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Nomenclature

A = area, m?, or magnetic vector potential, V. sec/m

A = Jacobian matrix, or area, or magnetic vector potential

B = blackbody function, W/m?, or magnetic flux density, T

B = magnetic flux density vector

c =  speed of sound, or speed of light, m/sec

c = mass fraction, or model constant

Cpo =  specific heat at constant pressure, J/(kg. K)

C, = specific heat at constant volume, J/(kg. K)

C; = ]th component of thermal velocity, m/sec

d =  distance, m

D = electric flux density, C/m2, or, effective diffusion coefficient, m%sec, or
diameter, m

D = electric flux density vector, or vector of destruction terms

e =  electric charge, C, or energy per unit mass, J/kg

E = internal energy, J/ m®, or electric field, V/m

E = electric field vector

f = mass fraction, or model function

F =  external force or Lorentz force, N/ m®

F = vector of inviscid terms

F, = vector of viscous terms

g = relatively velocity, m/sec

h = enthalpy, J/kg, or Planck constant, m? kg/sec

AR® = enthalpy of formation, J/kg

H = magnetic field , A/m

H = magnetic field vector, or vector of axisymmetric source terms

| = current, A

I = identity matrix

j = current density, A/m?

Js = diffusion flux of species s, kg/(m?sec), or Jacobian

J = current-density vector

k = Boltzmann constant, J/K, or reaction-rate coefficient, m/(mole. sec), or

turbulence energy, J/kg
Knudsen number
equilibrium constant
Length, m

mass, kg ,or mass flux, kg/( m*sec)
Mach number

mass-flow rate, kg/sec
number density, 1/m*
number of molecular species
number of species

pressure, Pa

turbulent Prandtl number
vector of production terms
heat flux, W/m?

collision cross section, m?
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internal energy-exchange rate, W/m?®

vector of conservative variables

radial coordinate, m

gas constant, J/(kg. K), or, radius, m

Reynolds number

residual vector

internal energy-exchange rate, W/m?®

Joule-heating rate, W/m?®

time, sec

temperature, K

eigenvector matrix

velocity, m/sec

magnitude of velocity, m/sec

mass average velocity, m/sec

average velocity of species s, m/sec

volume, m®, or diffusion velocity, m/sec
mass-production rate, kg/( m*sec)

vector of source terms

axial coordinate, m

mole fraction

radial coordinate, m

distance from wall, m

number of charges of species i

degree of ionization

interaction parameter, coil current parameter, relaxation parameter
specific heat ratio, or reduced velocity

Kronecker delta

dissipation rate of turbulence energy, W/kg

vacuum permittivity, 8.85x 10712 F/m

heat efficiency

characteristic temperature, K

thermal conductivity, W/(K. m), or Mean free path, m, or wavelength, m,
or eigenvalue

Debye length, m

eigenvector

molecular viscosity, N. sec/m?

reduced mass of species s and k, kg

turbulent viscosity, N. sec/m?

magnetic permeability, 1.26 x 107 V. sec/ (A. m)
collision frequency, 1/sec, or kinematic viscosity, m?/sec
stoichiometric coefficient of reaction r of species s
density, kg/ m

charge density, C/ m®

electrical conductivity, S/m, or model constant, or spectral radius
differential scattering cross section for species i and |
Stefan-Boltzmann constant, W/(K* m?)

stress, N/m?, or relaxation time, sec

Reynolds stress, N/m?

average quantity per unit particle
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X = angle of deflection

Q = collision integral, m?
Subscripts

av. = mass-averaged

B = magnetic

b = backward

CFL = Courant-Friedrichs-Lewy condition
D = dissociation, or Debye

e = electron

ex = electronic excitation

E = electric

f = forward

k = turbulence energy

I = ionization, imaginary part
in = inflow

int = internal

L = left, Lorentz force

M = molecular

p = p"control volume

R = real part, or rotation, or right
rad = radiation

ref = reference

rot = rotation

S =  species

t =  turbulent

T = translation

tr = translation

vV = vibration

v =  viscous

vib = vibration

w = wall

€ =  dissipation rate of turbulence energy
A =  wavelength

0 =  tangential component

1 = cell next to wall surface
12 = cell interface
Superscripts

a =  ambipolar

conv = convection

e = electron

i = component in jth direction
n =  time step

rad = radiation

rot = rotation

t = turbulent

T = temperature

vib = vibration



Chapter 1 Introduction
1.1 Research Background

As a spacecraft entries or re-entries the atmosphere of planet such as Earth, Mars,
Jupiter etc., its surface will be subjected to the strong aerodynamic heating due to the
dramatic deceleration from several km/s to the lowest possible velocity. To ensure safe
landing of the vehicle, it is necessary to load the thermal protection system (TPS) such
as light ablator and heat-shield ceramics on the spacecraft to prevent it being damaged.
As is indicated by M. Auweter-Kurtz 1, the material of TPS should have following
characteristics: (1) be able to withstand the strong convective and radiative heat fluxes;
(2) with small mass, and a smooth surface; (3) the material catalycity should be as low
as possible to avoid the activation of surface recombination reactions or nitrogen oxide
formation; (4) the emissivity of material must be as high as possible to promote the
radiation cooling. To research and develop TPS, a lot of efforts have been made in past
decades to model the reentry conditions of spacecraft by using the ground-based
facilities. The common characteristic of these facilities is that all of them can generate
high-enthalpy flows to reproduce planet-entry environment on the ground.

The representatives of such facilities are as following: shock tunnel, arc-heated wind
tunnel, inductively coupled plasma wind tunnel etc. The characteristics of each facility
are described respectively as following: (1) the shock tunnels are very useful devices to
produce supersonic and hypersonic flow to simulate reentry condition on the ground.
However, these facilities have disadvantages that they can maintain high speed flow
only for very short time because of their intermittent working. (2) The arc-heated wind
tunnel is capable to generate the high-enthalpy flow stably and continuously, while the
electrode erosions of arc is apt to contaminate the high-enthalpy flow. Therefore it
cannot be used to study the catalytic effects of TPS materials, because the electrode
erosions may also participate or play as the catalytic agent in the chemical reactions. (3)
The inductively coupled plasma wind tunnel (ICPWT) is also one of important high-
enthalpy facilities in the aerospace industry. It can produce stable and continuous high-
enthalpy flows with peak temperatures of approximate 10000 K by means of the radio-
frequency (RF) inductive discharge of operating gases. Because there is no contact
between the heating element and working gas in the heating process, the produced
inductively coupled plasma (ICP) flow is highly pure. This advantage and the high-
enthalpy property make ICP flows being preferred sources to develop the thermal
protection systems of reentry vehicles. Thus many researchers pay their attention and
interests to construct ICP wind tunnels in the past three decades.

1.2 Inductively Coupled Plasma Wind Tunnel

In the worldwide, there are various power-scale inductively coupled plasma wind
tunnels. Table 1.1 illustrates the examples of ICP wind tunnels. Generally, The ICP
wind tunnel is composed of inductive coil, quartz tube and vacuum chamber. According
to the heating type of the inductive coil, the inductively coupled plasma wind tunnel (or
called inductively coupled plasma heaters) is clarified into two types: helical and planar
type. Fig. 1.1(a) and (b) show the helical and planar coil inductively coupled plasma
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Inductively Coupled Plasma Wind Tunnel

heaters, respectively. In the materials processing industries, the planar coil inductively
coupled plasma heater is preferred. It is widely used to modify the surface properties of
materials such as plasma etching, preparing nanoparticles of silicon base intermetallic
compounds ', plasma synthesis of ultrafine nanostructure powders #! etc. Usually, the
working pressure of the planar coil inductively coupled plasma heater is relatively low,
and is about 1.0 — 500 Pa.

On the other hand, in the aerospace industry the helical coil type inductively coupled
plasma heater is more common. This may be contributed to the advantage that it can
work in wide-range and high pressure conditions, even in the atmospheric pressure
condition. This advantage makes the helical coil ICP heaters an adaptable and
convenient means to study the catalytic effects of TPS materials, model thermal and
chemical phenomena on the surfaces of heat shields of reentry spacecraft, and develop
high-performance materials of flare-type membrane aeroshells in the aerospace industry.
In this study, we focus on studying the helical coil type inductively coupled plasma
heaters in the following parts.

Table 1.1 Examples of inductively coupled plasma heaters

Country  Affiliation Coil  Total power  Pressure Frequency  Refs.

type (kW) (kPa) (MHz)

Belgium VKI helical 1200.0 101.0 0.40 [4]
Japan ISAS/JAXA  helical 110.0 10.0 1.78 [5]
Japan ISAS/JAXA  helical 10.0 4.0 4.00 [6]
Japan  Univ. Tokyo helical 2.0 0.1 13.56 [7]
Russia IPM RAS helical 100.0 10.0 1.76 [8]
China CARDC helical 500.0 5.0 0.44 [9]
China CAS helical 15.0 50.0 3.00 [10]

German IRS helical 375.0 100.0 1.45 [11]

USA  Univ.Houston planar 2.0 0.001 13.56 [12]
Korea KAIST planar 0.5 0.001 13.56 [13]

Inductive coil \.—

Wil \

/*/ ! \ \
Quartz tube ! ; ,, ‘ | 1

Torch
B S ——

Extended tube

(a) helical coil type



Historical Studies and Current Trends

inlet 3

inductive
coil

ground

inlet 4 inlet 2

(b) planar coil type *2
Fig. 1.1 Inductively coupled plasma heater: (a) helical coil type ; (b) planar coil type

1.3 Historical Studies and Current Trends

In past decades, numerical investigation using computational fluid dynamics is an
attractive approach to understand the heating mechanism, examine the flow and
temperature fields, optimize structural parameters of ICP heaters ™ etc. Thus far,
many numerical simulations have been performed for argon ICP flows %%, For the
pure nitrogen ICP flow, Barnes and Nikdel ! first applied a linearized energy-balance
equation to obtain the temperature and velocity distributions for an ICP discharge.
Punjabi et al. ® comprehensively examined the flow fields of an ICP torch using
several test gases including nitrogen under the assumption of local thermal and
chemical equilibrium. This LTE hypothesis is very useful for studying the transport of
mass, momentum and energy as well as the gas flow and the temperature fields in the
ICPWTs but limited to some restricted operating conditions such as atmospheric
pressure working conditions. Tanaka et al ¥ numerically studied the chemical
nonequilibrium nitrogen ICP flows by using Dunn-Lordi’s chemical kinetic model 4 to
simulate the chemical nonequilibrium process under the local thermal equilibrium
assumption. A departure from chemical equilibrium in the distribution of the particle
composition was found when the chemical kinetic model was considered. About the
chemical kinetic model, compared with Dunn-Lordi’s chemical reaction model, an
improved chemical kinetic model was developed later by Dunn and Kang through
experimental and theoretical studies *°!. Park also made some improvements for the
development of chemical-kinetic model for nonequilibrium plasma flows %%, Several

dissociation reactions (e.g., N,+e'=N+N+e') were found playing important roles in
predicting chemical compositions of plasma simulations 2724,

As for air ICP simulations, because it is difficult to model thermodynamic and
transport phenomena for multicomponent air, a few studies have attempted to predict
the flow proPerties of air plasma inside ICP torches in the last decade. Vasil’evskii and
Kolesnikov % simulated inductive air and argon plasma flow in a cylindrical discharge
plasmatron channel by approximating chemical and thermodynamic equilibrium. Their
calculations revealed two types of complex plasma vortexes in the channel. However,
there were no adequate air chemical models to describe the ionization and dissociation
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processes of air at high temperature in their works. Degrez et al. 301 take into account a
chemical-kinetic model by using two different finite-rate chemistry models for ICP
flows in air. The chemical-kinetic model was found to play an important role in
predicting temperature distributions and concentrations of species. Sumi et al. ©
performed numerical studies of air flow inside the 110 kW-class ICP wind tunnel. They
solved Navier-Stokes (N-S) equations coupled with Park’s two-temperature model
considering Dunn-Kang’s 11 species and 32 chemical reactions of air. Although their
work was encouraging, the flow was limited to in the ICP torch. In a practical situation,
the plasma will flow from the torch exit into a larger vacuum chamber for experiments
and applications such as plasma diagnosis, spectroscopic analysis, and ablation
experiments of TPS materials. On one hand, because there is sufficient space and a
stable environment in the vacuum chamber, precision measuring instruments can easily
be set up in it and reliable experimental data can be acquired there for validation of
numerical methods. On the other hand, if detailed flow properties inside the vacuum
chamber can be obtained, they will be very useful for tentative analysis and determining
correct flow parameters for further studies such as investigation of nitridation reactions
i i [31] i i [32]
occurring at a graphite surface *~ and simulation of thermal response of an ablator "~

Recently, in order to predict the flow properties more accurately, the numerical
simulation coupled with an thermal nonequilibrium model is an interesting subject for
many researchers. Previously, Park’s two-temperature model is widely used to study
thermal nonequilibrium phenomena of arc-heated and ICP flows. For more accurately
prediction of internal energy exchanges between translational, vibrational, rotational,
and electronic mode of chemical particles, a four-temperature model considering the
internal energy transfer such as electron-vibration, electron-rotation, vibration-
translation, vibration-rotation, and rotation-translation was developed and used to study
the thermal nonequilibrium process of an arc-heated flow /. Note that for the electron-
vibrational energy relaxation time, Lee’s previous theoretical data *4 was used in this
four-temperature model. According to Bourdon’s work B!, more accurate vibrational-
electron relaxation time was available in the temperature range of 3000-20000 K.
Beyond this temperature range, Kim et al B¢ recently proposed a method to assess the
vibrational-electron relaxation time for nitrogen molecular in modeling electron-
vibration energy exchange.

