Si particles

have the diameter decreased. This is because of evaporation of the Si particles from the

ICTP. In this case, the particles are strongly heated from the ICTP, and then the particle

diameter decreases to. This evaporation generates Si vapor to the ICTP.

Influence of input power on silicon vapor creation in the ICTP can be seen in Figure 3.7.

As shown in this figure, the mass fraction of Si vapor is distributed far from the tip of the

water-cooled pipe where Si feedstock powder is supplied in 99% Ar+1%H2 ICTPs with 20

kW, 30 kW, and 40 kW. At just below the tip of the pipe, the temperature of the ICTP

becomes low because of heat transfer to Si feedstock particle as indicated in Figure 3.3,

and thus the Si feedstock is hardly evaporated. On the other hand, around axial position

from 220 mm, Si vapor are generated by evaporation as shown in Figure 3.6.

The evaporation of Si feedstock power causes the contamination of Si vapor inside the

ICTP. The contaminated Si vapor is transported by gas flow convection of Ar carrier gas

and by diffusion [24, 25]. Thus, silicon vapor is present downstream of the feeding pipe.

However, as seen in Figure 3.7, Si vapor concentration just slightly increase with increasing

input power. This implies that just increase in the input power just slightly enhances

evaporation rate of Si feedstock powder as long as the feedstock is supplied along the

center axis of the torch. This slight increase in evaporation is because the input power

density is essentially low at the center axis in the ICTP.

The injected particle are transported by drag force from the plasma flow and then the

plasma flow also transfers evaporated Si material in the torch. Figure 3.2 presents the

streamline inside the ICTP at different input powers of 20 kW,30 kW, and 40 kW. The

gas flow field is almost independent of the input power. Therefore, the injected particle

supplied along the plasma torch move around the center axis at which input power density

is essentially low.
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input powers of 20 kW, 30 kW and 40 kW.



30 Influence of input power in Ar/H2 with Si powder

302010 0
320

280

240

200

160

120

80

40

0

z

Radial position : r [mm]
(c)(b)(a)

0 102030

99% Ar, 1%H
2
, 

With Si (40 kW)

302010 00 102030 302010 00 102030

99% Ar, 1%H
2
, 

With Si (20 kW)
99% Ar, 1%H

2
, 

With Si (30 kW)

Fig. 2.7: Streamlines in 99% Ar-1%H2 ICTPs with Si powder injection at input powers of

20 kW, 30 kW, and 40 kW.



2.5 Summary of chapter 2 31

2.5 Summary of chapter 2

This research investigated the influence of input power on the temperature distribution in

argon (Ar) and hydrogen (H2) induction thermal plasma with silicon (Si) powder injection.

The calculated temperature distributions of 99%Ar-1%H2 thermal plasma and Si powder

injection were compared with different input powers of 20 kW, 30 kW, and 40 kW. Results

indicated that higher input power increases the temperature of the thermal plasma but it

slightly enhances evaporation of the powder at the center axis of the plasma torch. This

numerical calculation research was made to obtain temperature field and gas flow field

and evaporated mass fraction from very complicated interactions between thermal plasma

and particle injection, which cannot be understood only by experiments. The calculated

temperature distributions of 99% Ar-1%H2 thermal plasma and Si powder injection were

compared with different input powers of 20 kW, 30 kW, and 40 kW. Results indicated that

higher input power increases the temperature of the thermal plasma with doughnut shape

but it slightly enhances evaporation of the powder at the center axis of the plasma torch.
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Chapter 3

Numerical Parametric Investigation

on Temperature Distribution

in Ar/O2 Induction Thermal Plasmas

with Ti Powder Injection

-Inclusion of Particle Evaporation-

3.1 Introduction

The high-pressure and high-power inductively coupled thermal plasma (ICTP) is widely

used as a chemical reaction source and an effective heat source for various materials process-

ing. One benefit of the ICTP is to have higher radical density and higher enthalpy without

any impurity contamination because the high power ICTP is sustained by electromagnetic

coupling without any electrodes. Another benefit of the ICTP in materials processing is

that such an ICTP can provide a one-step direct processing including rapid evaporation

of injected raw materials and then rapid cooling of evaporated materials. From the above

benefits, the ICTP has been well adopted for synthesis of fullerene, fabrication of diamond

films [1], materials surface modifications [2], and thermal barrier coatings [3], etc. Recently

in addition, the ICTP is widely used for synthesis of nanometer’s. For example, synthe-

sis of TiO2 nanoparticles [4] are continually receiving attention for use as phonic crystals,

photocatalysts [5], gas sensors [6] and photovoltaic cells [7].

To consider the process of nanoparticle synthesis, it is very important to understand



38 Ar/O2 Induction Thermal Plasmas with Ti Powder Injection

thermal interaction between feedstock powder injected and high-temperature field in the

ICTP. In the high-temperature field, the injected feedstock powder is heated to elevate

its temperature, which results in its melting and then evaporation. The evaporation of

feedstock material can change the temperature field because of powder consumption, and

also the gas flow field due to mass source from the evaporation. In addition, the evaporated

material can contaminates the ICTP, which can greatly change the thermodynamic and

transport properties of the ICTP. Further, the above change in the properties can affect

the temperature distribution and gas flow field in the ICTP. These sequential change from

feedstock powder injection to evaporation in steady state is extremely complex. To elu-

cidate these complex phenomena, numerical simulation is one strong tool nowadays. The

interaction between thermal plasma and solid particles were studied by many researchers,

and several numerical models including the above interactions have been developed over 30

years [8]− [28]. Actually, we have developed a numerical simulation model of the Ar ICTP

with Si powder or C powder feedstock previously [15].

Thermal interaction with high-temperature field and feedstock powder in the ICTP is im-

portant to understand nanoparticle synthesis processes. Contamination of their vapor and

evaporation of the feedstock to the ICTP can change transport and thermodynamic prop-

erties of the ICTP markedly. This change in the transport and thermodynamic properties

can also vary temperature fields and gas flow in the ICTP. Such the vapor contamination, a

sequence of evaporation of the feedstock and transport is extremely complex in the ICTP.

We have investigated this complex phenomena numerically in Ar ICTP [15]. However, there

are a lot of operation parameters in this process such as feedstock feeding rate, sheath gas

rate, and input power of the Ar ICTP. In addition, in actual nanoparticle synthesis, molec-

ular gas injection is injected to the ICTP. The above operation parameters all affects the

whole process in the ICTP. Especially, for nanoparticle synthesis, feedstock vapor with high

mass fraction should be created by controlling operating parameters. Thus, it is necessary

to study the influence of operation parameter on the thermal plasma fields.

This paper describes numerical investigation results on thermal interaction in Ar-O2

ICTP with titanium (Ti) feedstock powder injection for TiO2 nanoparticle synthesis. Es-

pecially, evaporation of Ti feedstock was treated in Ar-O2 ICTP. For this purpose, first the

equilibrium composition of Ar-O-Ti system was calculated to find dominant species and
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by products in temperature range of 300-3000 K. The calculated composition was utilized

to compute the thermodynamic and transport properties of Ar-Ti-O vapor. After that,

the temperature distribution was calculated by numerical thermo-fluid simulation for the

ICTP with considering evaporation of the many injected Ti feedstock particles. Influences

of feedstock feeding rate, sheath gas flow rate and input power were investigated for evap-

oration process of the Ti feedstock as well as the temperature field and the mass fraction

of Ti vapor in the ICTP torch. Results provide fundamental operation parameter depen-

dences which is useful to consider the parametric design of the ICTP with powder. The

contribution of this paper is to provide the equilibrium composition of Ar-Ti-O system,

thermodynamic and transport properties of Ar-Ti-O system, and also parametric investi-

gation data on the temperature distribution of Ar-O2 ICTP. In particular, inclusion of O2

in Ar ICTP increases the enthalpy of thermal plasmas due to dissociation and association

reactions, which makes the thermal plasma properties complex. Although the calculation

methods are based on the ones developed by many researchers, the obtained data will be

helpful to design the plasma torch with powder injection because it contains comprehensive

characteristic features such as gas flow pattern, plasma temperature distribution, evapora-

tion position and then mass fraction of Ti vapor for various operation parameters in one

paper.

3.2 Configuration of inductively coupled thermal plas-

matorch

Figure 4.1 depicts the configuration of the inductively coupled thermal plasma torch

used in this research. The plasma torch comprises two coaxial quartz tubes with 320 mm

in length. The inner quartz tube has a thickness of 3 mm with 35 mm in internal radius.

Between the inner quartz tube and the outer quartz tube, cooling water flows to keep the

wall temperature around 300 K. Around the outer quartz tube, an eight-turn induction

coil is installed. The radius of the coil is 58 mm. To this coil, the radio-frequency (rf)

coil current is supplied to generate electromagnetic field inside the plasma torch from an

rf power source. The coil current frequency is 450 kHz. On the other hand, from the head

of the plasma torch, argon (Ar) and oxygen (O2) gas mixture is supplied as a sheath gas.
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Fig. 3.1: Configuration of inductively coupled thermal plasma torch used in the calculation.

This sheath gas is supplied along the inner quartz tube wall with a swirl to prevent the

plasma from contacting the inner quartz tube. The electromagnetic field generated by the

coil current can accelerate an electron inside the torch, and a plasma can be formed there

if the electron impact ionization occurs. At high pressure near atmospheric pressure, the

thermal plasma with high gas temperature is generated without any electrode. This is

called inductively coupled thermal plasma (ICTP). One feature of the ICTP is the high

gas temperature, high enthalpy without any contamination from the electrodes. As for

feedstock, titanium (Ti) feedstock powder was injected to the high temperature region of

the ICTP directly through the water-cooled tube with Ar carrier gas flow. This water-

cooled tube installed from the top of the plasma torch head deeply into the torch. This

condition is similar to the one for TiO2 nanoparticle synthesis.

For numerical calculation of ICTP with titanium powder injections, the calculation space

was set to the two-dimensional cylindrical r − z cross section of this plasma torch.
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Fig. 3.2: Initial positions of particle injections and particle size distribution.

3.3 Modeling

3.3.1 Assumptions

The developed model is based on the PSI-Cell concept developed by Crowe et al [26]; it

is an extension of the work by Proulx and co-workers [27,28]. In modeling, the following as-

sumptions were made: (i) The plasma is in local thermodynamic equilibrium; consequently,

all the temperatures such as the electron temperature, heavy particle temperature, and ex-

citation temperatures are identical. In addition, the model assumes chemical equilibrium

conditions for all reactions. (ii) The plasma is optically thin for wavelengths greater than

200 nm. For wavelengths of less than 200 nm, 20% of the total emission coefficient is ac-

counted for radiation loss to consider the effective light absorption [4, 29]. (iii) The flow is

steady, laminar, and axis-symmetric, with negligible viscous dissipation. (iv) For injected

particles, the particle-particle interactions are neglected. (v) The particle radius is much

smaller than the mean free path of plasma components. (vi) The particle is always spherical

even during and after melting and evaporation. (vii) Particle surface is uniformly heated
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from thermal plasmas. Thus, evaporation also uniformly occurs around the particle surface.

(viii) Effects of electric charging on the particle are neglected. (ix) The rocket effect from

ejected ablation vapor is neglected. (x) Titanium feedstock particles are evaporated by the

heat from the thermal plasma.

3.3.2 Governing equation for Ti particle

Assuming that only forces affecting an individual feedstock particle are drag and gravity,

the momentum equation for a Ti single particle into the plasma can be written by

dup

dt
= −3

4
CD(up − u)UR(

ρ

ρpdp
) + g (3.1)

dvp
dt

= −3

4
CD(vp − v)UR(

ρ

ρpdp
) +

w2
p

r
(3.2)

dwp

dt
= −3

4
CD(wp − w)UR(

ρ

ρpdp
) (3.3)

UR =
√

(up − u)2 + (vp − v)2 + (wp − w)2, (3.4)

where CD is the drag coefficient, up is the axial velocity of the Ti particle, vp is the radial

velocity of the particle, wp is the swirl velocity of the particle, UR is the relative velocity

between the plasma and Ti particle, ρp is the mass density of the Ti particle in solid and

liquid phases, dp is the Ti particle diameter, and g is the gravitational acceleration. In

addition, the directions of particles at the outlet of the injection powder feeding tube were

set randomly to three angle directions to simulate reflections of particles with the tube

inner wall [24].

The energy conservation equation for particles is expressed with consideration of the

thermal conduction inside the particle. In this model, the particle was divided into several

shells to treat the temperature gradient inside the particle. In addition, we defined the

temperature Tp(r, t) and the liquid fraction χ(r, t) of each shell which depends on the

radial position r and the time t. In this case, the energy conservation equation of the

particle is expressed as follows:

-Inner shells (0 < r ≤ dp−1/2):

ρpCpp
∂Tp(r, t)

∂t
=

1

r2
∂

∂r
(r2λp

∂Tp(r, t)

∂r
)

(Tp(r , t) < Tm,Tm < Tp(r , t) < Tb) (3.5)
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ρpHm
∂χ(r, t)

∂t
=

1

r2
∂

∂r
(r2λp

∂Tp(r, t)

∂r
)

(Tp(r , t) = Tm) (3.6)

where Cpp: the specific heat of the Ti particle in solid or liquid phases, Tp(r, t): the

shell temperature inside the particle, Tm: the melting temperature of Ti, Tb: the boiling

temperature of Ti, λp: the thermal conductivity of Ti bulk, Hm: the latent heat for melting,

χ(r, t): liquid fraction of the shell.