Radio-frequency inductive discharge is one of important characteristics for ICP flows.
Maxwell’s electromagnetic equations need to be solved to describe this phenomenon
and obtain the Joule heating rate distribution. Previously, Mostaghimi and Boulos "
proposed a standard electromagnetic model to describe the inductive discharge for ICP
flows. Although this model is quite accurate and physically relevant. However, because
of the point-by-point integral boundary conditions on the torch wall, this method
requires a lengthy iterative process to realize a converged solution of the
electromagnetic equations %, In addition, this method can be used for high-pressure
ICP flows. While for low-pressure ICP flows, it is apt to lose the effectiveness and
accuracy ™. Based on this standard electromagnetic model, Xue et al ®& proposed a
far-field electromagnetic model to reduce the computational time. The computational
domain was generally divided into three zones as: plasma torch, inductive coils and far-
field region. This far-field model is quite efficient and physical correct, while the
computational method which is needed to update the electromagnetic field or coil
current was not given in their work.

As for an ICP simulation, transport properties of the working gas serve as important
and indispensable components in the modeling procedure. In the last decade, for
simplicity the first-order formula of Chapman-Enskog approximation was widely used
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to calculate the transport properties such as electrical conductivity and electron thermal
conductivity for ICP flows 2239 hecause of the tight coupling between aerodynamic
and electromagnetic fields in an ICP simulation, the electrical conductivity will affect
the distributions of Joule heating rate and Lorentz force significantly. Therefore, it is
better to compute the electron transport properties using the high-order perturbation
technique of Chapman-Enskog theory M. While the calculation with this high-order
technique needs much more collision integral data and is complex. With development of
molecular and atom theory, recently Ghorui et al “Y gave a method to calculate
different kinds of collision integrals for interactions of charged-charged species.
Laricchiuta et al [“? also tabulated some transport coefficients to evaluate collision
cross-sections for interactions of electron-neutral species. Therefore, the high-order
accuracy electron transport properties for nitrogen and air became achievable through
their works.

As a summary, in this study the four-temperature model with a modified electron-
vibration relaxation time is adopted to study thermal nonequilibrium properties of an
ICP flow. It is the first time applied to ICP simulations. Moreover, Xue et al’s far-field
electromagnetic model is introduced to describe the radio-frequency discharge. A stable
and efficient method is proposed to update the coil current for the control of that
electromagnetic-field calculation. Besides, a relatively simple but accurate method is
developed to compute the third-order-accuracy electron transport properties of nitrogen
and air. This method and the computed high-accuracy results are applied to present ICP
simulations.

1.4 Objective and Scope of the Present study

Because complex heating phenomena occur in ICP wind tunnels, it is difficult to
measure all of the flow properties, such as spatial distributions of temperature, velocity,
and concentration of chemical species. Numerical investigations using computational
fluid dynamics methods are an attractive approach to study the flow fields and heating
process of ICP wind tunnels. Therefore, it is necessary to establish effective
computational code to predict basic flow properties of an inductive plasma.

As for the purposes of this study: (1) the final goal is to supply accurate flow-field
properties (e.g. flow temperature, pressure, number density of chemical species etc.) for
the study of TPS such as investigation of nitridation reactions occurring on the TPS
materials, simulation of thermal response of an ablator. (2) Another objective is to
develop effective computation code for the optimum design of ICP wind tunnels. (3)
The direct purpose of present study is to make clear the flow and electromagnetic fields
of the 10-kwW ICP wind tunnel. To clearly understand the inductive discharge, it is
necessary to reveal the heating process and the interactions between electromagnetic
and flow fields.

About the scope of present study, the flow fields inside the 10-kW and 110-kW ICP
wind tunnels are studied by solving two-dimensional axisymmetric compressible N-S
equations tightly coupled with the electromagnetic-field calculation. To accurately
determine the temperature field a four-temperature model with chemical-kinetic
reactions is employed to determine the temperature field and study the thermochemical
state of plasma flows. Since the radio-frequency (RF) inductive discharge plays an
important role in the coil region, we introduce a far-field electromagnetic model to
describe the heating process by the RF discharge. The interactions between the
electromagnetic and flow fields in the induction torch are studied and discussed. Taking
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into account the effects of turbulent heat transfer in ICP flows, the low Renolds-number
turbulence model AKN k-¢ model is also used.

In addition, the third-order-accuracy electron transport properties for nitrogen and air
are computed in wide pressure and temperature ranges and applied to the present
simulations. A relatively simple approach to calculate the electron transport properties is
summarized and given in this study with the latest available collisional integral data. To
validate the method, the calculated electron transport properties for air and nitrogen
under the atmospheric pressure condition are compared with the corresponding
experimental and theoretical results in literatures.

In summary, as the first step, we numerically simulate nitrogen and air ICP flows by
using the abovementioned equations and models in the 10-kW and 110-kW ICPWTs.
Their basic flow properties are shown and discussed in detail. Thereafter, to validate the
numerical methods used presently, comparisons of the numerical and experimental
results are performed for the 10-kW and 110-kW ICPWTs, respectively. Next, we
compare the numerical results obtained under the local thermal equilibrium and thermal
nonequilibrium assumptions. Finally, the effects of electron transport properties with
the first-order and third-order accuracies on the temperature field are investigated.

1.5 QOutline of Thesis

The outline of thesis is given here. Generally, the thesis includes five parts:

First, the research background, physical model, objectives and study scope are
discussed in the Chapter 1.

In Chapter 2, the description of facility and key physical features of an ICP flow are
given first. Second, the governing equations and models used to describe the flow and
electromagnetic fields e.g. N-S equations, magnetic vector potential equations and
chemical reactions model are constructed and discussed. Third, the basic theories for
computing gas transport properties and internal energy exchanges are addressed.

Numerical methods used to solve abovementioned equations are mainly described in
Chapter 3. The governing equations are solved using a finite volume approach. The
numerical fluxes of the flow-field and electromagnetic-field equations are evaluated
using proper schemes, respectively. The time integration is performed implicitly. The
boundary conditions for solving abovementioned equations are also given in this
chapter.

Chapter 4 gives the numerical results of the flow and electromagnetic fields for the
10-kW and 110-kW ICP wind tunnels. In order to validate the present numerical
methods, the simulated results are compared with the corresponding experimental data
first. Then, flow properties such as thermochemical nonequilibrium, interactions
between flow and electromagnetic fields, and effects of detailed electron transport
properties model are discussed in detail.

Finally, some conclusions obtained from the present study are denoted in Chapter 5.



Chapter 2 Flow Characteristics and Governing Equations

2.1 Analysis Objects

In the present study, we focus on flow fields in the following two ICP wind tunnels:
the 10-kW and 110-kW ICP wind tunnels in Japan Aerospace Exploration Agency
(JAXA). Table 2.1 shows comparison of the facility feature, e.g., driving frequency of
the coil current f, lengths of the torch L, diameters of the coil d... In addition, the three
operating parameters, i.e., the typical input power P, operating pressure P, in chamber,
and the mass flow rate mare also shown in this table. These facilities working-pressure
and power-scale are quite different and the characteristics of the flow field are expected
to be greatly different. For example, as the operating pressure is higher, the inductive
plasma flow field tends to be thermochemically in equilibrium and the effect of thermal
nonequilibrium model is thought to become important.

Table 2.1 Comparison of 10 kW and 110-kW ICPWTs
Facility f(MHz) L., (mm) d.(mm) P (kW) p., (kPa) m(g/s) Refs.
10-kW 4.00 200.0 8.0 10.0 1.0-50 0.3-15 [6]
110-kwW 178 250.0 8.0 90.0 2.0-10.0 1.0-25 [5,43]

2.2 Facility Description

The ICP wind tunnel system usually consists of double quartz tube, inductive coil,
radio frequency generator, test chamber, vacuum system, gas and power supply system,
and water cooling system.

2.2.1 10-kW ICP Wind Tunnel

Overview and geometry of the 10 kW inductively coupled plasma wind tunnel is
illustrated in Fig. 2.1. The inductive coil and quartz tube are the key components of an
ICP wind tunnel. Specifically, the 10 kW inductively coupled plasma heater consists of
five parts: the gas inlet, inductive coil, quartz tube, extended tube, and the vacuum
chamber. The inductive coil turns three times around the discharge torch (quartz tube)
with an interval of 17.5 mm. The diameter of the coil is 8 mm. The axial and radial
positions of the first coil center is x = 90.0, y = 52.5 mm. The total length and diameter
of the torch are 200.0 and 75.0 mm, respectively. The frequency of the alternative
current that runs through the coil is 4.0 MHz. Because of narrow space in the torch, it is
difficult to carry on experimental studies in the torch, therefore, an extended tube is
connected to the torch exit to lead the plasma flow into the spacious vacuum chamber.
Sometimes in the experiment of generating an air ICP flow, the flow tends to be
unstable in the vacuum chamber in the radial direction . Thus, a thin orifice plate with
an inner radius of 25 mm and wall thickness of 1.5 mm is assembled in the extended
tube to stabilize the air plasma flow. Finally, the produced high-enthalpy flow spreads
into the large vacuum chamber for various industrial applications.
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Fig. 2.1 Schematic of the 10-kW inductively coupled plasma wind tunnel: (a) overview,
(b) detailed components

2.2.2 110 kW ICP Wind Tunnel

Schematic view of the 110 kW inductively coupled plasma wind tunnel is illustrated
in Fig. 2.2. The test gas such as nitrogen, air and carbon dioxide is injected from a
narrow opening near the wall at the beginning of the torch. The width of the inlet is
about 2.4 mm in the radial direction ©!. The total length and diameter of the torch are
250.0 and 75.0 mm, respectively. The coil also turns three times around the quartz tube.
The interval between each coil center is 16.5 mm. The axial and radial positions of the
first coil center is x=51.0, y=51.0 mm. Compared with the 10-kW inductively coupled
plasma wind tunnel, the discharge region of this wind tunnel is closer to the torch inlet.
It seems that the effects of the turbulence and gas movements near the inlet would be
stronger than those of the 10-kW ICP wind tunnel.
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Fig. 2.2 Schematic of the 110-kW inductively coupled plasma wind tunnel

2.3 Physical Phenomena in an ICP wind tunnel

Although the structure of an ICP torch as shown in Fig. 2.3 is relatively simple,
physical phenomena in the torch are very complicated. The working gas is injected from
the inlet with a subsonic speed, and then heated up dramatically by the intense
electromagnetic-field which is induced by the RF alternative coil current. Because of
large Joule heating deposition in the coil region, the working gas begin dissociating and
ionizing, and then forms a high-temperature, and high-enthalpy flow in this region.
Because of light mass and active property of electrons, much Joule heating energy is
preferentially absorbed by them. Through elastic collisions between electrons and other
heavy particles, they exchange internal energy between each other. In the condition of
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relatively high-pressure but low input power, the generated inductive plasma flow may
be weakly ionized. It means that compared with the number density of heavy particles,
the amount of electron existing in the flow is much fewer than that of heavy particles.
Therefore the internal energy exchange between electron and heavy particles may be
insufficient. It results in the possibility that the ICP flow stays in thermochemical
nonequilibrium.

Coils

Outlet
—

Inflow
—

Electromagnetic field

NN N N N NN NN

O OO
Fig. 2.3 Structure of inductively coupled plasma torch

2.3.1 Radio Frequency Inductive Discharge

Inductive discharge is nearly as old as the invention of electric power, with the first
report of an “electrodeless ring discharge” by Hittorf . He wrapped a coil around an
evacuated tube and observed a discharge when the coil was excited with Leyden jar.
Plasma in an inductive discharge is created by application of radio-frequency power to a
non-resonant inductive coil. Inductive sources have potential advantages over high
density wave-heated sources, including simplicity of concept, no requirement for dc
magnetic fields, and radio frequency rather than microwave source power.

The inductive coil is commonly driven at 1.0 — 13.56 MHz through a capacitive
matching network. The coil can also be driven by using a balanced transformer which
places a virtual ground in the middle of the coil and reduces the maximum coil-to-
plasma voltage. This reduces the undesired capacitively coupled RF current flowing
from coil to plasma. In an inductively coupled plasma, power is transferred from the
electric fields to the plasma electrons within a skin depth layer of thickness 6 near the
plasma surface by collisional dissipation and by a collisionless heating process in which
bulk plasma electrons collide with the oscillating inductive electric fields within the
layer. Electrons are accelerated and subsequently thermalized by the Joule heating
process. The collisional skin depth of an inductive discharge can be roughly written in

the forms:
/ 1
S, = |— 2.1
skin 7Zf,UOO' ( )

where f, uy, and o are the current frequency, vacuum permeability, and electrical
conductivity of plasma.
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2.3.2 Dissociation and lonization Process

The working gas is dissociated and ionized by the severe Joule heating in the
inductive coil section. The dissociation and ionization process is thus one of the
important phenomena in an inductively coupled plasma wind tunnel.

There are processes of dissociation and ionization by various events in a discharge
field. Some types of dissociation, recombination and ionization reactions are described
here.

(1) Collision dissociation:

Molecules can be dissociated to form atoms through elastic collisions with heavy

particles which possess enough energy. The molecule AB denotes N,, O, and NO for
nitrogen and air.

AB+C = A+B+C (2.2)

(2) Inelastic collision - Third body recombination:
An inelastic collision occurs between a particle A and another B which has enough high
Kinetic energy.

A+B= A"+e +B (2.3)

In starting process of ionization, the next two reactions (3) and (4) are important.

(3) Photoionization - Radiative recombination:
In a very high-temperature region, gas radiation may become predominant. In such field,
it is sufficiently thought that an atom absorbs a photon which has high frequency and it
ionizes.

A+hv = A" +e” (2.4)
where h and v represent the Planck constant and frequency, respectively.

(4) Field ionization:
An electron is extracted from the atom by a strong electric field.

E(A) = A" +e” (2.5)

(5) Charge exchange ionization:
As moving electron from a particle, charge exchange occurs.

A+B' = A" +B (2.6)

Near the torch wall where the temperature is relatively low, the above reaction becomes
important to transfer the discharge.

(6) Electron-impact lonization:
This ionization process caused performed by electron collision is very important in the
discharge region.

A+e = A" +e +e (2.7)

Through the electron-impact ionization reaction, two electrons are generated by one
collision. When temperature and number density of the electron reach certain values, the
above reaction can rapidly proceed. This torrential ionization is referred to as “Electron
Avalanche (also Avalanche lonization)” and it is one of the key mechanisms to maintain
a discharge in an ICP facility.

11
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2.3.3 Joule Heating

A working gas such as argon, nitrogen, air, oxygen or carbon dioxide is injected into
a quartz tube from the inlet of the ICP torch, and is vigorously heated by an alternating
electromagnetic field induced by a radio-frequency current. This heating process is the
Joule-heating (or called Ohmic heating) and is one of the most important mechanisms in
the ICP wind tunnel. The electric energy is transformed into the test gas by the Joule-
heating process in the heating section. It is thought that the gas in the inductive coil
region is dissociated/ionized, forming high temperature and high enthalpy flow. On the
other hand, in the outer flow around the plasma core, the gas forms low temperature
flow due to cooling water on the quartz tube wall. Hence, the chemical composition in
the outer flow is expected to be molecules.

Because of intense electromagnetic-field induced by the alternative coil current, the
interaction and coupling between this electromagnetic-field and the electrons in an ICP
flow is strong. Therefore the effect of electromagnetic-field induced by the plasma
current should be also considered i.e., the Lorentz force should be considered. In
performing the ICP simulation, it seems that not only the Joule heating need to be
solved with the flow field equations, but also the Lorentz forces should be considered in
the momentum equations. Additionally, to take into account the phase difference of the
electromagnetic-fields induced by the coil current and plasma current, the complex form
of Maxwell electromagnetic equations is usually used to figure out the distributions of
the electric and magnetic fields in the ICP torch.

2.3.4 Nonequilibrium Process

In general, the nonequilibrium process of a plasma flow usually includes two aspects:
chemical nonequilibrium and thermal nonequilibrium. (1) the chemical equilibrium or
nonequilibrium state of a flow highly relates to the number density of the gas
considered. Because the chemical reaction rate mainly determined by the number
density of the chemical species participating in the dissociation/ionization reactions.
The rate of chemical reaction increases rapidly with increasing of the number density at
a given temperature. Therefore, we may encounter circumstances where the
characteristic time of chemical reactions t, is the same order with that of the flow field
7, due to low density. In this case, it is usually referred as chemical nonequilibrium
flow. However, if 7, > 7, in this case, it indicates that the chemical reactions complete
instantaneously so that local chemical compositions of gas can be determined only by
thermodynamic properties at that location. Then, the flow can be thought in chemical
equilibrium, or called chemical equilibrium flow. (2) To explain the thermal equilibrium
and nonequilibrium processes, First we explain internal energy modes of a gas here. For
dissociated/ionized gases, a diatomic molecule has several modes of internal energy as:
translational, rotational, vibrational and electronic excitation energy modes which are
shown in Fig. 2.4. For a monoatomic molecule, atom and electron, there exist the
translational degree of freedom. The atom as well as the molecule also include the
electronic excitation degree of freedom. Furthermore, the property ‘temperature’ can be
defined for each internal degree of freedom as translational, rotational, vibrational and
electronic excitation temperatures. If there is no sufficient time or chance to relax the
internal energies between chemical species. It means the temperatures hardly relax for
each other. Then, the flow is referred to as “thermal nonequilibrium flow”. On the other
hand, if the energy relaxation between internal energies proceeds fast and cause energy
equilibrium for each internal energy mode. In such a situation, all temperatures are
almost the same and the flow is referred to as “thermal equilibrium flow.

12
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In the high pressure such as atmospheric pressure condition, it is thought that the flow
field of an inductive plasma is close to be in equilibrium due to the frequent collisions
between particles. On the other hand, as the pressure decreases in the torch, there tend to
be less particle collisions. The internal energy exchange and chemical reaction by the
particle collisions may be hardly occur. As a result, the ICP flow is far from
thermochemical equilibrium. Thus, in order to predict the flow properties accurately,
nonequilibrium analysis may be required in the present inductively coupled plasma flow
calculation.
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Fig. 2.4 Internal energy-mode

2.4 Numerical Modeling of Nonequilibrium ICP Flow

So far, the main physical phenomena in the inductively coupled plasma wind tunnel
were described in the previous sections. In this section, some key phenomena are
discussed in order to introduce an appropriate numerical model into the present
inductively coupled plasma flow simulation.

2.4.1 Flow Field

In experimental studies, commonly, a steady inductive coupled plasma flow is
desired and useful to carry on ablating or spectroscopic investigations. Although three-
dimension flow simulation is preferable, its numerical procedure will cost much
computation time and is difficult. Since the inductive coil and quartz tube are cylindrical
and axisymmetric, it is reasonable to adopt the axisymmetric two dimensional
assumption in the present simulations. Thus, the flow-field computations are carried out
under the two-dimensional, axisymmetric and steady state assumptions.

To approximately evaluate whether the flow is continuous or not, it is available to
calculate the Knudsen number as:

K, =2 (2.8)

where 4 denotes the mean free pass and L shows the characteristic length in a flow field.
The mean free pass is expressed as follows:

1

NPT (2.9)
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where d is the diameter of the particle (i.e., d=0.375 nm for molecular nitrogen) and n
represents the number density. With the characteristic length L and the mean free path A,
the Knudsen number can be calculated. If the Knudsen number is smaller than 0.01, the
flow field can be assumed to be continuous and it is possible to utilize the Navier-
Stokes equations to analyze the flow field. To approximately evaluate number density,
the following gas state equation is used:

n=p/kT (2.10)

where k is Boltzmann constant. For the 10 kW and 110 KW ICPWTs, their typical
operating conditions are 4000 Pa and 10000 Pa, respectively. the maximum temperature
of an ICP flow is about 10000 K. Using above equations and constants, the Knudsen
numbers can be approximately calculated, which are shown in Table 2.2. For the 10 kW
and 110 KW ICPWTs, the evaluated Knudsen numbers under their typical working
conditions are 0.0014 and 0.0058. Thus, the Navier-Stokes equations can be used to
analyze the flow fields of 10 kW and 110 KW ICPWTSs.

Table 2.2 Knudsen numbers
Facility A(m) L(m) d(nm) p(Pa) n(l/m’) K,
10-kW ICPWT 53x105 0.0375 0.375 4000 3.0x10?2 0.0014
110-kW ICPWT 2.2x10~5 0.0375 0.375 10000 7.5x10?> 0.0058

2.4.2 Electromagnetic Field

For an inductively coupled plasma flow, the electromagnetic fields induced by a
radio-frequency coil current controls heating process of the flow. The working gas such
as nitrogen and air is vigorously heated and dissociated/ionized by this alternating
electromagnetic field. In order to make clear the heating mechanism and the interactions
between electromagnetic and flow fields, Maxwell’s equations need to be solved to
figure out the Joule heating rate and electromagnetic fields in the ICP torch.

The complete Maxwell’s equations which consists of the Faraday, Ampere and Gauss
laws are written as

V.-D=p,, (2.11)
V.B=0, (2.12)
oH
VXxE =—u, — .
X Uy e (2.13)
oD
VxH=J+—
= (2.14)

where p., %,Eo,ﬂo, E, H, J denote the total electric charge density, displacement

current density, permittivity of free space, permeability of free space, electric-field
intensity, magnetic-field intensity, and total current density respectively. The electric
flux density D and magnetic flux density B are proportional to the electric field and the
magnetic field as:

D=¢,E, (2.15)
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B = y,H. (2.16)

Because plasma flow can be thought being electric neutrality, so the total electric charge
density p, can be assumed to be zero. On the other hand, because the physical essence

of the displacement current (I; = ﬁ‘;—de) is the variation of electric field. It cannot

contribute to generate Joule heating or other chemical effects [**. Moreover, in this
study the evaluated displacement current density (J,=0D/ot=i2nfe)E ~ 21 X 4.0 X
10° x 8.85 x 10712 x 5000 ~ 1.1 A/m?) seems much smaller than the coil current
density (J. = I/(rR?%,;;) ~ 100/(m X 0.0042) =~ 2.0 x 10° A/m?). So the displacement

.. oD . . .
current density Y can be neglected for an ICP simulation. Then, abovementioned

complete Maxwell equations are simplified as following for the ICP simulations:

V-E=0, (2.17)
V-H=0, (2.18)
oH
VxE=—u, 2
<E =y (2.19)
VxH=J. (2.20)

If these four equations can be solved out, the electromagnetic field of an ICP flow can
be clearly understood.

2.4.3 Thermochemical Nonequilibrium

In the inductive coil region, it is possible that the generated plasma flows stays in
thermal and chemical nonequilibrium states in some extent. Thermochemical
nonequilibrium strongly affects evaluations of chemical reactions and solutions of
electromagnetic field. Particularly, rotational and vibrational temperatures are important
factors in dissociation/recombination processes, while the electron temperature will
have influence on ionization/de-ionization reactions and evaluation of electrical
conductivity which is involved in the magnetic vector potential equations, Joule heating
rate, and Lorentz forces. In an ICP flow simulation, these chemical reaction processes
and Joule heating are expected to play important roles. Thus, it will be better and more
proper to consider thermochemical nonequilibrium in the numerical modeling.

For nonequilibrium plasma simulation, previously, Park’s two-temperature model
was widely used to study thermal nonequilibrium phenomena of arc-heated and ICP
flows. For more accurately prediction of the internal energy exchange between
translational, vibrational, rotational, and electronic mode of chemical particles, recently
a four-temperature model considering the internal energy transfer such as electron-
vibration, electron-rotation, vibration-translation, vibration-rotation, and rotation-
translation was developed and used to study the thermal nonequilibrium process of an
arc-heated flow 3. Note that for the electron-vibrational energy relaxation time, Lee’s
previous theoretical data B* were used in this four-temperature model. According to
Bourdon’s work ! however, more accurate vibrational-electron relaxation time was
available in the temperature range of 3000-20000 K. Beyond this temperature range,
Kim et al B recently proposed a method to assess the vibrational-electron relaxation
time for nitrogen molecular in modeling electron energy phenomena.
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2.4.4 Assumptions

Based on the above discussions, the following assumptions are introduced in this
study:

(1) The flow is continuum, steady, and axisymmetric.