At the outer shell, we considered not only thermal conduction to the inside of the particle

but also heat transfer from the plasma and radiation transfer:

-Outer shell (r > dp−1/2):

1

6
π(d3p − d3p−1) · ρpCpp

∂Tp(rout, t)

∂t
= Q

(Tp(rout, t) < Tm,Tm < Tp(rout, t) < Tb) (3.7)

1

6
π(d3p − d3p−1) · ρpHm

∂χ(rout, t)

∂t
= Q

(Tp(rout, t) = Tm) (3.8)

πd2p−1

2
· ρpHv

∂(dp)

∂t
= Q (Tp(rout, t) = Tb) (3.9)

Q = −πd2p−1λp
∂Tp

∂r

∣∣∣∣
r=dp−1/2

+ πd2phc(T − Tp(rout, t))

− πd2pσsϵ(Tp(rout, t)
4 − T 4

a ) (3.10)

In those equations, we used the following variables: dp−1: the outer shell’s inner diameter,

rout: the radial position of the control volume of the outer shell, Hv: the latent heat for

evaporation, Q: the heat at the outer shell from the thermal plasma, T : the thermal

plasma temperature, ϵ: the particle surface emissivity, Ta: the ambient temperature, σs:

the Stefan-Boltzmann coefficient, hc: the heat transfer coefficient between thermal plasma

and titanium. The quantities CD and hc were given as a function of particle Reynolds

number [27].
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3.3.3 The drag force coefficient and heat transfer coefficient

3.3.4 The drag force coefficient and heat transfer coefficient

The drag force used in this calculation is the drag force coefficient with correction factors

due to the small size and the steep temperature gradient by following equation [8]− [10]:

CD = CDf · f1 · f2 (3.11)

where CDf is the ordinary drag force coefficient, f1 is the correction factor from steep

temperature gradient, f2 is the correction factor from the small size. The ordinary drag

force coefficient CDf was used dependent on particle Reynolds number [28]:

CDf =



24/Re (Re ⩽ 0.2)

24(1 + 0.1875Re)/Re (0.2 < Re ⩽ 2)

24(1 + 0.11Re0.81)/Re (2 < Re ⩽ 21)

24(1 + 0.189Re0.62)/Re (21 < Re ⩽ 200)

24(1 + 0.15Re0.687)/Re (Re ⩾ 200)

where Re is the particle Reynolds number and the relative velocity between the gas and the

particle. The correction factors are needed for the drag coefficients because the temperature

drops drastically in the boundary area and, accordingly, there are property variations across

the boundary area. Furthermore, the steep temperature gradients between the particles

and their surroundings as well as the highly nonlinear plasma properties. The correction

factors adopted here are [8]− [10]

f1 =

(
ρ∞µ∞

ρwµw

)−0.45

(3.12)

where the subscripts ∞ represents surrounding plasma properties, subscripts w is the prop-

erties at particle surface temperature. Another important for correction factor due to the

small size particles [10]. The following correction factor is used in this calculation:

f2 =

[
1 +

(
2− a

a

)(
γ

1 + γ

)
4

Prw
Kn∗

]−0.45

(3.13)
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where γ is the specific heat ratio, a is the thermal accommodation coefficient, Kn∗ is the

Knudsen number based on an effective mean free path length, Prw is the Prandtl number

of the gas at the surface temperature of the particle.

The heat transfer coefficient hc was estimated by [8, 10,27,28]:

hc =
Nuf

dp
λp (3.14)

Nuf = (2 + 0.515Re1/2Prf
1/3)

(
ρ∞µ∞

ρwµw

)0.6(
Cp∞

Cpw

)0.38

(3.15)

where Nuf is Nusselt number, Cpw is specific heat at the particle surface, Cp∞ is specific

heat at the surrounding plasma.

3.3.5 Governing equation for thermal plasma region

On the basis of the assumptions described above, the thermal plasma is governed by the

following equations [15] [23] [18]:

Mass conservation.
∂(ρu)

∂z
+

1

r

∂(rρv)

∂r
= SC

p (3.16)

Momentum conservation.

Axial:

ρu
∂u

∂z
+ ρv

∂u

∂r

= −∂p

∂z
+ 2

∂

∂z
(η
∂u

∂z
)

+
1

r

∂

∂r
[ηr(

∂u

∂r
+

∂v

∂z
)] + µ0σℜ[ĖθḢ

∗
r ] + SMz

p (3.17)

Radial:

ρu
∂v

∂z
+ ρv

∂v

∂r

= −∂p

∂r
+

∂

∂z
[η(

∂v

∂z
+

∂u

∂r
)]

+
2

r

∂

∂r
(ηr

∂v

∂r
)− 2η

v

r2
+

ρw2

r2

+ µ0σℜ[ĖθḢ
∗
z ] + SMz

p (3.18)
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Swirl:

ρu
∂w

∂z
+ ρv

∂w

∂r

=
∂

∂z

(
η
∂w

∂z

)
+

1

r

∂

∂r

(
rη

∂w

∂r

)
− ρvw

r
− w

r

∂rη

∂r

(3.19)

Energy conservation.

ρu
∂h

∂z
+ ρv

∂h

∂r

=
∂

∂z
(
λ

Cp

∂h

∂z
) +

1

r

∂

∂r
(r

λ

Cp

∂h

∂r
)

+ σ|Ėθ|2 − Prad − SE
p (3.20)

Mass transport equation for Ti vapor.

ρu
∂YTi

∂z
+ ρv

∂YTi

∂r

=
∂

∂z
(ρDAr/O2−Ti

∂YTi

∂z
) +

1

r

∂

∂r
(rρDAr/O2−Ti

∂YTi

∂r
) + SC

p (3.21)

Maxwell equation.
∂2Ȧθ

∂z2
+

1

r

∂

∂r
(r
∂Ȧθ

∂r
)− Ȧθ

r2
= jµ0σωȦθ (3.22)

Ḣz =
1

µ0

1

r

∂

∂r
(rȦθ), Ḣr = − 1

µ0

∂Ȧθ

∂z
(3.23)

Ėθ = −jωȦθ (3.24)

In those equations, the followings pertain: r: radial position, z: axial position, u: axial flow

velocity, v: radial flow velocity, ρ: mass density, p: pressure, η: viscosity, h: enthalpy, λ:

thermal conductivity, Cp: specific heat at constant pressure, σ: electrical conductivity, Prad:

radiative loss, YTi: mass fraction of Ti vapor, DAr/O2−Ti: effective diffusion coefficient of Ti

vapor in Ar/O2 gas, µ0: permeability of vacuum, Ȧθ: vector potential, ω: angular frequency

of the coil current, Ėθ: electric field strength, Ḣz, Ḣr: axial and radial components, of the

magnetic field strength, respectively, j: complex factor (j2=−1). The vector potential

A⃗(r, z, t) has only an azimuthal component A⃗(r, z, t) = (0,
√
2Ȧθe

jωt,0), where the phasor

Ȧθ has a real and an imaginary part like Ȧθ = AθR + jAθI . The magnitudes of the phasor
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including Ȧθ, Ėθ, Ḣz and Ḣr are defined as the root mean square values. The asterisks *

in Eqns. (4.11) and (4.12) indicate the conjugate, and a symbol ℜ is the real part of the

phasor. The above momentum equation omitted a term −∇ · 1
3
η(∇ · u⃗)[I] for simplicity

where [I] is the unit tensor. The quantities SC
p , S

Mz
p , SMr

p , and SE
p indicate source terms

by the translation quantities from evaporated material. These quantities are described in

the next section. The calculation was made by SIMPLER algorithm after Patankar.

3.3.6 Interaction between Ti particle and thermal plasma

The titanium particles are regarded as sources of mass, momentum, and energy of plasma

equations. Here we take N0
t as the number of particles injected per unit time, while nd

corresponds to the particle size distribution, and nr represents the fraction of N0
t injected

at each point in the water-cooled tube. The number of particles per time traveling along

the trajectory (l, k) with a particle diameter dl injected at point rk can be written by the

following:

N l,k = ndlnrkN
0
t (3.25)

In this calculation, the particle concentration nr at the inlet was assumed to be uniform

for five positions of particle starting. Figure 3.2 shows the initial positions of particle

injection and the initial particle size distribution. Particles are assumed to be injected

at five radial positions of r =0.3 mm, 0.6 mm, 0.9 mm, 1.2 mm and 1.5 mm. On the

other hand, the powder was assumed to consist of particles with seven discrete diameters,

as shown in lower panel in Fig. 3.2. Furthermore, these seven discrete diameter particles

were assumed to have a Gaussian distribution fraction. In this case, 60% of the whole

particles has mean diameter of 5.0 µm, 10% of those have diameters of 4.67 µm, and 5.33

µm, 7% of the particles have diameter of 4.33 µm and 5.67 µm, and remaining 3% of the

particles have diameters of 4.0 µm and 6.0 µm. Those conditions offer 7×5=35 possible

particle trajectories. Thus, there are 35 trajectories for particles with 7 different diameters

and 5 different initial positions. This calculation of 35 trajectories was done for statistical

calculation on the particle size change and its influence on the thermal plasma temperature.

The initial particle injection velocity was set equal to the carrier gas velocity. The source

term in the mass conservation equation SC
p is the net mass efflux rate from the particle in
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a computational cell (control volume). On the assumption of the spherical particles, the

mass efflux rate from the particles during the particle trajectory (l, k) traversing a given

cell (i, j) is as follows:

S
C(l,k)
p,ij =

1

6
πρpN

(l,k)
ij (d3ij,in − d3ij,out). (3.26)

The net mass efflux rate from the particle can be derived by summing over all particle

trajectories traversing a given cell:

SC
p,ij =

∑
l

∑
k

S
C(l,k)
p,ij . (3.27)

The momentum source terms were calculated in the similar way as the particle mass

source terms. In this case, the efflux rate of particle momentum attributable to the particle

trajectory (l, k) traversing a given cell (i, j), which are describe as the quantities SMz
p and

SMz
p , is given by

S
Mz(l,k)
p,ij =

1

6
πρpN

(l,k)
ij (uij,ind

3
ij,in − uij,outd

3
ij,out) (3.28)

S
Mr(l,k)
p,ij =

1

6
πρpN

(l,k)
ij (vij,ind

3
ij,in − vij,outd

3
ij,out), (3.29)

and the corresponding momentum source terms are

SMz
p,ij =

∑
l

∑
k

S
Mz(l,k)
p,ij (3.30)

SMr
p,ij =

∑
l

∑
k

S
Mr(l,k)
p,ij . (3.31)

The energy source term contains the heat given to the particles Q
(l,k)
p,ij , and the superheat

to bring the particle vapor into thermal plasma Q
(l,k)
v,ij . The quantity SE

p is written by Q
(l,k)
p,ij

and Q
(l,k)
v,ij as follows:

Q
(l,k)
p,ij =

∫ τout

τin

πd2phc[Tij − T
(l,k)
p,ij ]dt (3.32)

Q
(l,k)
v,ij =

∫ τout

τin

π

2
d2pρp

(
ddp
dt

)
Cpp[Tij − T

(l,k)
p,ij ]dt (3.33)

SE
p,ij =

∑
l

∑
k

N
(l,k)
ij [Q

(l,k)
p,ij +Q

(l,k)
v,ij ] (3.34)
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3.3.7 Thermodynamic properties of Ar/O2 mixture and Ti vapor

The calculation needs thermodynamic properties of Ti solid feedstock, Ar/O2 mixture

and Ti vapor in gas phase. The thermodynamic properties of Ti solid feedstock used in the

calculation is summarized in Table 3.1. For this purpose, the equilibrium composition of

Ar-O2 mixture was first calculated by minimization of Gibbs’ free energy of a system of A-

O-Ti. Figure 3.3 presents the molar fraction of Ar-O2 thermal plasma without Ti vapor at a

pressure of 300 torr as a function of temperature. As seen, oxygen molecule O2 is dissociated

at temperatures around 3000 K to produce O atoms. A further increase in the temperature

from 8000 K involves the ionization of Ar and O atoms, resulting in increased mole fraction

of electrons and ions. Electrons are almost supplied from ionization of Ar atoms. On the

other hand, Fig. 3.4 depicts the equilibrium composition of 89%Ar+9%O2+9%Ti thermal

plasma at the same pressure. At temperatures from 3000 K the electrons are supplied from

ionization of Ti atom because metal vapor of Ti (6.82 eV) has lower ionization potential

than Ar (15.76 eV) and O (13.61 eV). Another noticeable point is that the equilibrium

composition has high mole fractions of TiO2 and TiO in gas phase at temperatures below

4000 K. Especially, TiO is second dominant species at temperatures below 3000 K in

this condition. It should be noted that TiO is one of precursors for nucleation of TiO2

nanoparticles.

Using the calculated equilibrium composition, we computed the thermodynamic and

transport properties such as the mass density, the enthalpy, the specific heat, the electrical

conductivity, thermal conductivity and viscosity. In calculation of the transport properties,

the first order approximation of Chapman-Enskog method was adopted [19] [20] [30] [31].

Figure 3.5 indicates specific heat at constant pressure of Ar-O2 and Ti vapor at 300

torr. The Ti admixture ratio to 90%Ar/10%O2 is taken as a parameter. Specific heat has

peculiar peak at specified temperatures. The peak in specific heat at 25000 K corresponds

to the power consumption for ionization of Ar+ and O+, and the peak at 14000 K is due

to ionization of Ar and O atoms. Specific heat at higher admixture ratio of Ti vapor has

a peak 6000 K. This arises from Ti ionization. On the other hand, the peak at 4000 K

is attributed to the dissociation of TiO. The calculated electrical conductivity of Ar-O-

Ti mixtures is plotted in Fig. 3.6. As seen in this figure, the electrical conductivity rises

up rapidly at temperatures around 5000 K for 90%Ar/10%O2 mixture. Addition of Ti
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remarkably elevates the electrical conductivity in low temperature region below 5000 K.

For example, only 1%Ti inclusion increase the electrical conductivity from 10 S/m to 1000

S/m at 6000 K. This is due to the ionization of metal vapor of Ti. Viscosity of Ar-O-

Ti vapor can be seen in Fig. 3.7. The viscosity increases with temperature from 300 K to

10000 K, and then it decreases with temperature from 10000 K to 15000 K. This decrease in

viscosity is due to large collision integrals between ion and electrons by Coulomb collision.

An increase in Ti admixture ratio decreases the viscosity around 8000 K to 12000 K, which

also results from Ti ionization at lower temperature.