(2) Nitrogen and air are used as the working gas.

(3) The flow field is in thermochemical nonequilibrium and the temperature is separated
into translational 7., rotational T,,,, vibrational T, and electron 7, temperatures.
The electronic excitation temperature is assumed to be equilibrated with the electron
temperature. On the other hand, the electronic-excitation energy and the electron

energy are assumed to be equilibrated T,, =T,.

(4) The placement current and total free charge density in free space are neglected.
(5) The Lorentz force, magnetic field induced by plasma, and gravity are considered.
(6) Turbulence is considered

2.5 Flow-Field Equations

As the first step of a numerical computation, derivations of the governing equations
should be performed correctly. On the basis of the assumptions introduced in the
previous sections, we derive flow-field equations in the present section. As for a
thermochemical equilibrium flow simulation, it is reasonable to use the total mass,
momentum and total energy conservations only to describe the flow field. However, if
the interest exists in the simulation of thermochemical nonequilibrium flow, it is
necessary to also consider the species mass and species energy conservations e.g.,
rotation, vibration and electron-energy conservations in the system of governing
equations. Thus, in this section the derivations of the flow-field equations including
total mass, momentum, total energy, rotational, vibrational and electron energy
conservations are discussed here. The present formulation derivations owe substantially
to the Ref. [46].

The conservation equations can be derived according to the Boltzmann equation.

Multiplying the average quantity per unit particle <§05>, the Boltzmann equation
becomes

0 0 i
a(ns<<os>)+a—xj(ns<¢su; )=5((e.)), (2.21)

where () represents the averaged value of a quantity, and n,, vsj are the number density

of species s and jth component of particle velocity, respectively. In addition, S(<(05>)
shows the variation rate by interactions among species.

2.5.1 Mass Conservation

Taking ¢, =m, in Eq. (2.21), we can obtain the mass conservation for species s.

First, the mass density is written by, n.(m,) = p, and the jth component of the thermal
velocity is defined as follows:

C)=u!-u/, (2.22)
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where uoj is the jth component of the mass-averaged velocity, which is given by:

ns )
J
2P,
s
ns )

>p

S

ul =

(2.23)

Thus, replacing the thermal velocity Csj by the diffusion velocity Vsj, the mass
conservation for species s is written by:

dp, 0 v
Lol n)]=w, 224

where W, represents the mass production rate due to collisions. The summation of Eq.
(2.24) over all the species yields

IS | o+ 3N = Y. (2.25)
at S aXJ S S S
Since Z PV, and Zv‘vS are zero by definition, we obtain the total mass conservation
as follows:
i
9P APh) _ g (2.26)
ot OX;
where
pP=2.p: (2.27)

2.5.2 Momentum Conservation

The momentum conservation equation for the species s can be obtained by replacing
the quantity ¢, by the momentum msu;. Here, the production rate term S((msub)
consists of the following three external forces: the interaction force due to collision of
species Fi,ims the electric field force FEiys and the magnetic field force. The second term

on the left hand side of Eq. (2.21) in identifying ¢, = msuj is expressed by:
n,(Muul) = p, ((Ugu) +(UCL) +(Clud) +(CICH) = p, (uud +(CICY) ). (2:28)
The viscous stress tensor 7V is defined as:
) =—(p(CCH-po"), (2.29)

where " is the Kronecker delta. As a result, the momentum conservation can be
obtained as follows:
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0 i 0 i i aT;j i i i
a(psus ) +§(,OSUOU(§ + p55] >_W = I:int,s + FE,S + FB,S' (230)
Taking all plasma species s as an integer, the internal force F,, , between chemical

species can be thought as 0. Therefore, the total momentum conservation equation is
obtained by summation over all the species as:

0 [ 0 i iy 0T & i
a(pu0)+§(puoug+p5‘)—W:ZS:FE'S+gFB,S. (2.31)
According to Hirschfelder, Curtiss and Bird " the viscous stress tensor is given by:
i ouy oul 2aous i
Yo 2+ =250, 2.32
i ”[m' x 3K j (2:32)

where puis the viscosity for a gas mixture. Due to strong interactions between the
electromagnetic field and the ionic species of an inductively coupled plasma flow, the
electric and magnetic forces are considered in this study. The summation of the electric

and magnetic forces are usually called as the Lorentz force F,. Consequently, the total
momentum conservation equation is expressed by

o, i\ O o 0 oul oul) 2 auf
a(puo)+%(puoué + paj): axj |:)u£ax? =+ ax? ]—gﬂggéj}ﬂ' FLi' (233)

2.5.3 Energy Conservation
The energy conservation equation for species s is obtained by setting

<¢S>=<% m.uiuly +{e,), where the (% m.ulu!) and (¢, are the average densities of

translational energy and internal energy of rotation, vibration, electron and chemical
energy mode, respectively. First, we transform the translational energy density as

Cmuul) =Zm, > (). (234)
where
Ui}y =((uy +CL)) =ujuy +(CIC). (2.35)
Hence, the energy becomes
1 i 1 iy, 1 i~ 1 iy,
n5<§ MUU ) + N (€ = Ps (E UgUg +§<CSCS> + eim’sj =P, (5 UgUy + €, ) , (2.36)

where €, represents the total energy per unit mass. Then, the translational energy flux
(ulululy is transformed as follows:

(uivluly = {i(ug +C! )2}(% +C/ )
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= (ugus +(CICL) Jug +2(CICJyuy +(CICIC)). (2.37)

§TSTS

The heat flux component due to random motion is defined by
QSJ = %ps<CsICsICsJ> + ps <6intcsj > (238)

The energy flux term in Eq. (2.21) is here described with Egs. (2.29) and (2.38) as
follows:

(G i)+ deg)) = o4 @ Ul +esj+f’s (-e+p)ra. (239

The production rate term S((msu;ub) consists of the power done by the electric and

magnetic forces (FEi,s+FBi’,s)u; the rate of energy supplied by elastic and inelastic

collisions S;,; and the Joule-heating rate by the electric field S;,,.. Thus, the energy
conservation equation for species s is expressed as

9 oo e | +-2| pud [ Luivi +e +i( ui)_i( iiui)+6isj
8tp5200 S a)(1'1050200 S 5Xj psO Xsto 6Xj

=(Fy+ R Jud +Sp s+ Sioue (2.40)

int,s

Similarly, the total energy conservation equation is obtained by summation over all the
species:

O o[ Lo ve | |+-2-| puil Luiyi +e +i( Uj)_i( ijUj)+aij
at| Pl 2o ox | Frol 2o axd \PHo ) 75 (F o ) 5
= Z( I:Ej,s + FBJs )JSJ + Sjoule ' (241)

where e is the total energy per unit mass and g’ is the jth component of the total heat
ns

flux. The summation of the rate of energy by elastic and inelastic collisions Zsm is
S

zero by definition. When the Chapman-Enskog approximation is applied to a gas
mixture (¢! the total heat flux is expressed as summation of translational, rotational,
vibrational and electron temperature gradients and diffusion, that is,

q. —ﬂ, aTtr

- Tr
J axj

oT oT.. or, & -
+1 ot — gy hv./'. 2.42
rot an ﬂ'vnb an e 8Xj gps sVs ( )

where h, shows the enthalpy per unit mass for species s. In addition, 4, 4,,, 4, 4

rots “*vib 1 e
are the translational, rotational, vibrational and electron components of the frozen
thermal conductivity, respectively. Consequently, under the assumption that the plasma
iIs macroscopically neutral, the total energy conservation equation is obtained as the

following form:
0 1 0 (L j
a P EUOUO +e ||+ @ puo EUOUO +€e |+ pUO
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[ﬂtr = + j'rot rot + /ﬁivm VIb + ﬁ“ e + zps hsvsj J
j s

J J

+ 2 iy 8_“9+a“ 24 a“ka +S e (2.43)
ox) o ox ) 3 oM

In the same way, each internal energy conservation is obtained for the rotational energy
conservation,

0 ro 0 rouj 0 ro 3
(g t)+ (panJt O):aXJ( rot t) j(pzhrots S)+S'nt rot * (244)

and for the vibrational energy conservation,

a(Pe 'b) o8, J) 0 ib 5
- - ( Vi VI ) (,0 hvi sVs)+Sin vib (245)
ot aXJ aXJ ib S=ZM: b, t,vib

finally, for the electron energy conservation,

olpe.) , (prg) __O(pu3) 0
ot ox! ox! ox!

where €., €,i,, € are the rotational, vibrational and electron energies per unit mass,

1
(ﬂ“e an ) + an (Ph ) + S|nt e joule (2 46)

respectively. Additionally, h,,, h,,, N, represent the enthalpies per unit mass for each
energy. The production terms due to collisions S;; 1or, Sivtvivs Sine aNd Sjye Will be

discussed later.

joule

2.5.4 AKN k-¢ Turbulence Model

For the arc-heated flow simulation it was reported that the turbulence model played
an important role in the heat transfer process 2", Therefore, in this study the turbulence
model is also considered to model the turbulent ener y transfer. In order to predict the
effect of turbulence properly, the AKN k-¢ model "™, a low-Reynolds-number two-
equation turbulence model, is used in this study. The turbulence transport equations for
the turbulent kinetic energy k and its dissipation rate ¢ can be written as

apk 0 5 w)ok| ey,
pku. +4 | — 47, 2.47
at ax( )= axj{(“ aJ@X} “ax e (2.47)

J
P2, 0 (peu)= 2N ps P |98l c g 2n M e rpS (249)
ot ox, Vo ox agaxj ali g TG By
The turbulent eddy viscosity can be obtained from:

k2
#=C,Tp—. (2.49)

The model constants in Egs. (2.47), (2.48) and (2.49) are given by:
C,=009, o,=14, 0,=14, C,=15 C,=19

and the model functions are denoted as
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et e 3]

f,=1,
oo Y ) iz 03ex (B
fz_{l exp( 3.1}} {1 0.3exp{ (200) H
where

y*=M, (2.50)

1%

k2
RT:@. (2.51)

Here, v represents the kinematic molecular viscosity.

2.6 Electromagnetic-Field Equations

In order to enhance the computational efficiency and reduce the complexity of the
electromagnetic equations, the aforementioned Maxwell’s equations are rewritten here
and simplified further as following:

V-E=0, (2.52)

V-H=0, (2.53)
oH

VxE=-u, —, 2.54

x Ko at ( )

VxH=J. (2.55)

where E, H, J are the electric-field intensity, magnetic-field intensity, and total current
density, respectively. Considering that the magnetic-field intensity can be expressed by
the magnetic vector potential A that satisfies "):

UH=VxA, (2.56)
Substituting equation (2.56) into (2.54) yields:
0A
E= G (2.57)

Since the vector potential A is oscillating with the angular frequency of a coil current w,
A can be expressed in a Flourier mode, and equation (2.57) becomes:

E :_%:—'one‘wt =-iwA, (2.58)

where w=2nf. f, Aj, i respectively denote the driving frequency of the coil current,
amplitude of the vector potential, and complex factor (i=+~1). Substituting equation
(2.56) into (2.55) as well as using the Coulomb’s gauge V- A=0, we obtain:

VA =—u,J. (2.59)
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For the cylindrical induction plasma torch, the coil and plasma current can be assumed
to be composed of parallel rings. So it is reasonable to assume the vector potential has
only the tangential component ¥ j.e., A= (A, A,A)=(0, A, 0). To take into account

the phase differences between the electromagnetic field generated by the coil current
and that induced by the plasma, the tangential vector potential 4, stands for a complex
variable, i.e., 4y=Ar+iA4;. Finally, the magnetic vector-potential equation is expressed
as:

VZA, =—u,d,. (2.60)

2.6.1 Standard Electromagnetic Model

To solve the magnetic vector potential governed by Eq. (2.60), Mostaghimi and
Boulos ! proposed a mathematically elegant model to deal with this issue. In this
model, the electromagnetic field in the ICP torch is only considered. The coil current is
out of the computational domain. The effect of vector potential generated by the coil
current is equivalently transformed and considered through the torch wall. In the ICP

torch, because there only exist plasma current, so J, in Eq. (2.60) denotes plasma

current density. Taking into account the Ohm’s law and using Eq. (2.58), the plasma
current density can be expressed as:

J, =0E, =—l0dA, =—-lwc(A; +iA)), (2.61)

Substituting the Eq. (2.61) into Eq. (2.60), then we get:
VZA, +wu,oh =0, (2.62)
VZA —ou,oh =0. (2.63)

The vector potential in the torch can be solved by these two equations. While the vector
potential 4, and 4; on the torch wall are defined as following:

luol n yj lan)C.V. yp
=20 N Gk )+ 225N [ 226 A S Gk, ), 2.64
A 27[,—2_;‘ Ve (J)+27[Zl yoap I,pp(p) (2.64)
/JCOC'V' y
A=Y y_zapAR,pspG(kp), (2.65)
G(k)=(§—k]K(k)—%E(k), (2.66)

4y, 4y, Yo
k. = ! ,and k. = P . 2.67
| J<yj+yo>2+<xj-xo>2 et J<yp+yo>2+<xp—xo>2 o0

where (X, Yj), (Xo, Yo), (Xp, Yp), Which are shown in Fig. 2.5, denote the position
coordinates of the j coil current, torch wall and the p™ control volume. K(k) and E(K)
are the first and the second kinds of complete elliptic integrals. The symbols I and S,
denote the amplitude of a coil current and the cross section area of p™ control volume in
the torch. Note that in the Eq. (2.64), Ag includes two parts Ag=Ag; +Ag>:
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_:u_()l n L . _C.V. _MC.V. ﬁ
A =" JZ; yoG(k,-), A, —;ARz,p = pz; " o, A ,S,Glk,). (268)

Ap, is the vector potential generated by the coil current. Ay, is integrated from the flow
field and denotes the vector potential produced plasma current.

-th -
] i coil, (xy,)
601
S 1 A, O O
E_ 404
> ]
20% Pras
p"control volume, (x,.y,)
. +—7—T——
0 40 80 120 160 200

X, mm
Fig. 2.5 Hllustration of the vector potential on torch wall

The advantage of this electromagnetic model is that vector potential induced by an
coil current or plasma current ring can be analytically computed by Biot-Savart law %),
which is explained and expanded from cylindrical to Cartesian coordinate system in the
Appendix A. This model is mathematically elegant, physical correct and indicated as the
standard model for ICP simulations in the past B8 It has been introduced into my
computational code, and is useful to study physical properties for the high-pressure ICP
flow B% However, under the relatively low-pressure ICP flow (e.g., p=3.9 kPa) this
standard model tends to be incorrect due to its ignorance of coil current diameter and
failed to reproduce plasma flow in the simulation. The assumption of this standard
model that current carry rings of the coil is infinite thin seems tending to be ineffective
in the low-pressure condition for the ICP simulation. To remedy this, a far-field
electromagnetic model is also introduced in the computational code.

2.6.2 Far-field Electromagnetic Model

To properly solve the electromagnetic field for the low-pressure ICP flow, Xue et al’s
far-field electromagnetic model B is introduced into this study to describe the radio-
frequency discharge. The computational domain of electromagnetic field is extended
from the ICP torch to a farther field. The current carrying rings are not assumed to be
infinitely thin. The diameter of the coil current is taken into account in the computation.

Thus, the current density J, in Eq. (2.60) is thought to be composed of two parts:

J, =J, +Jiq, Where J, is the current density in the coil, and J;,4 is the current density

in the plasma. Similarly, considering the simplified Ohm’s law, and then using Eq.
(2.58), we obtain:

Jog =0E, =—l0wdA,, (2.69)
Then the Eq. (2.60) becomes:
VA, —iuywod, =—u,J. (2.70)
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If an amplitude of sinusoidal coil current | is given, the amplitude of the current density

J, can be calculated by J.=I/(nR?), where R, is the radius of the coil. Finally, the far-
field magnetic vector-potential equations are expressed as:

V2 A+ 0oy =—p1d;, (2.71)
V?A —ouoh, =0. (2.72)

When solve these two equations on the far-field grids, the coil current density J. is set
zero outside the inductive coils. Outside plasma torch, the electrical conductivity o is set
to be zero. Different from Xue et al’s work ! no additional source terms for
momentum and energy equations are used to counteract the inertia forces between
interfaces and achieve a no flow situation outside the torch in this study. In addition, the
computational method which is needed to update the electromagnetic field or coil
current was not described in their work. Therefore, we supplement a method to control
the electromagnetic-field calculation when solving the equations (2.71) and (2.72). This
method is described in Section 3.8 in Chapter 3.

Finally, once the equations (2.71) and (2.72) are solved out, then the electric field and
magnetic field can be calculated by vector potential 4, as:

E,=E, +iE, =—iaA, =—io(A, +iA ) = oh, —icA,, (2.73)
oA

uH, =Lo (2.74)
oy
OA

H, =-2% 2.75

,UO y aX ( )

And then, the bridge terms of the electromagnetic and flow fields such as the Joule
heating rate S;,,. and Lorentz forces Fy; (e.9., F,. F;,) terms can be obtained. The
Joule heating rate that is derived from Ohm’s law is defined as:
1
S e = 5 0 (A2 + A7), (2.76)

The axial and radial Lorentz forces can be expressed as:

_,UU * (e
R =27 RelE H, |= =27 (EoH , +EH, )

__00(p A _p
_ Z[A“ax A‘axj’ 2.77)

FLy:IUOO_Re[EeH:]:&(ERHR +E|H|x)

2 2 X ’
__00f A OA O 2.78
S A e

where Re[ ] denotes the real part of the term in the bracket. The tangential electric field
Is expressed as Eg = ER + iE;. H" represents the complex conjugate of magnetic field
intensity H.
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2.7 Chemical Reaction Model

2.7.1 Reaction Rate

For the simulation of a chemical equilibrium flow, chemical compositions are locally
determined by temperature and density because the reactions instantaneously
accomplish due to frequent collisions between chemical species. However, in treating
chemical nonequilibrium that chemical reaction rate has finite value, the chemical
species equations must be solved and the source term need to be evaluated. When there
are ng chemical species and n,. reactions in reaction system, an equation of the chemical
reaction is expressed as follows:

— 4,/ 4 —
Vi Kyt v Xg2vy Xo+e+vig X, r=1---,nr, (2.79)

ns,r

where v,  and v, represent the stoichiometric coefficients of reactants and

productions of a reaction r of a chemical species s, respectively. Mass production and
reaction rates of the chemical species s in forward and backward reaction r are
expressed by

(d[(;(:S]j - VS’,I'kf,r[Xl,r]VLr [szr]"z,r e '[an,r]vr‘&r ! (280)

f.r

(d[(;(:S]j - VS,rkb,r[Xl,r]VLr [XZ,r]Vé‘r o '[an,r]v;ls’r . (281)
b,r

Here ki, and k,, show the reaction rate constants of the forward and backward
reactions. Mole concentration of species s is defined as: [X,]= p, / M. The production
rate W, is obtained by summing Egs. (2.80) and (2.81) over all the reactions:

Ws = Msz(vs,,r _Vs,r)(Lf,r - Lb,r)’ (282)
r=1
where
ns p Vir
L, = kfrH 21, (2.83)
=l I\/Ij
s (o p. Vi
L. =k [ 2L (2.84)
b, b, L,

Assuming forward or backward reaction rate k to be a function of temperature, the
reaction rate is written with an Arrhenius type form as

k=CT"exp(-6, /T). (2.85)
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The reaction-rate coefficients C, n, and @ depend on temperature. In particular, 6, is
referred to as characteristic temperature of reaction r. In equilibrium state W, =0, the
mass production and reaction rate is equal in Eq. (2.82), L;, =L, hence,

k
LL K™, (2.86)
kb

T
where K is the equilibrium constant, which can be obtained as

ns & Vi
fil ]

J

Kot =

' ns & Vie
)

]

(2.87)

2.7.2 Reaction Type

There are many reaction types in chemical reaction in high-temperature gas. Here, the
following reactions are treated and modeled:
1) Heavy-particle impact dissociation,

A,+M 2 A+A+M, (2.88)
2) Electron impact dissociation,
A,+e =2 A+A+e, (2.89)
3) Associative ionization,
A+A = A +e, (2.90)
4) Electron impact ionization,
A+e = A" +e +e, (2.91)
5) Charge exchange reaction,
A,+B" = AJ+B, (2.92)

where M shows the heavy particle such as N, and O.
For chemical reactions in high-temperature air, the test gas was assumed to consist of

11 air species ( N,, O,,NO,N;, 05, NO",N,O,N", 0" ande” ) and 49 chemical
reactions which are summarized in Table 2.3. Note that when nitrogen is considered as

the test gas, 5 species (N,, N3, N, N", and e” ) and 8 chemical reactions summarized in
Table 2.4 are used. The chemical reaction rate was determined with an Arrhenius type
form as

kf,r (Tf ): CrTfn eXp(— 0, /Tf ) (2.93)
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The coefficients of the reaction rate c,, n, and ¢, were taken from Park’s and Dunn-
Kang’s work 2> 2 L %2 The backward reaction rate k,, was evaluated from the

corresponding equilibrium constant K*/:
kb,r(Tb): i (Tb )/Keq (Tb)- (2.94)

The effective temperatures Tr and T}, are determined from T, and T, or the geometric

average of Ty, T,,;, and T,. Note that the rotational temperature is not used when
calculating the effective temperatures in the present study because it is unclear how it
contributes to the above chemical reactions.

Recent studies (reported in Ref. [53]) have employed the rotational temperature by a
state-to-state approach and have focused on the contribution of the rotational
temperature to dissociation reactions. However, these data are considered to be
inadequate for determining the contribution of rotation in multi-temperature models.
The equilibrium constants, which are functions of only temperature, are calculated by
the curve-fitting formula given in Ref. [26] as

K =exp| A, IZ,+ A, + A, INZ,+ A Z,+A,ZE ], (2.95)

where Z, =10 /T, Note that there exist no available data in the above reference for a

charge-exchange reaction between molecular nitrogen and ionized one (N,+N" =
N, +N )as

K =exp| B, Z¢ +B,,Z¢ +B, 23 +B, Z, +B,,Z, +B;, |, (2.96)

where Zg =In(10"/ T, ). We use the parameters for this reaction reported in Ref. [28],
though several models for this reaction have been reported in previous studies B* %,
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Table 2.3 Chemical reactions of air

r Reactants Products Ty T, C, 0,
1-6 Nyt M; = N+N+M, VT T, Tw  70x10*" -160 113,200
7-10 N+ M, = N+N+M, T,T T, 3.0x102% -1.60 113,200
11 Nyte = N-+N+e T, T,T, 3.0x10** -160 113,200
12-17 O,+M; = O+O+M, T,T, Twr  20x10* -150 59,500
18-21 0,+ M, = O+O+M, T,T.: T, 1.0x10**> -1.50 59,500
22-25 NO+M; = N+O+M; JT. T, T,  50x10' 000 75500
26-31 NO+M, = N+O+M, T, T,  1.1x107 0.00 75500
32 NO+O = N+O, T, T, 8.4x10%  0.00 19,450
33 N,+O = NO+N T, T, 6.4x10'7 -1.00 38,400
34 N+N = Ny+e T, T, 4.4x10’ 150 67,500
3% 0+0 2 O)t+e T, T, 7.1x10? 2.70 80,600
36 N+O =2 NO'+e T, T, 8 8x108 1.00 31,900
37 N+e = Nite+te T, T, 725%x10%* -3.82 168,600
38 O+e = O'+e+e T, T, 3.9x10°% -3.78 158,500
39 NO+O = N'+0, T, T, 1.0x10'2 050 77,200
40 O;+N = N'+0, T, T, g 7x10'3  0.14 28,600
41 O™+NO = N'+0, T, T, 1.4x10° 190 26,600
42 0;+N, = N;+0, T, T, 99x10'2  0.00 40,700
43 0,+0 = 0'+0, T, T, 4.0x10'2 -0.09 18,000
4 NO™+N = O'+N, T, T, 3.4x10'% -1.08 12,800
45 NO'™+O, = 0;+NO T, T, 24x10'® 041 32,600
46 NO™+O = O;+N T, T, 72x10'2  0.29 48,600
47  O'+N, = N;+O T, T, 9.1x10'' 0.36 22,800
48 NO™+N = N;+O T, T, 7.2x10®  0.00 35,500
49  N,+N' = N;+N T, T, 1.0x10'2 050 12,200
Note: M,=N,, 0,, NO, N5, 05, NO"; M,=N, O, N, 0"; M3=N,, 0,, N5, O
M,;=NO,N, O,NO",N", 0"
Table 2.4 Chemical reactions of nitrogen
r Reactants Products Ty T, C, n 0,
1 N,+N, = N+N+N, T, T T,  4700x10'7 -0.50 113,200
2 N,+N; = N+N+Nj JTu T T,  7.000x10*' -1.60 113,200
3 NN = N+N+N m T,  4.085x10%% -1.50 113,200
4 N,+N* = NN+N' /T, T. T,  3.000<10%2 -1.60 113,200
5 Nyte = N+N+e T, 7,7, 3.000x10** -1.60 113,200
6 N+N = Ni+e T, T,  1.400x10'* 0.00 67,800
7 N+e = N+ete T, T,  1.100x10%? -3.14 169,000
8 N,+N* = N;+N NN 2.020x10'" 0.81 13,000