1000 10000
10-5

10-4

10-3

10-2

10-1

100
90%Ar+10%O

2

O

e

Temperature [K]

O2+

O
2 Ar+

Ar2+

O+

Ar

300003000

Fig. 3.3: Molar fraction of thermal plasma in 90%Ar+10%O2 at a pressure of 300 Torr.
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Fig. 3.4: Molar fraction of thermal plasma in 89%Ar+9%O2 +9%Ti at a pressure of 300

Torr.
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Fig. 3.5: Specific heat at constant pressure for Ar-O2 thermal plasma with Ti vapor at a

pressure of 300 Torr.
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Fig. 3.6: Electrical conductivity for Ar-O2 thermal plasma with Ti vapor at a pressure of

300 Torr.
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3.3.8 Calculation condition

The thermal plasma temperature field is much influenced by many physical parameters

such as input power, sheath gas flow rate and also Ti powder feeding rate. Here, we

researched influences of these physical parameters on the thermal plasma temperature field

and gas flow field. Furthermore, influence of these parameters on the particle evaporation

were also studied.

Table 3.2 summarizes the numerical calculation conditions in the present work. Four

conditions were treated. As a standard reference condition, we set the input power of 20

kW, the frequency of the coil current of 450 kHz, the pressure of 300 torr, the sheath gas

flow rate of 90 L/min, the Ar carrier gas flow rate of 4 L/min, and Ti powder feeding rate

of 0.1 g/min. From the reference condition, only one condition was changed to study the

influence of specified parameter on the thermal plasma temperature field. Condition (a)

has a lower Ar-O2 sheath gas flow rate of 70 L/min compared to the reference condition

of 90 L/min. Condition (b) has a lower Ti feeding rate of 0.05 g/min compared to 0.1

g/min in the reference condition. The input power is also one of the important physical

parameters to determine the thermal plasma temperature. The input power in condition

(c) is lower at 10 kW from 20 kW of the reference condition. Conditions (a), (b) and (c)

are all the conditions with reduced parameters to the reference condition.

Table 3.3 shows other conditions (d), (e) and (f). In condition (d), sheath gas flow rate

of Ar-O2 mixture was set to 110 L/min higher than the reference condition with 90 L/min.

Condition (e) has higher Ti feeding rate of 0.5 g/min from the reference of 0.1 g/min.

Finally, condition (f) has higher input power of 30 kW than that of 20 kW in reference

condition.
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Table 3.1: Thermodynamic properties of titanium powder

Mass density [kg/m3] 4506

Melting temperature [K] 1953

Boiling temperature [K] 3535

Latent heat for melting [kJ/kg] 391

Latent heat for evaporation [kJ/kg] 8294

Specific heat of solid [J/(kg·K)] 528

Specific heat of liquid [J/(kg K)] 700

Thermal conductivity [W/(m·K)] 14

Emissivity of particle source (-) 0.4

Table 3.2: Calculation condition with lower value in parameters from reference.

Condition No. Ref.Cond. Cond.(a) Cond.(b) Cond.(c)

Input power [kW] 20 - - 10

Frequency [kHz] 450 - - -

Pressure [Torr] 300 - - -

Sheath gas flow rate [L/min] 90 70 - -

Carrier gas flow rate [L/min] 4 - - -

Feeding powder rate [g/min] 0.1 - 0.05 -
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Table 3.3: Calculation condition with higher value in parameters from reference.

Condition No. Ref.Cond. Cond.(d) Cond.(e) Cond.(f)

Input power [kW] 20 - - 30

Frequency [kHz] 450 - - -

Pressure [Torr] 300 - - -

Sheath gas flow rate [L/min] 90 110 - -

Carrier gas flow rate [L/min] 4 - - -

Feeding powder rate [g/min] 0.1 - 0.5 -
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3.4 Calculation results

3.4.1 Influence of operation parameters reduced to lower values

3.4.1.1 Temperature distribution and gas flow pattern

First of all, we mention the temperature distribution of the ICTP under the reference

condition, as shown in Fig. 3.8(a). The ICTP has the wide high temperature region in the

plasma torch by inductively coupling with electromagnetic field. The maximum tempera-

ture in the torch reaches to 12000 K around axial position of z=200 mm and radial position

of r=17 mm. This means that the ICTP has high temperature region floating with a donut

shape because the rf frequency eddy current flows in the ICTP itself by electromagnetic

coupling. High temperature area with temperatures above 10000 K exists spreadly in region

of 7.5 < r < 30 mm and 130 < z < 298 mm.

To consider influences of operation parameters, we compare the two-dimensional tem-

perature distribution with a reduced parameters in (a) sheath gas flow rate, (b) feedstock

feeding rate, and (c) input power from the reference condition as shown in Table 3.2 and

Fig. 3.8. In addition, the radial distribution at z =250 mm and the axial distribution at

r=5 mm are also depicted in Fig. 3.9 and Fig. 4.15, respectively, to indicate differences in

the temperature value in each condition. As indicated in panel (a) in Fig. 3.8, the reduced

sheath gas flow rate from 90 L/min to 70 L/min causes the shrinkage of the high temper-

ature area with temperatures above 10000 K. This is attributable to the lower gas flow

velocity in the ICTP in condition (a), weakening the axial convection flow transporting

heat flux to downstream. Thus, the ICTP is totally shifted to be sustained to the upper

side than that in the reference condition. In panel (b) in Fig.3.8, almost similar tempera-

ture distribution except around the axial axis r = 0 mm can be seen for condition (b) in

which feedstock feeding rate is reduced from 0.1 g/min to 0.05 g/min. The temperature at

r=0 mm increases from 7700 K to 8700 K around z=250 mm from the reference condition

to condition (b) as indicated in Fig. 3.9. This result suggests that the change in feed rate

in this range hardly affects the temperature distribution in the main ICTP region, but

only the temperature on the axis where the feedstock is molten and evaporated with power

consumption. On the other hand, condition (c) clearly decreases the temperature of main

ICTP region as shown in Fig. 3.8(c) by reducing input power from 20 kW to 10 kW. Fig-
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ure 4.15 also shows the lower temperature at r= 5 mm compared to the other conditions.

This is reasonable because joule heating power to heat up the ICTP is reduced.

The gas flow pattern at each condition can be seen in Fig. 4.16. By reducing sheath gas

flow rate from 90 L/min in panel of reference to 70 L/min in panel (a), the gas flow is bent in

radial direction more strongly. This is because weakened axial gas flow velocity is obtained

in lower sheath gas flow, and then Lorentz force acts to pinch the ICTP more. As a result,

there is a vortex near the wall around z=220 mm. On the other hand, reduced feedstock

feeding rate hardly changes the gas flow pattern as depicted in panel (b). However, reduced

input power from 20 kW to 10 kW changes the gas flow pattern as shown in panel (c).

This is due to the reduced Lorentz force from the reduced eddy current inside the ICTP,

which weakens the radial gas flow.
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Fig. 3.8: Temperature distribution of Ar-O2 thermal plasma with Ti powder injection

for reduced sheath gas flow rate (a), feedstock feeding rate (b), input power (c) from the

reference condition at a pressure of 300 Torr.
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Fig. 3.9: Radial temperature distribution of Ar-O2 thermal plasma with Ti powder injec-

tion at axial positions of 250 mm for reduced sheath gas flow rate (a), feedstock feeding
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Fig. 3.10: Axial temperature distribution of Ar-O2 thermal plasma with Ti powder injection

at radial positions of 5 mm for reduced sheath gas flow rate (a), feedstock feeding rate (b),

input power (c) from the reference condition.
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Fig. 3.11: Streamline in Ar-O2 thermal plasma with Ti powder injection for reduced sheath

gas flow rate (a), feedstock feeding rate (b), input power (c) from the reference condition

at a pressure of 300 Torr.
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3.4.1.2 Mass fraction distribution of Ti vapor

Operation parameters affect the temperature distribution and then the evaporation of

Ti feedstock. Thus mass fraction of Ti vapor can also be influenced. Figure 4.17 shows the

mass fraction of Ti vapor from evaporation of Ti feedstock powder. Titanium feedstock

powder is injected from the tip of a water-cooled pipe around the axis from the top of

the plasma torch. As seen in Fig.4.17, in the reference condition, the high mass fraction

region of Ti vapor is distributed far from the tip of the water-cooled pipe at z=200 mm

where Ti feedstock powder is supplied in Ar-O2 ICTPs. At just below the tip of the pipe at

200 < z < 220 mm, the temperature of the ICTP becomes low because of heat transfer to

Ti feedstock particle as indicated in Fig. 3.8, and thus the Ti feedstock is hardly evaporated.

At further downstream, Ti feedstock powder is evaporated to elevate the mass fraction of

Ti vapor. In this way, the mass fraction of Ti vapor is present around the center axis from

z >220 mm. The evaporation of Ti feedstock powder causes the contamination of Ti vapor

inside the ICTP. The contaminated titanium vapor is transported by gas flow convection

of Ar carrier gas and by diffusion. Thus, Ti vapor is present downstream of the feeding

pipe.

Reducing sheath gas flow rate offers almost similar distribution of Ti mass fraction in

Fig.4.17(a) compared to that in reference condition. Only a difference is downstream

portion due to a vortex near the wall around z=220 mm as indicated in Fig. 4.16(a).

Figure 4.17(b) is the result for reducing Ti feedstock powder feed rate. Actually, the mass

fraction of Ti vapor is decreased because the amount of Ti feedstock is lower. In Fig.4.17(c),

we have a similar mass fraction of Ti vapor distribution although the input power is clearly

reduced from 20 kW to 10 kW but the mass fraction of Ti vapor is widely extended in

radial direction. This arises from the fact that the temperatures just below the tip of the

water-cooled pipe are around 8200 K and 7800 K at 20 kW and 10 kW, respectively, which

are high enough to evaporate Ti feedstock.
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Fig. 3.12: Mass fraction distribution of Ti vapor in Ar-O2 plasma with Ti powder injection

for reduced sheath gas flow rate (a), feedstock feeding rate (b), input power (c) from the

reference condition at a pressure of 300 Torr.
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3.4.2 Influence of operation parameters increased to higher val-

ues

3.4.2.1 Temperature distribution and gas flow pattern

In this section, influence of operation parameters increased was studied on the temper-

ature distribution in the ICTP torch. Figure 4.18 shows the temperature distribution of

the ICTP for the reference condition and for increased sheath gas flow rate (d), Ti feed-

stock feeding rate (e), and input power (f), as shown in Table 3.3. In addition, the radial

distribution at z =250 mm and the axial distribution at r=5 mm are also depicted in

Fig. 4.19 and Fig. 4.20, respectively, to indicate differences in the temperature value in

each condition.

Compared to the temperature distribution for the reference condition, increasing sheath

gas flow rate provides axially longer distribution for temperature region with 10000 K. This

is due to higher convective transport of high temperature region by high gas flow velocity at

higher sheath gas flow rate of 110 L/min. On the other hand, large influence can be found

for the temperature distribution on the axis when the Ti feedstock feed rate is increased

from 0.1 g/min to 0.5 g/min. The axis temperature is effectively decreased by increasing

Ti feedstock feed rate from 8000 K to 4700 K at z=250 mm, as indicated in Fig. 4.19. This

originates from the power consumption for heavy load of Ti feedstock around the axis. It

is noted that axis temperature from z=220 mm to z=320 mm becomes lower below 7000

K. This value is lower than those in the other condition treated here. If we increase the

input power from 20 kW to 30 kW, high temperature area can be seen widely in the plasma

torch as shown in Fig. 4.18. However, the temperature on the axis is hardly elevated from

8000 K. This is because the ICTP is heated by joule heating due to the eddy current on

the off-axis region in the ICTP, but the ICTP on the axis is not directly heated. Therefore,

the increased input power increases the temperature and high temperature region in the

torch, but it hardly increases the temperature on the axis.

The gas flow pattern can be seen in Fig. 4.21 for increased operation parameters. As

seen in panel (d), increasing sheath gas flow rate shrinks the vortex in the upper side of

the plasma torch, resulting from the stronger axial gas flow. On the other hand, the higher

feeding rate of Ti feedstock hardly affects the gas flow pattern in panel (e). Finally, higher



3.4 Calculation results 63

input power causes strong bend of the gas flow around z=160 mm due to Lorentz force,

which results in the appearance of another vortex near the torch wall around z=230 mm.
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Fig. 3.13: Temperature distribution in Ar-O2 thermal plasma with Ti powder injection

for increased sheath gas flow rate (d), feedstock feeding rate (e), input power (f) from the

reference condition at a pressure of 300 Torr.
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Fig. 3.15: Axial temperature distribution of Ar-O2 thermal plasma with Ti powder injection
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Fig. 3.16: Streamline in Ar-O2 thermal plasma with Ti powder injection for increased

sheath gas flow rate (d), feedstock feeding rate (e), input power (f) from the reference

condition at a pressure of 300 Torr.
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3.4.2.2 Mass fraction distribution of Ti vapor

The evaporation amount of Ti feedstock and then mass fraction of Ti vapor in gas

phase are also influenced by operation parameters. Figure 4.22 presents the mass fraction

distribution of Ti vapor using the reference condition and increased operating parameters.

As seen in this figure, increased sheath gas flow rate gives insignificant change in the mass

fraction of Ti vapor. This implies that sheath gas flow rate shows almost no influence on

the evaporation of Ti feedstock. Figure 4.22(e) shows the mass fraction of Ti vapor for

increased feed rate of Ti feedstock to 0.5 g/min. If the feed rate of Ti feedstock increases,

the mass fraction is increased as shown. This suggests that evaporation amount of Ti

feedstock can be enhanced by increasing feed rate to 0.5 g/min. On the other hand, the

input power increased to 30 kW hardly affects the mass fraction of Ti vapor, implying the

evaporation amount cannot be elevated significantly only by increasing input power.
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Fig. 3.17: Mass concentration distribution of Ti vapor in Ar-O2 thermal plasma with Ti

powder injection for increased sheath gas flow rate (d), feedstock feeding rate (e), input

power (f) from the reference condition at a pressure of 300 Torr.
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3.4.3 Particle behavior

In this calculation, Ti feedstock particles are injected into the ICTP, and they are heated,

molten and evaporated through their flight. In evaporation process, the diameter of the

particle decreases with time. This can be found in Fig. 4.23 under the reference condition.