N
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2.8 Thermodynamic Model

2.8.1 Thermodynamic Properties
For a diatomic molecule, internal energies per unit mass are described as follows:

es = etr + erot + evib,s + Ahsol (2-97)
h,=e,+RT,, (2.98)
3
€rs =7 RsTtr 1 (299)
c2
erot,s = RsTrot ! (2100)
RO,
€ins = s : (2.101)
Y eXp(@)vib,s /Tvib,s ) -1
Hence, specific heats of the diatomic molecule are expressed as follows:
Cu,s = Cu,tr,s + Cu,rot,s + Cu,vib,s’ (2102)
C,s =C,+R,, (2.103)
0,
Cotrs =—= =§RS, (2.104)
ot 2
oe
Cprors =——=R,, (2.105)
Y ‘ a-I-I’O'[
2
oe,; O s [ 2T
Cu vib,s = e = Rs . ( - - ) . (2106)
ATy, Sinh (O s / 2T )

On the other hand, for a monoatomic molecule, since there exit no rotational and
vibrational freedoms, the internal energies per unit mass and the specific heats are given

by

e, =€, +Ahl = g R.T, +Ah?, (2.107)
h =e +RT, = g R.T, +Ah?, (2.108)
3
Cu s Cu,tr,s = E Rs ’ (2109)
= R, = > R
Cp,s - Cu,s + R _E S (2110)

For electrons,
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ee = etr,e = g ReTe ] (2111)
5
h=e +RT,=2RT, (2.112)
3
Cu e Cu,tr,e = E Re ’ (2113)
C=C_+R =2R 2.114
pe u,e+ e_E e ( )

Chemical data of each species, such as the molar mass M, , the vibrational
characteristic temperature ©,; ., the enthalpy of formation AR? | the dissociation
energy Eg , and the ionization energy E, ,, are shown in Table 2.5.

Table 2.5 Chemical species data
Species M, (kgimole) B, (K)  4n?(I/kg) Eps(/kg)  E  (I/kg) Ref.

N, 28x10°3 3353 0 3.365%10’ - [26]
0, 321072 2239 0 1.545%107 - [26]
NO 30x10°3 2699  2.995x10° 2.267%107 - [26]
N 28x1072 3129  5.372x107 - - [26]
0; 32x10°2 2652  3.639x107 - - [26]
NO* 30%103 3373  3.282x10~ - - [26]
N 14x107° - 3.364x10’ - 1.002x10® [26]
o) 16x1072 - 1.543%107 - 8.218x107 [26]
N 14%10°3 - 1.339%107 - - [26]
o} 16x10° - 9.787x%107 - - [26]
e 5.486>10~" - 0 - - [26]

2.8.2 Equation of State
Partial pressure of each chemical species is expressed as

P, = A R:T,,. (2.115)
For electron, electron pressure is given in the same fashion by
P. = PR, T.. (2.116)

Total pressure is obtained by summation of the partial pressure of each species:

ns ns R
p=2.p,=> pRT, +2RT, = pRT, +p,. (2.117)

S#€

The gas constant R except the electron is defined as

R=D2R, (2.118)
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For the specific heats and the specific heat ratio of the mixture gas,

A < Ps X < Ps A A 2
C, =§—c C, _g—cpys, 7=C,IC,. (2.119)

Since C, —C, =R the pressure is also written as follows:

p=(7-pC.T, +p.. (2.120)

The total energy per unit volume is given by summation of each internal energy and the
Kinetic energy as

E=) pe +%,ouiui + pk

= péthr + zpserot,s + Zpsevib,s +peee +ZpsAhso +%pq2 +pk
s=M s

s=M
=E, +E o +Eyp +Eo + D podh +%pq2 + 0K . (2.121)
s=1

where g° =UuU,. With Eqgs. (2.120) and (2.121) the total pressure is given again by

p= (7;_1)|:E - Erot - Evib - Ee _ZpsAhsO _%pqz _pkj|+ Pe- (2122)
Moreover, the total energy E can be also written with the pressure p as
E:pA_—ie_FErot+E\/ib+Ee+ZpsAhso+%pq2+pk' (2123)
V= s

The expressions are utilized in differentiating partially the pressure.

2.9 Transport Properties

The transport properties were calculated by using the Chapman-Enskog theory ®® in
the present study. The kinetic theory of gases is based on the Boltzmann equation,
which describes the behaviour of atoms and molecules in dilute gases using a statistical
approach.

To accurately evaluate the electron transport properties such as electrical
conductivity and electron thermal conductivity, the third-order formula of Sonine
polynomial terms were used to determine them ™. The required several kinds of
collision cross sections were referred from the works of Laricchiuta et al ™2, Capitelli et
al 1 and Ghorui et al Y. To validate the numerical methods used in calculating the
electron transport properties, the computed electron transport properties under the
atmospheric pressure condition will be presented and compared with other researcher’s
experimental and theoretical data. Last, because the ICP flow was usually operating
under the pressure conditions p = 0.01 — 1.0 atm ** ¥ so we also give the computed
electron transport properties under the representative pressure conditions such as p =
0.01, 0.1, 0.5, 1.0 atm. The variation tendency of the electron transport properties under
different pressure conditions will be also studied.
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Moreover, the viscosity x and translational, rotational, vibrational thermal
conductivity were calculated according to the Yos’ formula ®°, which is based on the
Chapman-Enskog approximation. The collision integrals requwed to compute the
viscosity and the abovementioned thermal conductivities were evaluated using the
methods and data in Ref. [28]. For a nonequilibrium plasma, Fertig et al. % gave an
improved value of the collision integral data for N-e and O-e. Therefore we adopted
their data in the present calculation. The diffusion coefficients were given by the
formula of Curtiss and Hirschfelder 2. Ambipolar diffusion was assumed for charged

species, pa — 1+, /T, )D,, Where Dy is the effective diffusion coefficient of the ionic
species.

2.9.1 Collision Cross Section

In order to determine the transport properties of high-temperature air and nitrogen,
we need to calculate the collision cross sections. Strictly, the accurate collision cross

sections (j,('ls) should be calculated by:

l,s 4 25+3
Q7 = (s+1)'[2|+1 D' <[ eelribiraer &1

where the cross section is given as:
1 — M — cag!
Q" =2z["fu-cos' (1 )pdb, (2.125)
The angle of deflection is :

dr
y=n-2b , (2.126)
'[r 2 1-b% 112 —2¢(r)/ 41, ;0

where b is the impact parameter; 7, ; =/4 ;9 2/ 2KT is the reduced relative velocity of

particles; x; ; = is the reduced mass of both colliding particles; g is the relative

m; +m;
velocity of both particles at infinity; and r, is the distance of closest approach. ¢(r) is

the interaction potential between species such as the Screened Coulomb potential
between charged-charged species.

Ghorui’s method
To accurately determine the collision cross section for the interactions between

charged and charged species such as N, —e~,e~ —e~, recently Ghorui et al (41 gave an
improved method to evaluate the collision integral under screened coulomb potential for

nonequilibrium plasmas. The simple expressions of collision integrals Qif'j’s) (I=1-2,
s=1-5) are written as:

Q% - /%Fﬁzb(fr(s)[ln(A)—o.S—zy+z//(s)], (2.127)
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27KT;
o7 =2 =+ A (sYIn(A)-1.0-27 +y(s)]. (2.128)

1

.. - A (1,
Then, the collision cross sections Qifj * can be expressed as:

_ Al +1 Q)
b9 = U+) & (2.129)
' (s+DHN21+1-(-1)'] KT,
27sz
where the reduced temperature Tij*, and the reduced mass mIJ are expressed as
., MT, +mT,
T =, (2.130)
m; +m;
m,m.
mp = ———. (2.131)
m; +m;
Here the subscript i and j denote the pair of mutual collision species.
A= 24y : (2.132)
/2,
by = 2, (2.133)
2p
where the distance of closet approach 4 is expressed as
2
A-p 1| (2.134)
4re, kTij

A value of B equal 1.03 is used in this study. The Euler constant # is equal 0.5772.
Ay is the Debye length. The accurate form of 4., which considers the effect of ions on
Debye Shielding, is expressed as:

-1/2

e’ n, &
Ap = go—k(T— + ;T—i) . (2.135)
w(s)= Z L w(1)=0. (2.136)

n=t N
s#l

The value of the Gamma function 77(s) is given as 77(1)=1.0, 77(2)=1.0, 77(3)=2.0,
I(4)=6.0, 1°(5)=24.0.
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Laricchiuta's curve-fittings

Since the calculation of the collision cross sections requires much computational cost,
Curve-fitting of the collision cross sections have been carried out by many researchers
for the interactions between heavy particles. It is effective to use those fitting data to
reduce the computation cost, if they are available.

According to the recent work of Laricchiuta et al, the collision cross section for
electron-neutral interactions are expressed as a function of temperatures as the
following formula:

O s) — g3xgs exp[(x— 91)/92]
“ EXp[(X_gi)/92]+eXp[_(X_91)/92]

2
g, exp{— (%] ]+ O, +09;0x%. (2.137)

9

+

where X = In(Te), g,~ 04, are the tabulated transport coefficients given in Ref. [42]

Gupta's curve-fittings
According to Gupta, Yos, Thompson and Lee ! the diffusion-type Qiflj‘l) and the

viscosity-type Qiflj'l) collision cross sections are expressed as a function of temperatures
as the following formula:

2
)} (A (NT)*+Bus) INT+Cou ]

QY = [eXp( Dy , (2.138)

(2.139)

A5 (INT)2+B (5, INT+C_
):| [Qi(’zj,z)( ) Qi(yzj‘z) Qi(’zj,z)]

Qi(,zjVZ) = I:eXp ( D@(%Z)

1]

where the constants Aq{.j,s), B?‘,‘;” : C@.(.';” and Dq(‘,jys) are obtained by Gupta's works . If

Q
collision particle pair consists of ions or electron,
QL =Q ¥ xInA(p,) Q%Y =Q® xInA(p,). (2.140)
Specifically, if collision particle pair consists of ions,
1 T 4 T 8/3
InA(p,) = > In {2.09 x107 (1005[)1/4 j +1.52[100(‘)rpl,4 j ] , (2.141)

where p, is the electron pressure in atmospheres. For the pair of collision which

consists of electrons, the collision cross section is corrected by multiplying the
following factor:

4 8/3
In A( pe) :lln 2.09X1072 T—elM +1.52 le . (2142)
2 1000p, 1000 p,

e
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Since it is reported that the collision cross section data for N-e and O-e in the Gupta
model are not accurate in low temperature region according to Ref. [63], those data
should be particularly replaced by another model.

Fertig's curve-fittings

Fertig, Dohr and Frihauf [°* ® have performed new curve-fitting of the diffusion-
type Q(“) and the viscosity-type Q(“) for the interactions between electron-neutral
species in air nonequilibrium plasma. Their fitting expressions can be written as:

Q" = ﬂexp[AQ(u) (INT)* + B, (INT)* + Gy, (INT)? + Dy, (INT) + Eq } (2.143)

Q15" = 7exp| Ay (INT) + B (INT) + Cogey (INT) + Dy, (INT)+ Eyes |, (2:244)

where the constants A@f";”’ B@‘,‘;”’CQ{';S” 5
works %81 |f the pair of species consists of ions, the collision cross sections should
be corrected by use of the Debye radius 4,. The modified collision cross section is
expressed as

15 and Ef.s) are obtained by Fertig et al's

QY = ( MYQL (). (2.145)
The dimensionless temperature T" is defined by
2 -1 o2 -1
T = € or T =14, (2.146)
& Are KT, Are KT, )

Abbreviations
Finally, to simplify the equations developed hereafter, we introduce the abbreviations as

1/2
2mm. _
AO(T) = By B @1 2.147
A= szT(mierj)} Qi ( )
2mm 1/2
AOT)== 3| Qey, 2.148
(M) erT(m +m, )} Q) ( )
. Q(22)
A= W (2.149)
. 57rQ(”) 47rQ(13)
= = . (2.150)
Q5

The mole fraction is defined by
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X, =i (2.151)

2.9.2 High-Order Electron Transport Properties

Devoto “°! have pointed out that for weakly or partially ionized plasma simulations
the high-order formulas of Chapman-Enskog approximations are necessary to be used
for calculating the electron transport properties of the test gas. Therefore, in the present
study, we use the third-order formulas of Sonine polynomial terms to evaluate the
electrical conductivity and electron thermal conductivity.

Electrical conductivity

According to the Chapman-Enskog theory, the expression of the thlrd order and the
first-order electrical conductivity can be written as following respectively *°

gt g2
2.2 21 22
o=c"= se'n, 27K, q q , (2.152)
2KT, m, q q q
q* q* g*
q” q* g%
2
o=o" = 83keT N (2.153)
¢ Z n. 2me m; 2 6(_1,1)
i=e I ﬂkTe (me + mi ) )

where n., n;, m,, m; are the number density and mass of electron and chemical species,

QM is the collision integral of the momentum transfer cross section between the

electron and chemical species, and e, k respectively denote the electric charge and
Boltzmann constant.

In addition, @™ (m, n=0-2) are functions of number density of species and several
kinds of collision cross sections (ZE"S) (I=1-2, s=1-5) between electron and chemical

species %, @™ has the symmetric property i.e., ™ =™ . According to the Devoto’s
work, ™ are expressed as following:

® =83 n,n QL. (2.15¢)

i#e

o _gy neni(g Qi —3Q4" 2)) (2.155)

i-e

~8/20Q" +e¥nn 20 1507 4120 |, (2159
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R R
V-
82 e I(175 Q. 315Q(12) 57Q(13) 3OQ(14)j (2.158)

22 zsﬁns(%ée(ez,z) Q(z 3) +5Q 0 2 4))

82 (1225 Q @y _ 735 =~ Q ~ @ 2) 399 = Q O 1.3) 210Q 0O L4 + 90Q O& 5)j . (2.159)

Electron thermal conductivity
Similarly, the expression of the third-order electron thermal conductivity can be

written as:
752k [2KT, g2
Ao =3 = 1/ - . (2.160)
8KT, m, q11 q12

q21 q22

where q“, q12 and q22 are the same as are given above. On the other hand, the first-order
electron thermal conductivity can be given by

Ao =—k| — e , (2.161)
4 D X, A2(T,)

jTe]
i

where

L [1-(m, /mj)][o.45—2.54(me/mj)] 2.162)

o [1+(me/mj)]2

2.9.3 Validation of Electron Transport Properties

Because the procedure of calculating the electron transport properties with
abovementioned formulas and curve-fitting methods is a little complex, it may be easy
making some mistakes in programing that computational code. To eliminate any
mistake in that procedure and validate above methods, we calculated the electron
transport properties under the atmosphere pressure condition, and compared our results
with experimental and theoretical data in literatures.

To perform this validation, first we calculated chemical composition of air and
nitrogen under the atmospheric pressure. Here, Saha equation ! and Guldberg—Waage
equation ! were used to figure out the number density of species for the ionization and
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dissociation reactions, respectively. The internal partition functions of species involved
in these two equations and equilibrium constant for a chemical reaction were computed
according to Park’s work ®1. The mass conservation law of species and Dalton’s law
(electric neutrality principle) were also taken into account. Thereafter, we compared our
computed chemical compositions with Colona’s accurate data [%6. 671 Finally, we
compared the our computed electron transport properties with other researcher’s data.

Equilibrium Compositions of Nitrogen and Air
To calculate the chemical compositions of air and nitrogen plasmas, 11 species (N,
0,,NO,N; ,0; ,NO*,N,0,N",0" and ") 8 chemical reactions of air, and 5

species (N,, N3 ,N,N*and e") 3 chemical reactions of nitrogen (r = 1, 4, 6 in Table 2.6)
were used to figure out the mole fractions of air and nitrogen species under the local
thermodynamic equilibrium condition. The required parameters for calculating the
chemical compositions such as chemical reaction rates, partition functions, and
characteristic temperatures of air and nitrogen were summarized in Table 2.6.

Fig. 2.6(a) and Fig. 2.6(b) show the calculated mole fractions of chemical species
under the atmospheric pressure condition for nitrogen and air, respectively. To validate
the methods used presently, our results are also compared with the accurate chemical
composition data of Colonna et al ¢, As is shown in Fig. 2.6, they show good
agreements for the dominant chemical species in the temperature range T=300 — 20000

K, although a few deviation is found for the species N;. This deviation may be caused
by the neglected reactions for the excited atomic species N** and N*** in our

calculations. While the mole fraction of Nj is always several order of magnitudes

smaller than other species. So it is thought that this deviation hardly affect the following
calculation of transport properties.

Mole fraction
5
1

10° |
107
10° | —— Our work
10° -0 - Colonnaetal i
10-10.‘.\igl....l....l....
0 5000 10000 15000 20000
Temperature, K
(@)
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Mole fraction
(=Y
o

— Our work
- © - Colonnaetal

0 5000 10000 15000 20000
Temperature, K

(b)
Fig. 2.6 Mole fraction of chemical species under the atmospheric pressure condition, (a)
nitrogen; (b) air

Table 2.6 Required parameters for the computation of chemical compositions

N* +e” 2.329x1078 N,N* - -
O" +e 2.183x107%8 0,0",¢e - -
NO* +e 1.486x107'® NO* 2.440 3373

r Reactants Products E, (J) Species @, (K) O, (K)
1 N, = N+N 1.565>107"® N, 2.879 3353
2 0, = 0+0 8.210x107*° 0, 2.069 2239
3 2NO = N,+0, -1.492x10" NO 2.440 2699
4 N, = Nj+e”  2665%107 N; 2.879 3129
5 0O, = 0j+e  1934x107" 0; 2.069 2652
6

7

8

O
(o %

Comparisons of electron transport properties

In this section, the computed electron transport properties under the atmospheric
pressure condition are compared with other researchers’ experimental and theoretical
results. Fig. 2.7(a) shows the comparison of electrical conductivity for nitrogen between
the works of Colombo et al 8 Asinovsky et al !, Capitelli and Devoto ['”, Gupta et
al ®® and our work. It can be seen that the obtained electrical conductivity in this study
shows good agreement with the recent work of Colombo et al ! and the theoretical
data of Capitelli and Devoto % although it seems a little higher than the experimental
data of Asinovsky et al, the relative deviation between our result and the experimental
data is within 3.5%. One the other hand, as can be seen from Fig. 2.7(a), the frequently-
used Gupta’s work ?®1, which were computed by the first-order formula of Chapman-
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Enskog approximation with relative old collision cross-section data, seems
underestimate the value obviously as the temperature is higher than 9000 K.

Fig. 2.7(b) shows the comparison of electrical conductivity for air between the works
of Murphy A. B. '), Asinovsky et al 1%, Capitelli et al 2, D’ Angola et al ™!, Gupta et
al 1 and our work. It can be seen that in the temperature range 500 — 12000 K, our
work shows good agreements with the recent work of D’Angola et al and the
experimental data of Asinovsky et al . In the higher temperature range 12000 — 15000,
a few percent differences are seen among our work, the works of Murphy A. B.,
D’Angola et al, and the experimental data. The maximum differences between our work
and the works of Murphy A. B., D’Angola et al are within 4.8% and 5.9%. These
deviations may be caused by the uncertainties of collision integral data between electron
and neutral particles in the molecular and atomic theory under the high temperature
condition. In this study, we used the tabulated collision cross section data given by
Laricchiuta et al for the electron-neutral collisions. Although their collision integrals
used in calculating the transport coefficients are more accurate than the values used in
previous theoretical studies, the uncertainties of collision integrals for e-N and e-O
interactions still remain according to the study of Wright et al [ Thus, these
uncertainties may be the reason why different researchers gave different electrical
conductivity for air, as is indicated in the Fig. 2.7(b), in the higher temperature range
T=12000 — 15000.

Fig. 2.8 shows the comparison of electron thermal conductivity between our work
and the works of Murphy A. B. ™" for air and nitrogen. As is shown in the Fig. 2.8,
good agreements can be seen between our computed electron thermal conductivity and
Murphy’s work. The first order accuracy electron thermal conductivities computed by
Gupta’s collision cross section data for air and nitrogen are still smaller than Murphy’s
and our results in the high-temperature range.

8000
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Fig. 2.7 Comparison of the computed electrical conductivity with experimental and
theoretical results in literatures: (a) nitrogen; (b) air
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Fig. 2.8 Comparison of electron thermal conductivity for nitrogen and air
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2.9.4 Electron Transport Properties in VVarious Pressure Conditions

As is known, according to different industrial applications, ICP wind tunnels
commonly work under different pressure conditions. While they are usually operating
under the pressure conditions such as p = 0.01 — 1.0 atm ™° % As an extension work,
here we also give the computed electron transport properties under the different pressure
conditions such as p = 0.01, 0.1, 0.5, 1.0 atm. The variation tendency of the electron
transport properties under different pressure conditions is studied here.

Fig. 2.9 shows the computed electron transport properties of nitrogen and air in the
pressure and temperature ranges p=0.01 — 1.0 atm, T= 300 — 15000 K. Fig. 2.9(a) and
Fig. 2.9(b) show the influence of pressure on the electrical conductivity and electron
thermal conductivity of nitrogen, respectively. As can be seen from Fig. 2.9: (1) when
the temperature is lower than 5000 K, because the ionization degree of the test gas is
very small i.e., a few number of electrons, the electron transport properties are very
small; (2) in the temperature range (T=5000 — 9000 K), because the mole fraction of
electron increase dramatically with the increase of temperature as is seen from Fig. 2.6.
It means the ionization reactions begin to proceed fast in this temperature range.
Therefore, the electron transport properties are increasing gradually from T = 5000 K.
And also, the electron transport properties seem increasing with the decrease of the
pressure there; (3) in the higher temperature range T = 9000 — 15000, ions and atomic
nitrogen become the dominant chemical species. Abundant electrons and ions lead to
fast growths of the electron transport properties in this temperature range. However,
with the decrease of the pressure the electron transport properties are decreasing. It
shows inverse trend with that in the temperature range 5000 — 10000 K. This seems
caused by less amount of electrons and less collision frequencies between electron and
other species under the lower pressure condition.

Fig. 2.10(a) and Fig. 2.10(b) show the influence of pressure on the electrical
conductivity and electron thermal conductivity of air. They showed similar variation
trends with those of nitrogen mentioned above. While because of active chemical
properties of Oxygen, the value of electrical conductivity and electron thermal
conductivity of air are a little higher than those values of nitrogen under the same
pressure condition in the temperature range 5000 — 9000 K. In the rest of temperature
ranges, the differences of the electron transport properties between air and nitrogen are
quite small.
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Fig. 2.9 Electron transport properties of nitrogen under different pressure conditions, (a)
electrical conductivity; (b) electron thermal conductivity
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Fig. 2.10 Electron transport properties of air under different pressure conditions, (a)
electrical conductivity; (b) electron thermal conductivity

2.9.5 Viscosity
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According to Hirschfelder, Curtiss and Bird [*!, the viscosity for mixture gas is given
with rigorous first order Kinetic theory by,

where

Hl,l Hl,Z Hl,ns X1
H1,2 H2,2 H2,ns X2
Hl,ns H2,ns Hns,ns ns
Xl XZ an XO
[U=— , (2.163)
Hl,l H1,2 Hl,ns
H1,2 H2,2 H2,ns
Hl,ns HZ,ns Hns,ns
X2 o 2X. X, .
j=—+y —1 P RT3 it (2.164)
' K E M +m pDLj som
2X. X RT 3 .« L
o= I EAT i # 2.165
Yom+m, pD”[ SA"} J ( )

The viscosity of the pure species 4 is expressed in the self-diffusion coefficient D,; as

__5/7Du

Hi
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Compared with the diagonal elements H,; the off-diagonal elements H; ; are small.