In this figure, behaviour of particles at different initial positions were distinguished by

different colors: particle behavior at a radial initial position of r =0.3 mm is denoted by

black curves, r=0.6 mm by red curves, r=0.9 mm by blue curves, r=1.2 mm by pink

curves, and r=1.5 mm by green curves, respectively. Also, feedstock powder was assumed

to consist of particles with seven discrete diameters, as presented in the lower panel in

Fig. 2. Thus, Fig. 4.23 has variations in diameters of these 35 particles as a function of

axial position. There are 35 time variations in particle size change for 7 different diameters

and 5 different initial positions. This calculation of 35 trajectories was done for statistical

calculation on the particle size change and its influence on the thermal plasma temperature.

Therefore, we do not mention each of particle size change but general change in particle

size. From axial position from 0 to 210 mm in Fig. 4.23, the diameters of particles do

not change because all the particles are present inside the water-cooled pipe. From axial

position of 210 mm, the particles start flying into the ICTP, and then they are heated by the

ICTP. After some flight to be heated, the Ti particles have the diameter decreased. This

is because of evaporation of the Ti particles from the ICTP. In this case, the particles are

strongly heated from the ICTP, and then the particle diameter decreases to 0.25 µm. This

evaporation generates Ti vapor to the ICTP. The important point in this figure is that all

the particles have diameters decreased until z=228 mm. This implies that all the particles

at 7 different initial position with 5 different initial diameter are completely evaporated.

Detailed temperature variation at each shell inside one particle are presented in Fig. 4.24.

This is the temperature history for 3 shells inside one Ti particle with initial diameter of

4 . The outer shell of the Ti particle increases rapidly after particle ejection to the high-

temperature plasma region from the axial position z = 200 mm. When the temperature

reaches the melting temperature of the titanium materials, i.e. 1953 K, melting occurs.

In this case, the particle’s outer shell maintains a constant temperature of 1953 K. Simul-

taneously, the liquid phase fraction in the shell is increased during melting. During these

processes, the heat is transported from the outer side to the inner side of the particle by
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thermal conduction to increase the inside temperature of the particle. After the liquid

fraction of each shell reaches to unity, the temperature of the shell is again increased. Then

the temperature rapidly reaches to the evaporation/boiling temperature of 3535 K. The

particle moves to position at z = 225 mm when this evaporation process occurs. After

that, the particle continue to be evaporated during its flight. In this way, the injected

particle has been heated by the ICTP rapidly, resulting in its complete evaporation. This

evaporated material contaminates the ICTP to increase the mass fraction of Ti vapor as

indicated in Fig.4.22.

Figure 4.25 shows the time variation in particle diameters of 35 Ti particles injected with

0.5 g/min feeding rate. The different colors in Fig.4.25 indicate different initial positions

of the particles injected. As seen in this figure, the particle diameters decrease from axial

position of 210-220 mm because of Ti evaporation. This evaporation provides Ti vapor in

gas phase in the ICTP. However, the particle diameter decreases from the initial value more

slowly than those in reference condition. This means that vapor are provided continuously

from 210-255 mm from Ti evaporation. This arises from the fact that increasing feeding

rate can decay the temperature on the torch axis as shown in the previous section.
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Fig. 3.18: Time variation in particle diameters of 35 Ti particles injected into Ar-O2 ICTP

for the reference condition. Particles have initial 5 different diameters. The different curves

with the same initial diameter indicates the results of particle diameters injected at different

initial 7 radial positions as indicated in Fig. 3.2.
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Fig. 3.19: An example of particle temperature history flying of a single Ti particle in

Ar-O2 ICTP under the reference condition. Temperatures for 3 shells in a single particle

are indicated here.
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Fig. 3.20: Time variation in particle diameters of 35 Ti particles injected into Ar-O2 ICTP

with 0.5 g/min feeding rate. Particles have initial 5 different diameters. The different

curves with the same initial diameter indicates the results of particle diameters injected at

different initial 7 radial positions as indicated in Fig. 3.2.
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3.5 Summary of chapter 3

A numerical simulation modelling was made for Ar/O2 inductively coupled thermal

plasma (ICTP) with Ti powder injection. This Ar/O2 ICTP with Ti powder is used for

TiO2 nanoparticle synthesis. Inclusion of O2 in Ar ICTP elevates the enthalpy, which may

increase the evaporation of Ti powder. The model solves mass, momentum, and energy con-

servation equations with source terms from the evaporated material injected as a feedstock

powder. The electromagnetic field is also obtained by solving Poisson equation for vector

potential. Using this model, the influence of sheath gas flow rate, Ti powder feed rate,

and input power were investigated on the temperature distribution of the ICTP and the

mass fraction of Ti vapor and thus the amount of Ti feedstock evaporation. As a result,

the temperature distribution can be affected by these operation parameters. Increasing

sheath gas flow rate can changes the gas flow velocity and then convective transport of hot

region. On the other hand, the feedstock can influence the temperature only on the axis

through the evaporation of Ti feedstock and the affected temperature area is small. The

input power can change the value and distribution of the temperature in the ICTP but

the evaporation amount of Ti feedstock is hardly affected. This is because the ICTP is

heated by eddy current on off-axis region. These calculation can provide fundamental data

to understand the ICTP field with powder feeding.
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Chapter 4

Numerical study of temperature and

gas flow fields in Ar-O2 tandem-type

inductively coupled thermal plasma

with Ti feedstock powder injection

4.1 Introduction

Inductively coupled thermal plasma (ICTP) has been used widely for materials processing

such as diamond film deposition [1,2], transparent conductive oxide deposition [3], thermal

barrier spray coating [4,5], and surface modification [6]. The benefits of using ICTP in these

materials processing are attributed to the fact that the ICTP has high gas temperature

of around 10 000 K, high enthalpy, and high density of chemical active species. Further-

more, the ICTP can offer a clean thermal plasma field without contamination because it

is an electrode-less discharge. In light of these benefits, ICTP has been adopted recently

for nanomaterial syntheses for materials such as nanoparticle [7]– [12], nanotube [13, 14],

and fullerene [15, 16]. During processing, the ICTP is usually established by a single coil

located around the plasma torch. To this plasma torch, feedstock powder is injected to

the high-temperature field, thereby causing its evaporation. The evaporated materials are

subsequently cooled to achieve nucleation and thereafter to synthesize nanomaterials. Dur-

ing these processes, the ICTP sometimes becomes unstable because of disturbance from

heavy-load injection of feedstock powder. In the worst case, the ICTP can be extinguished

by an overly heavy-load injection of feedstock powder.
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To resolve this persistent difficulty, a tandem-type inductively coupled thermal plasma

(tandem ICTP) has been developed. The tandem ICTP is established in a dielectric cylin-

drical tube with two coils. Such a tandem ICTP was first developed by Uesugi [17] to

inject feedstock powder along the plasma torch instead of a hybrid dc-rf plasma torch.

The temperature distribution in a tandem ICTP was also studied numerically by some

researchers [17]– [20]. We have also developed a large volume tandem double-frequency

ICTP system with two coils (the upper coil and the lower coil) operated at 400 kHz and

350 kHz, respectively [21]. In this experiment, mutual interacting current among the upper

coil to lower coil were suppressed using two resonant circuits for each of coils at different

resonance frequencies from each other. We further developed a tandem double-frequency

type of pulse-modulated induction thermal plasma (tandem-PMITP) system [21]. In this

experiment, the tandem-MITP is sustained with two amplitude-modulated coil currents

supplied by two power sources. This tandem-coil arrangement can provide a spatially and

temporally modulated thermal plasma field that is useful for new materials processing.

Nevertheless, few reports of the relevant literature describe studies of gas flow and tem-

perature field in a tandem double-frequency coil ICTP with feedstock powder injection ,

although some steady state calculations were done for tandem double-frequency coil ICTP

without feedstock powder feeding [20]. Powder injection is well known to affect the temper-

ature field in the ICTP by powder evaporation. The materials evaporated into the thermal

plasma can markedly change the thermodynamic and transport properties of the thermal

plasma. This marked change in the properties can alter the temperature and the gas flow

field in thermal plasmas.

As described in this paper, by updating our numerical model for single-frequency coil

ICTP with powder injection [22]– [25], numerical simulation was conducted to obtain tem-

perature and gas flow fields in a tandem double-frequency coil ICTP with powder injection.

Tandem double-frequency coil ICTP in this paper is sustained with two separate coils (an

upper coil and a lower coil) of equal diameter. The upper and lower coil currents in tandem

double-frequency coil ICTP treated are supplied by two separate power sources with mutu-

ally different operating frequencies. The high-temperature region in the upper coil region

is expected to be used for establishment of stable ICTP, whereas the feedstock powder is

fed to the lower coil region of the ICTP to evaporate the feedstock powder. This tandem
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double-frequency coil ICTP can be useful for nanoparticle synthesis, for example. The de-

veloped model for a tandem double-frequency coil ICTP with powder injection solves the

mass, the momentum, and the energy conservation equations for thermal plasma involving

thermal interactions with feedstock powder. The powder particle motion was obtained by

solving the motion equation for individual particles. Influences of the coil turn numbers

and the gap length between the two coils and were investigated for temperature and gas

flow fields. Through this study, unique distributions were obtained for the temperature

and the feedstock vapour concentration in a tandem double-frequency coil ICTP.

4.2 Configuration of Tandem-coil Induction Thermal

Plasma Torch

Coil configurations of two kinds with different turn numbers were assessed for use in the

tandem-coil in one plasma torch. Figures 4.1(a) and 4.1(b) portray the configuration of

ICTP torch with an 8-turn coil and a 12-turn coil, respectively, for a tandem-coil plasma

torch. The plasma torch is made of 320-mm-long quartz tubes with 64 mm inner diameter.

The quartz tube wall is water-cooled by flowing water. These torches have two separate

coils (tandem-coil) in one plasma torch: an upper coil and a lower coil. The coil pitch

is 20 mm for each coil. The distance between the upper coil end and the lower coil top

was taken as a parameter. For the study described herein, the gap length between upper

coil end and the lower coil top were set to four distances for calculation: 20 mm, 30 mm,

40 mm, and 60 mm. The 20 mm gap length condition corresponds to just a ‘single coil’

only if the exactly the same currents flow in the two coils. For these coils, two main

situations were considered: In one condition, the two separate coils in one plasma torch

were connected in series with one power source at one operating frequency. In this case,

electromagnetic fields of one frequency are created. In the other condition, two separate

coils in one plasma torch were connected with two independent power sources at different

frequencies. In this case, the electromagnetic fields have two frequency components. For

this study, these two coils were assumed to be connected with two RF power supplies at

different operating frequencies of 450 kHz and 300 kHz to provide rf coil currents. Actually,

the different operating frequencies are useful to decouple electric circuits for each of the
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coils in our experiments [21]. From the head of the plasma torch, a gas mixture of argon

(Ar) and oxygen (O2) is supplied as a sheath gas, which is provided along the inner quartz

tube wall with a swirl to prevent the plasma from reaching the inner quartz tube. The

electromagnetic field generated in the torch by the tandem double-frequency coil current

can accelerate electrons inside the plasma torch to generate a plasma mainly by electron

impact ionization. From the top of the torch, a water-cooled pipe for powder feeding is

inserted along the centre axis to the 4–5 turns of the lower coil, as shown in figures 4.1(a)

and 4.1(b). For TiO2 nanoparticle synthesis, titanium (Ti) powder feedstock is injected

from the top along the torch axis together with the Ar carrier gas through the water-cooled

pipe.

As described herein, numerical simulation was conducted to simulate temperature and

gas flow fields for the described tandem double-frequency coil ICTP above operated at two

frequencies. In addition, for comparison, an ICTP by a so-called single-coil at one frequency

and ICTPs by a single coil with a certain gap between the upper and lower side operated

with the same frequency were numerically simulated. Figure 4.2 depicts the definition of

(a) single-frequency coil and (b) tandem double-frequency coil. The single-frequency coil

ICTP was treated as the one with one operating frequencies, even with a gap. The single-

frequency coil is defined as the coil having the exactly the same coil current. By contrast,

the tandem double-frequency coil ICTP has two separate coils at two operating frequencies.
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(a)

(b)

Fig. 4.1: Configuration ICTP torch with (a) 8-turn coil and (b) 12-turn coil.
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4.3 Modelling of Tandem-coil Induction Thermal Plasma

4.3.1 Modelling assumptions

The developed tandem double-frequency coil ICTP model is based on the PSI-Cell fun-

damental reported by Crowe et al. [26]; the method of the PSI Cell were adopted to ICTP

by Proulx and co-workers [27, 28]. The model includes the assumption that the following

conditions apply for tandem-coil ICTP: (i) The tandem coil ICTP is in a local thermo-

dynamic equilibrium (LTE) state. Consequently, all temperatures such as the excitation

temperature, electron temperature, and heavy particle temperature are equal. In addition,

chemical equilibrium conditions are established for all reactions. (ii) The condition of being

optically thin is assumed for plasma at wavelengths greater than 200 nm. At wavelengths of

less than 200 nm, the 20% of total emission coefficient is accounted to consider the effective

light absorption for radiative transfer [29]. (iii) Laminar, axis-symmetric and steady flow

are assumed with negligible viscous dissipation. (iv) Particle–particle interactions are not

neglected for injected feedstock particles. (v) The feedstock particle radius is assumed to

be much larger than the mean free path of plasma components. (vi) The feedstock particle

always has spherical shape, even during evaporation. (vii) The feedstock particle surface

is heated uniformly from the surrounding thermal plasmas. Therefore, evaporation also

occurs uniformly around the particle surface. (viii) Influence of electronic charging on the

particle is not considered. (ix) The rocket influence from ejected ablation vapour is not

considered. (x) Injected titanium feedstock powders are evaporated solely by heat from

the thermal plasma. Consequently, evaporation takes place uniformly around the particle

surface. (xi) Mutual interacting current among the upper coil to lower coil are neglected be-

cause in the actual our experiment they were suppressed to below 10% of the main current,

by using two resonant circuits for each of coils at different resonance frequencies from each

other. Principle of superposition is simply adopted for electromagnetic fields at different

frequencies from the upper coil and the lower coil.
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(a) (b)

Fig. 4.2: Definition of (a) Single-frequency coil and (b) Tandem double-frequency coil.

4.3.2 Governing equation for Ti feed powder

For an individual feedstock particle supplied through the water-cooled feeding pipe, the

equation of motion was solved with Lagrangian form considering the drag force from the

plasma fluid and gravity. In addition, the energy conservation equation of the individ-

ual particle was solved considering the heat conduction inside the particle, the heat flux

from the plasma, and radiation loss from the particle surface. For consideration of melt-

ing and evaporation processes at the particle surface, the following equations were solved

simultaneously as presented below.

dup

dt
= −3

4
CD(up − u)UR(

ρ

ρpdp
) + g (4.1)

dvp
dt

= −3

4
CD(vp − v)UR(

ρ

ρpdp
) (4.2)

UR =
√
(up − u)2 + (vp − v)2, (4.3)

In those equations, the following variables were used: UR represents the relative velocity

between the plasma and Ti particle; CD is the drag coefficient; ρp stands for the mass

density of the Ti particle in solid and liquid phases; up denotes the axial velocity of the Ti
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particle, vp is the radial velocity of the particle; g represents the gravitational acceleration;

and dp expresses the Ti particle diameter. The directions of particles at the outlet of the

powder feeding pipe were set as disorderly to three angle directions to simulate reflection

of particles from the pipe wall.

Definitions of the diameter dp, the temperature Tp(r, t) and liquid fraction χ(r, t) inside

the titanium particle are presented in figure 4.3. As considered in this calculation, the

individual particle was divided into several shells for discretization to simulate the tem-

perature distribution inside the particle. For the individual particles, the following energy

conservation equations (4.4)-(4.9) were solved.

To represent the titanium particle interior, equations (4.4) and (4.5) were solved for

thermal conduction because of the radial gradient of the temperature in the inner shell.

-Inner shells (0 < r ≤ dp−1/2):

ρpCpp
∂Tp(r, t)

∂t
=

1

r2
∂

∂r
(r2λp

∂Tp(r, t)

∂r
)

(Tp(r , t) < Tm,Tm < Tp(r , t) < Tb) (4.4)

ρpHm
∂χ(r, t)

∂t
=

1

r2
∂

∂r
(r2λp

∂Tp(r, t)

∂r
)

(Tp(r , t) = Tm) (4.5)

In those equations, the following variables were used: Tm signifies the Ti melting tem-

perature; Cpp stands for the specific heat of the Ti particle in solid or liquid phase; Tb

denotes the Ti boiling temperature; Tp(r, t) expresses the shell temperature inside the par-

ticle; λp represents the thermal conductivity of the Ti bulk; χ(r, t) is the liquid fraction

of the shell, and Hm denotes the latent heat for melting. When temperature Tp(r, t) at a

point inside the particle is less than the melting temperature Tm, the temperature can be

changed corresponding to equation (4.4). However, when temperature Tp(r, t) reaches Tm,

temperature Tp(r, t) is kept to the melting temperature, with change of the liquid fraction

χ(r, t) according to equation (4.5).

For the outer shell, we assessed thermal conduction to the inside of the particle, heat

transfer from the plasma, and the radiation transfer from the surface. In addition, evapo-

ration was found to change the particle diameter as shown below.
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-Outer shell (dp−1/2 < r):

1

6
π(d3p − d3p−1) · ρpCpp

∂Tp(rout, t)

∂t
= Q

(Tp(rout, t) < Tm,Tm < Tp(rout, t) < Tb) (4.6)

1

6
π(d3p − d3p−1) · ρpHm

∂χ(rout, t)

∂t
= Q

(Tp(rout, t) = Tm) (4.7)

πd2p−1

2
· ρpHv

∂(dp)

∂t
= Q (Tp(rout, t) = Tb) (4.8)

Q = −πd2p−1λp
∂Tp

∂r

∣∣∣∣
r=dp−1/2

+ πd2phc(T − Tp(rout, t))

− πd2pσsϵ(Tp(rout, t)
4 − T 4

a ) (4.9)

In those equations, the following variables were used: dp represents the outer shell’s inner

diameter; Hv stands for the latent heat for evaporation; rout denotes the radial position of

the control volume of the outer shell, which is defined as rout =
1
4
(dp + dp−1); Q expresses

heat at the outer shell from the thermal plasma; ϵ signifies the particle surface emissivity;

T represents the thermal plasma temperature; σs is the Stefan–Boltzmann coefficient; Ta

represents the ambient temperature; and hc denotes the heat transfer coefficient between

thermal plasma and titanium. The quantities CD and hc are given as a function of Reynolds

number.
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Fig. 4.3: Definition of parameters for temperature inside a titanium particle.

4.3.3 Governing equation for tandem-coil induction thermal plasma

Following the assumptions described in the previous section, the thermal plasma is con-

sidered to be governed by the following equations.

Mass conservation.
∂(ρu)

∂z
+

1

r

∂(rρv)

∂r
= SC

p (4.10)

Momentum conservation in the upper coil and lower coil.

Axial:

ρu
∂u

∂z
+ ρv

∂u

∂r

= −∂p

∂z
+ 2

∂

∂z
(η
∂u

∂z
)

+
1

r

∂

∂r
[ηr(

∂u

∂r
+

∂v

∂z
)] + µ0σℜ[Ė∗(1)

θ Ḣ∗(1)
r ] + µ0σℜ[Ė∗(2)

θ Ḣ∗(2)
r ] + SMz

p (4.11)

Radial:

ρu
∂v

∂z
+ ρv

∂v

∂r

= −∂p

∂r
+

∂

∂z
[η(

∂v

∂z
+

∂u

∂r
)]

+
2

r

∂

∂r
(ηr

∂v

∂r
)− 2η

v

r2
+ µ0σℜ[Ė∗(1)

θ Ḣ∗(1)
z ] + µ0σℜ[Ė∗(2)

θ Ḣ∗(2)
z ] + SMr

p (4.12)
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Swirl:

ρu
∂w

∂z
+ ρv

∂w

∂r

=
∂

∂z

(
η
∂w

∂z

)
+

1

r

∂

∂r

(
rη

∂w

∂r

)
− ρvw

r
− w

r

∂rη

∂r
(4.13)

Energy conservation.

ρu
∂h

∂z
+ ρv

∂h

∂r

=
∂

∂z
(
λ

Cp

∂h

∂z
) +

1

r

∂

∂r
(r

λ

Cp

∂h

∂r
)

+ σ|Ė(1)
θ |2 + σ|Ė(2)

θ |2 − Prad − SE
p (4.14)

Mass transport equation for Ti vapour.

ρu
∂YTi

∂z
+ ρv

∂YTi

∂r

=
∂

∂z
(ρDAr/O2−Ti

∂YTi

∂z
) +

1

r

∂

∂r
(rρDAr/O2−Ti

∂YTi

∂r
) + SC

p (4.15)

Maxwell equation in the upper coil.

∂2Ȧ
(1)
θ

∂z2
+

1

r

∂

∂r
(r
∂Ȧ

(1)
θ

∂r
)− Ȧ

(1)
θ

r2
= jµ0σω

(1)Ȧ
(1)
θ (4.16)

Ḣ(1)
z =

1

µ0

1

r

∂

∂r
(rȦ

(1)
θ ), Ḣ(1)

r = − 1

µ0

∂Ȧ
(1)
θ

∂z
(4.17)

Ė
(1)
θ = −jω(1)Ȧ

(1)
θ (4.18)

Maxwell equation in the lower coil.

∂2Ȧ
(2)
θ

∂z2
+

1

r

∂

∂r
(r
∂Ȧ

(2)
θ

∂r
)− Ȧ

(2)
θ

r2
= jµ0σω

(2)Ȧ
(2)
θ (4.19)

Ḣ(2)
z =

1

µ0

1

r

∂

∂r
(rȦ

(1)
θ ), Ḣ(2)

r = − 1

µ0

∂Ȧ
(2)
θ

∂z
(4.20)

Ė
(2)
θ = −jω(2)Ȧ

(2)
θ (4.21)

where the superscripts (1) and (2) denote the element from the upper coil and lower coil,

respectively. In those equations, superscripts (1) and (2) respectively denote the elements

from the upper coil and lower coil. Also in those equations, the following variables are
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used: r, radial position; v, radial flow velocity; u, axial flow velocity; z, axial position; η,

viscosity; ρ, mass density; λ, thermal conductivity; p, pressure; h, enthalpy; σ, electrical

conductivity; Cp, specific heat at constant pressure; YTi, mass fraction of Ti vapour; Prad,

radiative loss; µ0, permeability of vacuum; DAr/O2−Ti, effective diffusion coefficient of Ti

vapour in Ar/O2 gas; and j, complex factor (j2=−1). The following must also be noted:

Ė
(1),(2)
θ respectively denote phasors of the electric field strength in upper coil and lower

coil; Ȧ
(1),(2)
θ , respectively represent phasors of the vector potential in the upper coil and

lower coil; ω(1),(2), respectively stand for frequencies of the upper coil and lower coil current;

Ḣ
(1),(2)
z respectively represent phasor axial components of the magnetic field strength in the

upper coil and lower coil; and Ḣ
(1),(2)
r respectively denote phasor radial components of the

magnetic field strength in the upper coil and lower coil.

The asterisks * in equations (4.11) and (4.12) denote the conjugate. A symbol ℜ is

the real part of the phasor. The magnitudes of the phasor including Ȧθ, Ėθ, Ḣz, and Ḣr

are defined as root mean square values. The quantities SC
p , S

Mz
p , SMr

p , and SE
p denote

source terms by the translation quantities from evaporated material. These quantities are

explained in the next section.

4.3.4 Interaction between Ti particles and tandem coil thermal

plasma

Evaporated titanium vapour from Ti particles can be a source of mass, momentum, and

energy of plasma equations. Letting nd be the particle size distribution, N
0
t be the value of

particles injected per unit time, and nr describe the fraction N0
t injected at each point over

the torch central inlet, then the number of particles per unit time travelling throughout

trajectory (l, k) to a particle diameter dl injected at point rk is expressed as the following

equation.

N l,k = ndlnrkN
0
t (4.22)

For this calculation, the nr particle concentration was assumed to be uniform for five

positions of the particle in the inlet. The initial particle size distribution and the initial

positions of particle injection were as they are depicted in figure 4.4. Particles were assumed

to be injected at five radial initial positions of r =0.3 mm, 0.6 mm, 0.9 mm, 1.2 mm, and
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1.5 mm. Also, particles were assumed to consist of particles with seven discrete diameters,

as presented in the lower panel in figure 4.4. Furthermore, these seven discrete diameter

particles were assumed to have a Gaussian distribution fraction. In this case, the following

were found: 3% of the particles have diameters of 4.0 µm and 6.0 µm; 7% of the particles

have diameters of 4.33 µm and 5.67 µm; 10% of the particles have diameters of 4.67

µm, and 5.33 µm; and the remaining 60% of the whole particles have mean diameter of

5.0 µm. These particles have 35 possible trajectories from the conditions offered: 7×5.

Consequently, there are 35 trajectories for particles with five initial positions and seven

diameters. The 35 trajectories were finished for statistical calculation on the particle size

change and its effects on the thermal plasma temperature. The initial particle injection

velocity was set as equal to the carrier gas velocity. The source term in the continuity

of mass conservation equation SC
p is the net mass efflux rate of the particle mass in a

numerical computational cell (control volume). Based on the assumption that the particles

are spherical, the mass efflux rate of the particles attributable to the particle trajectory

(l, k) traversing a given cell (i, j) is given as shown below.

S
C(l,k)
p,ij =

1

6
πρpN

(l,k)
ij (d3ij,in − d3ij,out). (4.23)

The net mass efflux rate from the particle can be derived by summing over all particle

trajectories traversing a given cell.

SC
p,ij =

∑
l

∑
k

S
C(l,k)
p,ij . (4.24)

The momentum source terms are estimated in the same model as the particle mass source

terms. For this calculation, the mass efflux rate of particle momentum during the particle

trajectory (l, k) traversing a given cell (i, j), which are explained as the quantities SMz
p and

SMz
p , are described as shown below.

S
Mz(l,k)
p,ij =

1

6
πρpN

(l,k)
ij (uij,ind

3
ij,in − uij,outd

3
ij,out) (4.25)

S
Mr(l,k)
p,ij =

1

6
πρpN

(l,k)
ij (vij,ind

3
ij,in − vij,outd

3
ij,out) (4.26)

The corresponding momentum source terms are presented below.

SMz
p,ij =

∑
l

∑
k

S
Mz(l,k)
p,ij (4.27)
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Fig. 4.4: Particle size distribution and particle injection positions.

SMr
p,ij =

∑
l

∑
k

S
Mr(l,k)
p,ij . (4.28)

The energy source term includes the heat flux given to the particles Q
(l,k)
p,ij , and superheat

to bring the particle vapour into thermal equilibrium with the plasma Q
(l,k)
v,ij . The quantity

SE
p is expressed using Q

(l,k)
p,ij and Q

(l,k)
v,ij as given by the following.

Q
(l,k)
p,ij =

∫ τout

τin

πd2phc[Tij − T
(l,k)
p,ij ]dt (4.29)

Q
(l,k)
v,ij =

∫ τout

τin

π

2
d2pρp

(
ddp
dt

)
Cpp[Tij − T

(l,k)
p,ij ]dt (4.30)

SE
p,ij =

∑
l

∑
k

N
(l,k)
ij [Q

(l,k)
p,ij +Q

(l,k)
v,ij ] (4.31)
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4.3.5 Thermodynamic and transport properties of Ti bulk, Ar-

O2-Ti system

For this calculation, thermodynamic and transport properties of Ar/O2/Ti gas mixture

are necessary. The thermodynamic and transport properties were calculated in a similar

way to our previous work [32]. For this purpose, the equilibrium composition of Ar/O2

mixture with Ti vapour was first calculated using minimization of the Gibbs’ free energy of

a system. Figure 4.5(a) presents the calculated equilibrium composition of 90%Ar/10%O2

thermal plasma without Ti vapour at a pressure of 300 Torr as a function of temperature. As

shown there, oxygen molecule O2 is dissociated at temperatures around 3000 K to produce

O atoms, leading to the similar densities 5×1022 m−3 both for O2 and O atom. A further

increase in the temperature from 8000 K involves the ionization of Ar and O atoms, resulting

in increased electron density and ion density. In the case of Ti vapour consideration, species

such as Ti, Ti+, Ti2+, TiO(g) and TiO2(g) in gas phase were considered in the equilibrium

composition. For simplicity, species in liquid and solid phases were neglected because the

thermodynamic and transport properties of these gas mixture were used for plasma and

gas phase. Figure 4.5(b) depicts the calculated equilibrium composition of 89%Ar/10%O2

thermal plasma with 1%Ti vapour at a pressure of 300 Torr. At temperatures below 2000

K TiO2(g) in gas phase is dominant, whereas TiO has high density above 1021 m−3 around

temperatures 3000-4500 K. At temperatures above 4500 K, Ti atoms are present and then

it is ionized to produce Ti+ and electron even above 4500 K. In the temperature range

below 8000 K, the electron is supplied from ionization of Ti.

Using the equilibrium composition calculated above, thermodynamic properties of 100%Ar

gas, 90%Ar-10%O2 gas mixture, 100%Ti vapor and Ar-O2-Ti gas mixture were computed

such as the mass density, the enthalpy, the specific heat as a function of temperature at

the specified pressure. Furthermore, the transport properties of the electrical conductiv-

ity, thermal conductivity, and viscosity were calculated by the first-order approximation of

Chapman–Enskog method [30,31] using the calculated collision integrals between the con-

sidered species. The collision integrals between atoms were obtained by Monchick data [34]

using interatomic potential [33]. The collision integrals between the same ion-atom with

charge exchange were obtained by Rapp data [36] using the expression by Yos [30]. These

calculated thermodynamic and transport data were used to calculate the temperature and
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gas flow fields in tandem ICTPs. Figures 4.6, 4.7 and 4.8 show the specific heat at constant

pressure, thermal conductivity and viscosity of 100%Ar gas, 90%Ar-10%O2 gas mixture,

100%Ti vapor, and 89%Ar-10%O2-1%Ti gas mixture at 300 torr, as examples of the cal-

culated thermodynamic and transport properties. Generally, the specific heat has peculiar

peaks due to dissociation reactions and ionization reactions. At the same time, there are

also similar peculiar peaks in the thermal conductivity from reactional thermal conductiv-

ity due to dissociation and ionization reactions. As depicted in figures 4.6 and 4.7, the

specific heat and the thermal conductivity for 90%Ar-10%O2 gas mixture have a peak at

temperatures around 3000 K whereas this peak does not appear in the specific heat for

100%Ar. This peak around 3000 K originates from the dissociation reaction of O2. This

peak can be seen in the specific heat and the thermal conductivity of 89%Ar-10%O2-1%Ti

gas mixture around 3000 K. Meanwhile, 100%Ti vapour shows peaks around 7500 K and

16000 K in the specific heat. These peaks arise from the first and second ionization of Ti

atoms. Similarly, the thermal conductivity for 100%Ti also has a maximum around 7500

K. Figure 4.8 indicates the viscosity. This figure shows that 100%Ar gas, 90%Ar-10%O2

gas mixture and 89%Ar-10%O2-1%Ti gas mixture have similar viscosities. On the other

hand, the viscosity of 100%Ti vapor has a peak at 5000 K and then the viscosity decreases

with temperature from 5000 K because of Coulomb collisions between electrons and ions.

4.3.6 Boundary condition

Figure 4.9 shows the computational domain. The domain (A-B-C-D-E-F-G-H-I-A) was

used for numerical simulation of scalar quantities and fluid parameters except the vector

potentials. On the other hand, the domain (A-B-C-D-A) was adopted for the vector po-

tentials. The following conditions were set at the boundary (A-B-C-D-E-F-G-H-I-A) of the

calculation domain:

At A-I for the top center of the metal water-cooled pipe wall:

u =
Qcarrier

πr21
, (4.32)

v = 0, T = 300 K (4.33)

where r1 is the inner radius (A-I) of the water-cooled pipe, Qcarrier is the gas flow rate of

center carrier gas.
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At F-G-H-I for the metal water-cooled pipe wall:

u = 0, v = 0, w = 0, T = 300 K (4.34)

At E-F for the top center of the torch head:

u = 0, v = 0, w = 0, T = 300 K (4.35)

At E-D for the top of the torch near the wall:

u =
Qsheath

π(r2torch − r23)
, (4.36)

v = 0, w = u tan θswirl, T = 300 K (4.37)

where rtorch is the inner radius (D) of the plasma torch, r2 is the inlet radius (E) for the

sheath gas injection, Qsheath is the gas flow rate of sheath gas, θswirl is the swirl angle at

the inlet which was set to 23.5o in the present calculation.

At A-B for the center axis of the torch:

∂u

∂r
= 0, v = 0,

∂w

∂r
= 0,

∂h

∂r
= 0, (4.38)

Ȧ
(1)
θ = Ȧ

(2)
θ = 0 (4.39)

At B-C for the bottom of the torch:

∂ (ρu)

∂z
= 0,

∂v

∂z
= 0,

∂w

∂z
= 0,

∂h

∂z
= 0, (4.40)

At C-D for quartz torch wall:

u = 0, v = 0, w = 0, κ
∂T

∂r
=

κqua

δqua
(T − Twater), Twater = 300 K (4.41)

For vector potential for C-D, B-C and A-D, we calculated the vector potential from coil

currents and current inside the plasmas as boundary condition:

Ȧ
(1)
θ =

µ0I
(1)

2π

n
(1)
coil∑

n=1

√
r
(1)
coiln

r
G(kn) +

µ0

2π

∫ ∫ √
r′

r
σĖ

(1)
θ G(k)dr′dz′

Ȧ
(2)
θ =

µ0I
(2)

2π

n
(2)
coil∑

n=1

√
r
(2)
coiln

r
G(kn) +

µ0

2π

∫ ∫ √
r′

r
σĖ

(2)
θ G(k)dr′dz′ (4.42)

k2
n =

4rcoilnr

(rcoiln + r)2 + (zcoiln − z)2

k2 =
4r′r

(r′ + r)2 + (z′ − z)2

G(k) =
(2− k2)K(k)− 2E(k)

k
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where, κqua is the thermal conductivity of quartz [W/(m·K)], δqua is the thickness of quartz

tube [m], Twater is the cooling water temperature [K], r
(1)
coiln

is the radius of the n-th coil

in the upper coil, r
(2)
coiln

is the radius of the n-th coil in the lower coil, z
(1)
coiln

is the axial

position of the n-th coil in the upper coil, z
(2)
coiln

is the axial position of the n-th coil in the

lower coil, r′ and z′ are the position parameter to calculate the above integration. K(k)

and E(k) are respectively the complete elliptic integral of the first kind, and the complete

elliptic integral of the second kind.
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Fig. 4.5: Number density of (a) 90%Ar-10%O2 and (b) 89%Ar-10%O2-1%Ti thermal plas-

mas at a pressure of 300 Torr.
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Fig. 4.9: A full-set of boundary conditions.
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4.3.7 Calculation conditions for single-frequency coil ICTP and

tandem coil ICTP

As explained previously, two main situations were considered: One condition is that

in which two separate coils in one plasma torch were connected in series with one power

source at a single operating frequency. Thereby, the resulting electromagnetic fields are

created with one frequency. This situation is designated herein as a ‘single-frequency coil’.

The other condition is that in which two separate coils arranged on one plasma torch were

connected with two independent power sources at different frequencies. In this case, the re-

sulting electromagnetic fields have two frequency components. This situation is designated

herein as ‘tandem double-frequency coil’ for clarification.

For this calculation, the driving frequencies of the upper coil and lower coil current for

the tandem double-frequency coil ICTP were fixed respectively at 450 kHz and 300 kHz.

Generally, the input power in the upper coil is 10 kW and that of the lower coil is 15 kW

for all conditions of tandem double-frequency coil ICTP. However, the frequency and input

power of single-frequency coil were set respectively as 450 kHz and 25 kW. The pressure

was set at 300 Torr (=40 kPa) inside the chamber. The calculation conditions are presented

in Table 4.1. The flow rates of the Ar and O2 gas mixture used as sheath gas were set

respectively to 90 slpm and 10 slpm. The titanium feedstock powder was assumed to be

injected through a water-cooled pipe inserted on the torch axis from the plasma torch

head. The injection rate of Ti feedstock powder was set to 0.1 g/min. Table 4.2 presents

the thermodynamic properties of titanium feedstock powder used for calculations. From

these calculations, we assessed the mutual effects of gap distance between coils in tandem

double-frequency coil ICTP. In addition, calculation was done for single-coil ICTP with

eight turns for comparison.
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Table 4.1: Numerical conditions

Parameter Single-freq. coil Tandem coil

(8-turn coil) (8 and 12-turn coils)

Input power [kW] 25

- Upper coil 10

- Lower coil 15

Frequency [kHz] 450

- Upper coil 450

- Lower coil 300

Sheath gas flow rate [L/min] 90 90

Feeding powder rate [g/min] 0.1 0.1

Carrier gas flow rate [L/min] 10 10

Pressure [Torr] 300 300
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Table 4.2: Thermodynamic properties of titanium powder [37].

Parameter Condition

Injection load [g/min] 0.1

Mass density [kg/m3] 4506

Melting temperature [K] 1853

Boiling temperature [K] 3535

Latent heat for melting [J/kg] 391000

Latent heat of evaporation [J/kg] 8294000

Specific heat of solid [J/(kg K)] 528

Specific heat of liquid [J/(kg K)] 700

Thermal conductivity [W/(m K) 14
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4.4 Calculation Results

4.4.1 Temperature distribution of thermal plasma

4.4.1.1 Temperature distribution of single-frequency coil ICTP

Calculations were first conducted for an Ar-O2 single-frequency coil ICTP with Ti feed-

stock powder injection for comparison with a tandem double-frequency coil ICTP as de-

scribed later. A single-frequency coil has coils that are operated with the same current and

the same operating frequency of 450 kHz. In this case, the total input power to the ICTP

was set as 25 kW.

Figures 4.10(a)–4.10(d) respectively portray the temperature distribution of the single-

frequency coil ICTP with gap lengths of 20 mm, 30 mm, 40 mm, and 60 mm. For gap

length of 20 mm, as shown in figure 4.10(a), which corresponds to a situation of a so-called

single coil, the single-frequency coil ICTP has a region with temperatures above 13 000 K

for radial positions of 16 mm< r <30 mm and axial positions of 170 mm< z < 215 mm.

The high temperature region is located at the downward of the single coil because of the

gas flow from the top of the plasma torch. In this high-temperature region, the current

flows inside the thermal plasma to be heated. As portrayed in figures 4.10(b), 4.10(c),

and 4.10(d) with respective gap lengths of 30 mm, 40 mm, and 60 mm, the regions with

temperatures above 13 000 K are shifted respectively down at axial positions of 185 mm

< z < 230 mm, 195 mm < z <240 mm and 200 mm< z < 250 mm, without separation

of the high-temperature region. This shift indicates that increasing gap length between

the single-frequency coils from 20 mm to 60 mm leads to the high-temperature region

located down as a lump. However, at the upstream portion around the upper coil, the

temperature is low: no thermal plasma is created there. Positioning of the ICTP at the

downward region in the plasma torch can make it unstable against disturbance from powder

injection. Another important point related to different gap lengths is that the region with

temperatures 10 000 K is spread wider by increasing the gap distance. This wide spread

of the high-temperature region above 10 000 K is attributable more to the locally input

power to this region by joule heating.

The downward positioning of the ICTP by increasing gap length is more readily apparent

in figure 4.11. Figure 4.11 presents the axial temperature distribution at r=25 mm for
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different gap lengths. This figure displays the increasing gap length shifts clearly in the

high-temperature region downward in the axial direction with almost identical maximum

temperature. The radial temperature distributions at z =230 mm are shown in figure 4.12.

As depicted here, increasing the gap length coil from 20 mm to 60 mm leads to enlargement

in the high-temperature region with temperatures higher than 10 000 K. This enlargement

in the high-temperature region is again attributable to more locally input power to the

localized ICTP by joule heating. To clarify this effect, the power density distributions are

presented in figure 4.13 for different gap lengths. As this figure shows, the increasing gap

length increases the power density itself; then the high power density region is shifted more

downward.

This calculation result indicates that the elongation of gap length between the coils for the

single-frequency coil ICTP alone does not yield a separate high-temperature region. The

high-temperature region is merely shifted in the axial direction by different gap lengths,

although a separate high-temperature region in the ICTP was expected when using a

separate coil.
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Fig. 4.10: Temperature distribution in Ar-O2 single-frequency coil ICTP with Ti powder

injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm.

The coil is operated at an input power of 25 kW at a frequency of 450 kHz.
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Fig. 4.11: Axial temperature distribution at radial position of 25 mm in Ar-O2 single-

frequency coil ICTP with Ti powder injection at different gap lengths of (a) 20 mm, (b)

30 mm, (c) 40 mm, and (d) 60 mm. The coil is operated at an input power of 25 kW at a

frequency of 450 kHz.
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Fig. 4.12: Radial temperature distribution at axial position of 230 mm in Ar-O2 single-

frequency coil ICTP with Ti powder injection at different gap lengths of (a) 20 mm, (b)

30 mm, (c) 40 mm, and (d) 60 mm. The coil is operated at an input power of 25 kW at a

frequency of 450 kHz.
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Fig. 4.13: Power density distribution in Ar-O2 single-frequency ICTP with Ti powder

injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm.

The coil is operated at an input power of 25 kW at a frequency of 450 kHz.



4.4 Calculation Results 111

4.4.1.2 Temperature distribution of tandem double-frequency ICTP with an

8-turn coil

For a single-frequency coil, not a separate high-temperature region but an aggregated

high-temperature region was obtained. As described in this section, different operating

frequencies are used for two tandem double-frequency coils.

Figures 4.14(a)–4.14(d) respectively portray the temperature distribution in tandem

double-frequency coil ICTP with eight turns, with coil gaps of 20 mm, 30 mm, 40 mm, and

60 mm. As shown in this calculation, the input power from the upper coil was set to 10

kW at 450 kHz, whereas the input power from the lower coil was fixed respectively to 15

kW at 300 kHz. As seen in these figures, the temperature distributions in axial position

from z=0 mm to z=100 mm, i.e. in the upper coil region, were almost unchanged with

increasing gap length. This indicates that the ICTP in the upper coil region is stably

established almost independent of the lower coil region where the ICTP is influenced by

feedstock injection. For gap lengths of 20–60 mm, almost one lumped high-temperature

region was obtained. The high-temperature region above 10000 K is located more upward

than those for a single-frequency coil ICTP indicated in figure 4.10, because the tandem

double-frequency coil ICTPs alway form from the upper coil region. In addition, the high-

temperature region becomes axially longer by increasing gap length between the coils from

20 mm to 60 mm. At a gap length of 60 mm, the maximum temperature is 10500 K,

which is lower than those in single-frequency coil ICTPs. This is due to the fact that input

power was spread in a axially wider region in the tandem double-frequency coils than the

single-frequency coil. Another important point in figure 4.14(d) with a gap length of 60

mm is that the ICTP has a maximum temperature near the tip of the water-cooled feeing

pipe. This can be used for evaporation of feedstock.

Furthermore, the axial temperature distribution at r=25 mm and the radial temperature

distribution at z =230 mm are also illustrated respectively in figure 4.15 and figure 4.16, to

elucidate differences in the temperatures in each condition. As presented in figure 4.15, the

axial temperature in tandem double-frequency coil ICTP (eight turns) has a peak around

the axial position of z=140 mm at a gap length of 20 mm. This peak has a temperature

around 11200 K, resulting in one lumped high temperature region in the torch. Increasing

gap lengths from 20 mm to 40 mm elevates the temperature downstream from z=180 mm to
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z=320 mm while maintaining the temperature distribution as almost unchanged from z=0

mm to z = 120 mm. On the other hand, at a gap length of 60 mm, the axial temperature

in tandem double-frequency coil ICTP has two peaks at z=115 mm in the upper coil, at

z=175 mm in the beginning of the lower coil, as portrayed in figure 4.15(d). These two

peaks in axial temperature distribution is attributable to the independent input power from

the upper coil and the lower coil in this case. As for the radial temperature distribution

at axial position of z=230 mm in figure 4.16, the temperature at 5 mm< r < 35 mm rises

generally with increasing gap length. The temperature has a peak at inner radial position

around r ∼20 mm from the wall compared with those for a single-frequency ICTP shown

in figure 4.12. This inner positioned temperature peak is due to the inner input power from

lower frequency of 300 kHz. Figure 4.17 portrays the power density distribution from joule

heating in the tandem double-frequency coil ICTP torch with eight turns. As shown there,

increasing gap length clearly elongates the high input power density region downward in

the axial direction. Finally at 60 mm gap length, the high power density is distributed

from z=80 mm to 210 mm in long region.

The two peaked high-temperature region in the ICTP described above might be useful for

stable operation during feedstock powder injection processes because the high-temperature

region in the upper coil is disturbed only slightly by feedstock powder injection. Also, the

high-temperature region in the lower coil might be used for evaporation of the feedstock

powder.
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Fig. 4.14: Temperature distribution in Ar-O2 tandem double-frequency ICTP by an 8-turn

coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm,

and (d) 60 mm. The upper coil is operated at an input power of 10 kW at a frequency of

450 kHz, while the lower coil is operated at 15 kW and 300 kHz.
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Fig. 4.15: Axial temperature distribution at a radial position of 25 mm in Ar-O2 tandem

double-frequency ICTP by an 8-turn coil with Ti powder injection at different gap lengths

of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm. The upper coil is operated at an

input power of 10 kW at a frequency of 450 kHz, while the lower coil is operated at 15 kW

and 300 kHz.
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Fig. 4.16: Radial temperature distribution at an axial position of 230 mm in Ar-O2 tandem

double-frequency ICTP by an 8-turn coil with Ti powder injection at different gap lengths

of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm. The upper coil is operated at an

input power of 10 kW at a frequency of 450 kHz, while the lower coil is operated at 15 kW

and 300 kHz.
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Fig. 4.17: Power density distribution in Ar-O2 tandem double-frequency ICTP by an 8-

turn coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40

mm, and (d) 60 mm. The upper coil is operated at an input power of 10 kW at a frequency

of 450 kHz, while the lower coil is operated at 15 kW and 300 kHz.
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4.4.1.3 Temperature distribution of tandem double-frequency coil ICTP with

12 turns

The number of turns in the lower coil was studied. Figures 4.18(a)–4.18(d) respectively

portray the temperature distributions in a tandem double-frequency coil ICTP with 12

turns at gap lengths of 20 mm, 30 mm, 40 mm, and 60 mm. Compared to the temperature

distribution in an 8-turn coil in figure 4.14(a), the temperature distribution in a 12-turn coil

in figure 4.18(a) at a gap length of 20 mm is axially longer one in terms of high temperature

region above 10000 K. Especially, in the lower coil region, the tandem double-frequency

coil ICTP with 12 turns has higher temperatures in axial positions of z >200 mm than the

tandem double-frequency coil ICTP with 8 turns. With increasing gap length from 20 mm

to 40 mm, the high-temperature region in the lower coil region shifts axially downer side in

the plasma torch. At gap lengths of 40 mm and 60 mm, the high-temperature region was

apparently separated into two parts in the upper coil and the lower coil as portrayed in

figure 4.18(d). This separation occurred because the tandem double-frequency coil ICTP is

heated both in the upper coil and the lower coil by joule heating independently at different

frequencies. Comparison of the temperature distribution in figure 4.18(d) to that in figure

4.14(d) reveals that the high-temperature region in the upper coil is located at almost the

same position in the tandem double-frequency ICTP with a 12-turn coil and with a 8-turn

coil. This means again that the the ICTP in the upper coil is formed stably independent

of the ICTP in the lower coil. On the other hand, the lower coil with 12-turn provides

another axially longer high temperature region at more downward position than that with

8-turn.

Figure 4.19 shows the axial temperature distribution at r= 25 mm in 12-turn tandem

double-frequency coil ICTP with different gap lengths. The axial temperature in tandem

double-frequency coil ICTP of 12 turns with a gap length of 20 mm has a high-temperature

region above 11200 K from z=130 mm to z=180 mm. Increasing gap length from 20 mm

to 40 mm decreases the temperature around 180 mm < z <210 mm, while it elevates the

temperature around z >220 mm. The decreased temperature around 180 mm < z <210

mm arises from decreased power density there because the lower coil is shifted downward.

At a gap length of 60 mm, there is a large dip in the temperature around z=200 mm.

This is due to the fact that large coils separation makes two separate ICTPs in the torch.
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Figure 4.20 depicts the radial temperature distribution of tandem double-frequency coil

ICTP with a 12-turn coil at axial position of 230 mm. The tandem double-frequency coil

ICTP with a 12-turn coil has a similar radial temperature distribution at gap lengths of

20–60 mm. This temperature is a little higher than those in the tandem double-frequency

ICTP with a 8-turn coil in figure 4.16. This is because 12-turn tandem double-frequency

coil ICTP can offer the power density just in the lower coil region. The power density

distribution by joule heating is displayed in figure 4.21. Combination and configuration of

the tandem double-frequency coil can affect the input power density distribution and the

temperature distribution. Comparison to figure 4.17 reveals that the high power density

region in the lower coil is apparently located more downward separately from the in the

upper coil region as the lower coil of 12 turns is positioned in downward region. At a

gap length of 60 mm, the two separate high power density region were found so that two

separate ICTPs forms there.

In this way, the input power density region and high-temperature region can be controlled

by adoption of an adequate coil configuration.
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Fig. 4.18: Temperature distribution in Ar-O2 tandem double-frequency ICTP by a 12-turn

coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm,

and (d) 60 mm. The upper coil is operated at an input power of 10 kW at a frequency of

450 kHz, while the lower coil is operated at 15 kW and 300 kHz.
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Fig. 4.19: Axial temperature distribution at the radial position of 25 mm in Ar-O2 tandem

double-frequency ICTP by a 12-turn coil with Ti powder injection at different gap lengths

of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm. The upper coil is operated at an

input power of 10 kW at a frequency of 450 kHz, while the lower coil is operated at 15 kW

and 300 kHz.
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Fig. 4.20: Radial temperature distribution at an axial position of 230 mm in Ar-O2 tandem

double-frequency ICTP by a 12-turn coil with Ti powder injection at different gap lengths

of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm. The upper coil is operated at an

input power of 10 kW at a frequency of 450 kHz, while the lower coil is operated at 15 kW

and 300 kHz.
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Fig. 4.21: Power density distribution in Ar-O2 tandem double-frequency ICTP by a 12-

turn coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40

mm, and (d) 60 mm. The upper coil is operated at an input power of 10 kW at a frequency

of 450 kHz, while the lower coil is operated at 15 kW and 300 kHz.
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4.4.2 Mass fraction distribution of titanium vapour and gas flow

pattern

4.4.2.1 Mass fraction distribution of Ti vapour and gas flow pattern in single-

frequency coil ICTP

First, the situation in a single-frequency coil is treated here. The evaporation amount

of Ti feedstock and the mass fraction of Ti vapour in the gas phase are influenced by gap

length parameters.

Figures 4.22(a)–4.22(d) respectively present the mass fraction distribution of Ti vapour

in single-frequency coil ICTP with different gap distances of 20 mm, 30 mm, 40 mm, and 60

mm. As these figures show, the Ti feedstock powder is evaporated to create Ti vapour just

below the tip of the water-cooled pipe in the ICTP. The vapour is transported downstream

mainly by gas convection with radial diffusion. Moreover, figures 4.22(a)–4.22(c) illustrate

that an increase in gap length in single-frequency coil ICTP only insignificantly changes the

mass fraction of Ti vapour. Figure 4.22(e) shows the mass fraction of Ti vapour for a 60

mm gap length: it was quite different from those in figures 4.22(a)–4.22(c). Figure 4.22(d)

shows that the condition of the gap length of 60 mm offers a higher mass fraction. This

point suggests that the evaporation amount of Ti feedstock can be enhanced in single-

frequency coil ICTP by a 60 mm gap length. However, gap length of less than 60 mm only

slightly affects the mass fraction of Ti vapour, implying that the evaporation amount is

elevated only insignificantly.

The plasma flow pattern is influenced by the coil configuration, which transfers Ti vapour

in the torch. Figures 4.23(a)–4.23(d) respectively present the streamline inside the single-

frequency coil ICTP at different gap lengths of 20 mm, 30 mm, 40 mm, and 60 mm. As

might be readily apparent in the streamlines in figure 4.23, a large vortex exists in the

upper side region in the plasma torch; then the gas flow bends in the lower coil region

because of the Lorentz force. If the gap length is increased from 20 mm to 60 mm, then

the gas flow vortex becomes larger. Furthermore, the gas flow bends more strongly in

radial direction. This strong bending in the gas flow produces the high-temperature region

located closer to the plasma torch axis. This closer high-temperature region on the axis

enhances evaporation of Ti feedstock to increase the mass fraction of Ti vapour.
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Fig. 4.22: Mass fraction distribution of Ti vapour in Ar-O2 single-frequency ICTP by an

8-turn coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c)

40 mm, and (d) 60 mm. The coil is operated at an input power of 25 kW at a frequency

of 450 kHz.
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Fig. 4.23: Streamlines in Ar-O2 single-frequency ICTP by an 8-turn coil with Ti powder

injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60 mm.

The coil is operated at an input power of 25 kW at a frequency of 450 kHz.
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4.4.2.2 Mass fraction distribution of Ti vapour and gas flow pattern in tandem

coil ICTP

For ICTP operated with a tandem double-frequency 8-turn coil, the mass fraction dis-

tribution of Ti vapour was calculated under conditions of Ti feedstock powder injection.

Figure 4.24 displays the influence of gap length between coils on titanium vapour mass

fraction in the tandem double-frequency 8-turn coil ICTP. The gas flow pattern for these

ICTP is apparent in figure 4.25. A large difference exists between gas flow patterns for

single-frequency coil ICTP in figure 4.23 and for tandem double-frequency coil ICTP in

figure 4.25. Single-frequency ICTP in figure 4.10 is established in the lower coil region as

one lump at axial positions, while the tandem double-frequency coil ICTP in figure 4.14

forms with axially long shape. This means that tandem double-frequency coil ICTP is

formed at upper axial positions compared to single-frequency coil ICTP. Establishment of

this tandem double-frequency coil ICTP in the upper coil creates a vortex in the upper

region of the torch around axial positions z=10–100 mm, which bends the sheath gas flow

in the radial direction by Lorentz force as seen in figure 4.25. In addition, the lower coil

current influences the gas flow pattern in downward region of the tandem-ICTP. The gas

flows in radial direction to the plasma torch axis at around z=90 mm, and then bends in

opposite radial direction to the wall around z=120 mm. The gas flows in radial direction

to the plasma torch axis at around z=90 mm is created by Lorentz force arising from the

eddy current in the ICTP in the upper coil region. On the other hand, the gas flow in radial

direction outward to the wall around z=120 mm is created by pressure gradient from the

presence of the ICTP in the lower coil region. The gas flow from the upper region comes

to the lower ICTP but it bends avoiding penetration into the lower ICTP. Consequently,

around axial position of z=120 mm, the gas flow from the upper coil region has radially

outward direction, and then it flows to downward. From this radial outward flow, Ti vapour

is transported radially wider in tandem double-frequency coil ICTP in figure 4.24 than in

single-frequency coil ICTP in figure 4.22. This indicates that tandem double-frequency coil

ICTP is useful to transport Ti vapour in a wider and extended radial region to a down-

stream reaction chamber. This extention of Ti vapour is enhanced by gap length between

the coils from the gas flow pattern. In addition, higher mass fraction of Ti vapour was

found at larger gap lengths, indicating that larger amounts of Ti evaporation occurred at
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larger gap lengths.

For a 12-turn coil, the mass fraction of Ti vapour and gas flow pattern were calculated

in tandem double-frequency coil ICTP. Figures 4.26(a)–4.26(d) respectively show the mass

fraction of titanium vapour from evaporation of Ti powder in the tandem double-frequency

coil ICTP with 12 turns at gap lengths of 20 mm, 30 mm, 40 mm, and 60 mm. In addition,

figures 4.27(a)–4.27(d) respectively portray the gas flow patterns in these cases. As figure

4.27 shows, in a tandem double-frequency coil ICTP with a 12-turn coil, a gas flow bends

more strongly than in tandem double-frequency ICTP with an 8-turn coil in figure 4.25.

Increasing gap length from 20 mm to 60 mm no changes bending position of the streamline

outward in the radial direction around z=120–160 mm. At 60 mm gap length, at around

z=220 mm, the gas flow has a radial component that is inward again because of the existence

of Lorentz force in the ICTP in the lower coil region. On the other hand, the mass fraction

of Ti vapour is similarly distributed around the torch axis for 12-turn coil with gap lengths

of 20–40 mm, with 0.02 mass fraction as a peak. This value of mass fraction shows higher

density Ti vapour can be created by using 12-turn tandem coil ICTPs.
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Fig. 4.24: Mass fraction distribution of Ti vapour in Ar-O2 tandem double-frequency ICTP

by an 8-turn coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30

mm, (c) 40 mm, and (d) 60 mm. The upper coil is operated at an input power of 10 kW

at a frequency of 450 kHz, while the lower coil is operated at 15 kW and 300 kHz.
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Fig. 4.25: Streamlines in Ar-O2 tandem double-frequency ICTP by an 8-turn coil with Ti

powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d) 60

mm. The upper coil is operated at an input power of 10 kW at a frequency of 450 kHz,

while the lower coil is operated at 15 kW and 300 kHz.
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Fig. 4.26: Mass fraction distribution of Ti vapour in Ar-O2 tandem double-frequency ICTP

by a 12-turn coil with Ti powder injection at different gap lengths of (a) 20 mm, (b) 30

mm, (c) 40 mm, and (d) 60 mm. The upper coil is operated at an input power of 10 kW

at a frequency of 450 kHz, while the lower coil is operated at 15 kW and 300 kHz.
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Fig. 4.27: Streamlines in Ar-O2 tandem double-frequency ICTP by an 12-turn coil with

Ti powder injection at different gap lengths of (a) 20 mm, (b) 30 mm, (c) 40 mm, and (d)

60 mm. The upper coil is operated at an input power of 10 kW at a frequency of 450 kHz,

while the lower coil is operated at 15 kW and 300 kHz.
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4.4.3 Particle behaviour

This behaviour of Ti feedstock particles injected into the ICTP must be calculated con-

sidering that the particles are heated, molten, and evaporated through their motion. More-

over, the particle diameter decreases with time and position during the evaporation process.

Figure 4.29 presents variations in the diameters of 35 particles as a function of axial posi-

tion in single-frequency ICTP with an 8-turn coil at a gap length of 60 mm. Behaviours of

35 particles indicated in figure 4.4 were calculated for 7 diameters and 5 initial positions

of injected particle for statistical study. In this figure, behaviour of particles at different

initial positions were distinguished by different colors: particle behaviour at a radial initial

position of r =0.3 mm is denoted by black curves, 0.6 mm by red curves, 0.9 mm by blue

curves, 1.2 mm by pink curves, and 1.5 mm by green curves, respectively. Also, feedstock

powder was assumed to consist of particles with seven discrete diameters, as presented in

the lower panel in figure 4.4.

Figure 4.29 shows that the particle diameters do not change in axial position to 225

mm because all particles are present without evaporatoin inside the water-cooled pipe.

From the axial position of 225 mm, the particles start flying into the ICTP. Then they are

heated by the ICTP. After some heating during their flight, the Ti particles have decreased

diameter due to evaporation. Because the particles are strongly heated from the ICTP, their

particle diameter decreases rapidly to 0.25 µm, resulting in generation of Ti vapour into

the ICTP. As this figure shows, all particles at 5 initial positions with 7 initial diameters

are evaporated completely until the axial position of 300 mm.

Figure 4.28 depicts the temperature variation at each shell inside one particle in single-

frequency ICTP with an 8-turn coil at a gap length of 60 mm. Some curves show temper-

ature variation for eight shells inside one Ti particle with initial diameter of 4 µm. The

most outer shell of the Ti particle has rising temperature rapidly after particle ejection.

After the temperature reaches the melting temperature of the titanium materials of 1953

K, melting occurs maintaining the temperature at 1953 K. This melting involves the liq-

uid phase fraction in the shell increased during melting. During these processes, the heat

is transported from the outer side to the inner side of the particle by thermal conduc-

tion to increase the interior temperature of the particle. After the liquid fraction of each

shell reaches unity, the shell temperature is again increased rapidly. After the temperature
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reaches the evaporation/ boiling temperature of 3535 K, particles are evaporated. In this

case, evaporation finished at the axial position of 300 mm.

If tandem double-frequency coil ICTP is used, then particle evaporation is changed from

cases of single-frequency coil ICTP. Figure 4.30 presents the diameter variation of Ti par-

ticles in tandem double-frequency ICTP by 8-turn coils with 60 mm gap length. Some Ti

particles in tandem double-frequency coil ICTP are evaporated completely, but some are

incompletely evaporated inside the torch. This is because the tandem double-frequency

coil ICTP disperses input power density in the upper coil region and in the lower coil re-

gion. For evaporation, 12-turn tandem double-frequency coil ICTP may be useful. Figure

4.31 shows the particle diameter variation in 12-turn tandem double-frequency coil ICTP.

Apparently, the diameter for all the particles injected decreases to 0 µm inside the torch,

showing complete evaporation. It is noted that tandem double-frequency coil ICTP has

one ICTP in the upper coil region for stable operation, and another ICTP in the lower coil

region for evaporation of feedstock. The above result implies again that tandem double-

frequency coil ICTP provides a temperature field that is favourable for evaporation while

maintaining ICTP in the upper region of the plasma torch for stable operation.
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Fig. 4.28: Variation in diameters of 35 Ti particles in Ar-O2 single-frequency ICTP by an

8-turn coil with 60 mm gap length.
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240 280 320
0

1

2

3

4

5

6

D
ia

m
et

er
 [

µm
]

Tandem-coil ICTP 
with twelve-turn

(Gap length 60 mm)

Axial Position [mm]

200

Fig. 4.31: Variation in diameters of 35 Ti particles in Ar-O2 tandem double-frequency

ICTP by 12-turn coil with 60 mm gap length.



4.5 Summary of chapter 4 137

4.5 Summary of chapter 4

As described herein, temperature and gas flow fields were calculated numerically for

tandem-type inductively coupled thermal plasma (tandem ICTP). Tandem ICTP is estab-

lished by two coil currents (upper coil and lower coil) in one plasma torch, which had been

developed already for nanoparticle synthesis. The temperature distribution of the tandem

ICTP and evaporation of feedstock Ti powder were obtained for different gap lengths be-

tween the upper and lower coil and coil turn numbers. Results show that increased gap

length between the upper and lower coil produces two high-temperature areas that can

be controlled separately in tandem ICTP. This result suggests that tandem ICTP pro-

vides a temperature field that is favourable for evaporation while maintaining ICTP in the

upper region of the plasma torch for stable operation. This favourable temperature field

is anticipated as one benefit of tandem ICTP beyond those provided by single-frequency

ICTP.
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Chapter 5

Conclusions

5.1 Introduction

In this thesis, the high-pressure and high-power inductively coupled thermal plasma

(ICTP) is widely used as a chemical reaction source and an effective heat source for various

materials processing. One benefit of the ICTP can offer a clean thermal plasma field without

contamination because it is an electrode-less discharge. Another benefit of the ICTP in

materials processing is that such an ICTP can provide a one-step direct processing including

rapid evaporation of injected raw materials and then rapid cooling of evaporated materials.

In light of these benefits, ICTP has been adopted recently for nanomaterial syntheses for

materials.

In this work, the ICTP is usually established by a single coil located around the plasma

torch. To this plasma torch, feedstock powder is injected to the high-temperature field,

thereby causing its evaporation. The evaporated materials are subsequently cooled to

achieve nucleation and thereafter to synthesize nanomaterials. During these processes, the

ICTP sometimes becomes unstable because of disturbance from heavy-load injection of

feedstock powder. In the worst case, the ICTP can be extinguished by an overly heavy-

load injection of feedstock powder. In this chapter, the results derived in this thesis are

briefly summarized as following sections.
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5.2 Summary of results

5.2.1 Influence of input power in Ar/H2 thermal plasma with Si

powder by simulation

In this chapter, High-power and high-pressure inductively coupled thermal plasma (ICTP)

has been widely used for various materials processing. The ICTP can be a sufficient heat

and chemical source to various materials processing with no contamination. In addition,

the ICTP gives one-step direct processing with rapid evaporation of injected raw materials

and also rapid cooling of evaporated materials. The rapid cooling of evaporated material

can enhance nucleation of vapor and produce nanoparticles in metastable phase or a non-

equilibrium during nanoparticle synthesis with input power by numerical simulation. In

this work, we studied the influence of input power on thermal interactions between 99%

Ar+1%H2 ICTP and silicon (Si) feedstock powder injection. The input power was set to

three values of 20 kW, 30 kW, and 40 kW. This numerical calculation research was made

to obtain temperature field and gas flow field and evaporated mass fraction from very

complicated interactions between thermal plasma and particle injection, which cannot be

understood only by experiments. Results indicated that higher input power increases the

temperature of the thermal plasma but it slightly enhances evaporation of the powder at

the center axis of the plasma torch.

5.2.2 Numerical Parametric Investigation on Temperature Dis-

tribution in Ar/O2 Induction Thermal Plasmas with Ti

Powder Injection-Inclusion of Particle Evaporation-

In this chapter, The inductively coupled thermal plasma (ICTP) simulation was made

for 90%Ar-10%O2 ICTP with Ti powder injection and Ti powder is used for TiO2 nanopar-

ticle synthesis. Inclusion of O2 in Ar ICTP elevates the enthalpy, which may increase the

evaporation of Ti powder. The thermal plasma temperature field is much influenced by

many physical parameters such as input power, sheath gas flow rate and also Ti powder

feeding rate. Here, we researched influences of these physical parameters on the thermal
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plasma temperature field and gas flow field. From the reference condition, only one con-

dition was changed to study the influence of specified parameter on the thermal plasma

temperature field. . As a result, the temperature distribution can be affected by these

operation parameters. Increasing sheath gas flow rate can changes the gas flow velocity

and then convective transport of hot region. On the other hand, the feedstock can influence

the temperature only on the axis through the evaporation of Ti feedstock and the affected

temperature area is small. The input power can change the value and distribution of the

temperature in the ICTP but the evaporation amount of Ti feedstock is hardly affected.

This is because the ICTP is heated by eddy current on off-axis region. These calculation

can provide fundamental data to understand the ICTP field with powder feeding.

5.2.3 Numerical study of temperature and gas flow fields in Ar-

O2 tandem-type inductively coupled thermal plasma with

Ti feedstock powder injection

This chapter describes about the tandem ICTP in Ar, O2 and Ti powder injection with

Influences of the coil turn numbers and the gap length between the two coils. For this calcu-

lation, we have two condition about configuration of ICTP. One condition is that in which

two separate coils in one plasma torch were connected in series with one power source at a

single operating frequency. Thereby, the resulting electromagnetic fields are created with

one frequency. This situation is designated herein as a ‘single-frequency coil’. The other

condition is that in which two separate coils arranged on one plasma torch were connected

with two independent power sources at different frequencies. In this case, the resulting

electromagnetic fields have two frequency components. This situation is designated herein

as ‘tandem coil’ for clarification. The high-temperature region in the upper coil region is

useful for establishment of stable ICTP, whereas the feedstock powder is fed to the lower

coil region of the ICTP to evaporate the feedstock powder. This tandem ICTP can be

useful for nanoparticle synthesis, for example. Through this study, unique distributions

were obtained for the temperature and the feedstock vapour concentration in a tandem

ICTP. Results show that increased gap length between the upper and lower coil produces

two high-temperature areas that can be controlled separately in tandem ICTP. This result
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suggests that tandem ICTP provides a temperature field that is favourable for evaporation

while maintaining ICTP in the upper region of the plasma torch for stable operation. This

favourable temperature field is anticipated as one benefit of tandem ICTP beyond those

provided by single-frequency ICTP.

5.3 Future researches

Nanomaterials receiving great attention in various fields because of their unique char-

acteristics. In this thesis, only Al3+-doped TiO2 nanoparticle and pure-TiO2 nanoparticle

were treated and synthesized. These nanoparticle has very simple spherical structure and

simple crystalline composition. Besides these simple structures, many kinds of nanoma-

terials have been investigated and studied for various applications. Thus, following topic

should be included as future work:

(1) Ar/H2 and Si powder injection.

In the present work, we numerically investigated on thermal plasma temperature fields and

powder evaporation by influence of input power in ICTP. In the future, the simulation for

Ar/H2 and Si powder should make to compare the experimental results, and then factor of

drag coefficient is important for calculation.

(2) Ar/O2 and Ti Powder Injection.

As this developed temperature behaviour in ICTP system is expected not only of parti-

cle evaporation process but also other materials processing such as zirconium. It can be

conducted with ArO2- Zr to generate ICTP plasma of ArO2- Zr for a large-area materials

processing. Further more, In the present research, the calculation condition is steady state,

for the future is better to use transient calculation..

(3) Ar-O2 tandem-type ICTP with Ti feedstock powder injection.

As the purpose that mentioned in section 4, this tandem coil ICTP is better use with other

material processing such as, Ar/H2 and Si powder injection and then calculation by influ-

ence of input power in upper coil and lower coil for a further temperature behavior and

stable operation in plasma torch. Perhaps, these may lead to a new and advance technology

for a tandem coil processing using a inductively coupled thermal plasma.