Primary contributions of the viscosity are born by H, ;. Assuming that A,j =5/3, the
off-diagonal elements H;, are exactly vanished. The viscosity u« for the
multicomponent gas can be expressed by only H;;. The approximate expression is

given by Yos ¥ as

L= Z _mX (2.167)
ZXJ u(zj)(T)

2.9.6 Thermal Conductivity
Translational Degree of Freedom
The translational component of the thermal conductivity is given by

L1,1 L1,2 Ll,ns Xl
L1,2 Lz,z Lz,ns Xz
Ll,ns L2,ns o Lns,ns X ns
ﬂt _ Xl X2 an XO (2 168)
' Ll,l L1,2 Lins ’ .
L1,2 Lz,z L2ns
Li,ns I-2,ns o I-ns,ns
where
) ) Xix(15 m? + ém —3m’B; +4mm, A j
__4X? 16T 27" "4 (2.169)
ii = 5, AE 2 ' .
Zﬁ,tr,mono 25 p j#i (mi +mj) Di,j
X X.mm. . L
16T XXm {g_gBm_ng i . (2.170)
25 p(mi+mj) D, L4

The translational contribution of the thermal conductivity of the pure species 4 o0 IS

expressed as
Zi,tr,mono = % R:u| . (2171)

The translational component of the thermal conductivity can be simplified in the same
fashion with the viscosity for multicomponent gas mixture. The approximate expression
is given by Yos ¥ as
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15 & X,
Alrz—kz — ! (2.172)
Za.JXJA.‘i’(U

where

L [1-(m, /m;)][ 0.45-2.54(m, /m, )]. 2173

N [1+(mi/mj)]2

Internal Degree of Freedom

The contribution of the internal degree to the thermal conductivity 4, such as the
rotational and vibrational, is given by
nm X ﬂi
Do =D i " >'<“ m°"°)- 2.174)
]
D,

D.

i i]j

Hirschfelder et al. expressed 4, ,, as the following form:

D. .
ﬂ"im 1 |:(15 6p| . Jcélntl (15_10 pl - jcli |nt|:|/ui’ (2175)
Y 4 Hy H;
where
C;J int,i = Cp,tr + Cp,int i’ C; int,i = Cv,tr + Cv,int,i ) (2176)

With Egs. (2.166) and (2.175), we obtain the following expression as

/11,int - 2’|,tr,mono = D| |Cv int,i* (2177)
Substituting Eq. (2.177) with Eqg. (2.166) into Eq. (2.174) one obtains
nm {C‘i:\;”t : ] Xi
Ao =K) | | (2.178)
2. X A0(M)
]

2.9.7 Diffusion
Multicomponent Diffusion Model

The diffusion velocity V. is defined with the species-averaged velocity v. as

V) =v) vl (2.179)

45



Transport Properties

where the mass-averaged velocity v is given by
vi= Z&vs’ (2.180)

With Eqgs. (2.179) and (2.180), one obtains the following relation:

Z YA (2.181)
s=1
Following Hirschfelder, Curtiss and Bird “®!, the diffusion velocity is given by
2 ns ] T
Vi="Smp, a2 T (2.182)
n, = ' p ox
d;éi@} n_p —a'“p-& -3 P |, (2.183)
ox'n n p) ox = p

where D,, and D, are the multicomponent mass diffusion coefficient and the thermal

diffusion coefficient, respectively. In addition, st in dsj represents the external force

acting on the species s. Equation (2.182) involves four components of the diffusion
velocity caused by different ways: (1) the gradient in the concentration (ordinary
diffusion), (2) the pressure gradient (pressure diffusion), (3) the external force gradient
(forced diffusion) (4) the temperature gradient (thermal diffusion). In the present study,
the effects of the pressure, the forced and thermal gradients are neglected because those
terms are small compared with that of the ordinary diffusion. Hence, Eq. (2.182) can be
expressed by

zimk D,, (nj (2.184)

According to Hirschfelder, Curtiss and Bird 1?1, the binary diffusion coefficient D, is
given by
e
pAG ()

Following Curtiss and Hirschfelder 2 it is possible to simplify the Eq. (2.184) by a
rearrangement as

(2.185)

NN i n
(A —Vk’):—nzi[—sj. (2.186)
k=1 Ds,k ox)'\n
Based on Eq. (2.186), assuming that Vsj =const for s=k, the diffusion velocity Vsj
for multicomponent mixtures is given by Yos % as the following form:

Vi 172G 1 oX, (2.187)

3%, /D, X X

k#s

where the effective diffusion coefficient is defined as
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D=+ & & (2.188)

S S X, /D, %
ks

Thus, the mass flux is expressed by

oV, =—pD, 2% (2.189)
ox?

Ambipolar diffusion

Since electron's mass is very small compared with the heavy particle (atom, molecule,
and their ions), the electrons tend to diffuse faster than the heavy particle species. An
ambipolar electric field is formed in the plasma, when the electrical potential drop
between the diffused electrons (negative charge) and the remaining charged species
(positive) is caused. The positive charged species are forced and accelerated by the
electric field, while the electrons are decelerated. Thus, the ambipolar diffusion should
be considered in the partially or fully multicomponent plasma. In the present study, the
effect of the ambipolar diffusion for charged species is approximately evaluated by

D? :(1+ Lj D,. (2.190)

tr

where D; is the effective diffusion coefficient of the ionic species in the absence of the
ambipolar electric field.

Electron diffusion coefficient
The effective diffusion coefficient of the electron is given by

m, > DX,
_ s=I

=
stxs
s=I

D,

[

(2.191)

2.9.8 Summary of Transport Properties

When the electron temperature is largely different from the translational temperature
of the heavy species, presence of the electrons should be considered in the transport
properties calculation. The transport properties for gas mixture in thermochemical
nonequilibrium are summarized here.

Electric Conductivity
The third-order electrical conductivity:
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qll q12
3 2,2 27ZkT 21 22
o=c" = - ; o? o? 2|’ (2.152)
2KT, m. (g% q” q
q10 qll q12
q20 q21 q22
The first-order electrical conductivity:
2
o=t = 8 N, _ (2.153)

8KT, omm %
_oamm P s
;ni erTe (m, +m, )} Qu

Electron Thermal Conductivity
The third-order electron thermal conductivity

_ 752k [T, g

3rd
Ao =\] KT, g (2.160)
q 21 q 22
The first-order electron thermal conductivity:
PREETN o X , (2.192)
O Yrasx,an M) x.a0()
j=e
Viscosity for mixture gas

p=> m X, m, X, (2.193)

| Sxanm e xazm| Sxan

jze

Thermal conductivity of heavy particles

Translational contribution of thermal conductivity in a multicomponent gas mixture
except for electrons:

ZEK S X _ (2.194)

Za”x AP (T, ) +3.54X A (T,)

=L e—ie

Ay

j¢e

Rotational contribution of thermal conductivity in a multicomponent gas mixture:
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A=k = X, . (2.195)
MDA (T,) + X AR(T,)

j=e

Vibrational contribution of thermal conductivity in a multicomponent gas mixture:

[CU,VIb,I j X
Ay = ki — R (2.196)
i=M ZXJA(l)(Ttr)+ XeA(l)(T )

jze

Binary diffusion coefficient

D, = Ag(r) for i=e and j=e, (2.197)
tr
D, = Alg(T) for i=e or j=e, (2.198)
where

2mm N

03 iy 2159
me 1/2

AP (T) = | Qe 2.200

(M) = { kT(erm)} Q] (2.200)

1-(m /m. )|/ 0.45—-2.54(m / m.
:1+[ (m ’)][ (m ’)]. (2.201)

“ [1+(mi /mj)]2

2.10 Internal Energy Exchange Model

Internal energy transfer due to elastic and inelastic collisions among electrons,
molecules, and atoms were modelled and added to the corresponding electron,
vibrational, and rotational energy equations. The internal energy-exchange rates, S;,, in
the source-term vector, W, are expressed as follows:

Sintrot = Qr-r ~Qroy —Qree *'Qmt (2.202)
ib

Sintio = Qrv +Qroy +Qey +Qp, (2.203)

|nte QT—e +QR - e -V +QD +QI : (2-204)
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The chemical energy loss due to ionization and dissociation reactions (e.g., Qgt, Qg”,
Q;, 07) and energy transfer between each of the internal energy modes (i.e.,
translation—rotation (T—R), translation—vibration (T-V), translation-electron (T—e),
rotation—vibration (R-V), and rotation—electron (R—e)) were considered and evaluated
by the same formulas as were referred from Takahashi’s work 2% . The vibrational-
election energy exchange (Q, ;) is modified in the present work with newly available
data and methods. Detailed description of the internal energy exchange model is given
below.

2.10.1 Vibrational-Electron Energy Exchange
The term Q, |, denotes the energy transfer between electrons and the vibrational mode

of molecules, and is evaluated to be of the Landau—Teller form ['®l:

Edl (T )—Edd . (T
Qe_\/ _ V|b,N2( e) V|b,N2( wb)’ (2205)

TNz—e

where Ty, is the vibrational relaxation time of molecular nitrogen during collisions
with electrons, derived by Lee B4 ;

2KT, (2.206)

pe(l_e—@vib/Te )ZJ.kgTjV jdj '

Z-Nz—e =

In Eq. (2.206), kf,:jV is a vibrational excitation rate coefficient from the vibrational state 0
to the state j. Lee gave the curve-fit formula for the vibrational relaxation time 7, and

suggested that it could be used for highly ionized plasma simulations such as modellin%
of the high-power arc-heated flows " 34 Alternatively, Bourdon and Vervisch
proposed an improved expression for calculating 7y, in the temperature range of 3000

— 20000 K. Good agreement between the experimental and theoretical data for 7,
were seen in their work. The gave the curve-fitting expression as following:

Ty, = (P, 1101325) 100" 02+, (2.207)

where Z =10g,, (Te), P is the electron pressure in unit Pa. The coefficients C, ~ C, are
summarized in Table 2.7. On the other hand, out of the above temperature range,

recently Kim ¥ modelled the rate coefficient ijJ.V and gave the validated fitting formula
to calculate the relaxation time. The rate coefficient ijJ.V can be calculated by

5 _
ko, =107"aT, 2 exp(_l_3 - EJ, (2.208)

[

where the vibrational state j is equal 10, and the corresponding fitting coefficients a,
b, ¢ are summarized in Table 2.8. And then, the vibration-electron relaxation time out
of the temperature range 3000 ~ 20000 K is computed by
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pe[]‘exp( j O] szj}

ZET {1 e p[ V'bJZkg;V 12} . (2.209)

e

z-Nz—e -

Note that here the unit of T, and p, are electron-Volt (eV) and standard atmospheric
pressure (atm). Finally, the computed vibrational-electron relaxation time in dependence
of T, is given in Fig. 2.11. The difference of the vibrational relaxation time between
Lee’s work and the present work is illustrated in Fig. 2.11

About air plasma flow, since the translational-electron energy coupling for O, and

NO is slower than that for N, the relaxation times for O, and NO are used by
multiplying 300 to that for N, as proposed by Park and Lee [ as

7o, =3007y _, (2.210)
Tnoe =3007y . (2.211)

Table 2.7 Constants for electron-vibration relaxation time

Temperature range (K) G, C, Cy
3000-7000 5.019 -38.625 64.219
7000-20000 2448 -18.704  25.635

Table 2.8 Coefficients of the vibrational-excitation-rate coefficient model
a b C
8.0340 -2.227 2.005000
7.9240 -2.235 1.479000
7.8760 -2.257 1.054000
7.6260 -2.334 0.649900
7.3260 -2.454 0.204900
4.9000 -2.556 0.007448
2.4570 -2.702 0.002952
1.1190 -2.865 0.001133
0.4681 -3.042 0.004312
0.1837 -3.223 0.0002219

Boovouohswnpk|l—
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Fig. 2.11 Comparison of the electron-vibration relaxation time

2.10.2 Translational-Rotational Energy Exchange

The Parker model [® has been widely adopted for various thermochemical
nonequilibrium flow simulations, while the temperature range of the model is limited by
T <1500 K. There can be a high-temperature region where the temperature exceeds
10,000 K in the present calculations and uncertainties for an accurate prediction of such
a high-temperature gas may remain. Thus, instead of the Parker model, the translational-

rotational energy-exchange rate Q. proposed by Park model ™ in the present study,
which is given by

QT_R f: El‘e(?t (Ttr ) Erot (Trot ) (2212)
s=M T1R

The rotational relaxation time 7, is obtained by the following relation:
Trp = 2.46x107T %/ p, (2.213)

where the pressure p is given in unit of the standard atmosphere (atm).

2.10.3 Translational, Rotational-Vibrational Energy Exchange

Translational-vibrational relaxation can be described by the Landau-Teller equation.
According to Park [, energy exchange between the vibrational and rotational modes
also needs to be con5|dered The formula of Millikan and White ! with the Park's
collision-limiting correction Y at high temperature is used for the T-V coupling. On the
other hand, the rotational-vibrational relaxation time is evaluated by only the Millikan-

White formula. Thus, the vibrational relaxation rate Q, 5 is represented as follows:

QV R = ZO 4 Ewb(Trot) ZO 6 <V|b(T ) EV|b . (2214)

E ")+ ()
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In the above equation, the first and second terms gives R-V and T-V energy-transfer
rates, respectively. In order to conserve the total energy, the rotational energy-exchange

rate Qg and the translational energy-exchange rate Q;,, are respectively expressed as

_ZO 4 Vlb <Trot) >Evi ' (2.215)
—Zo 6 ?s'qb >)+ <TEPV'>b : (2.216)

Under the condition of temperature range between 300 ~ 8,000 K, the relaxation time is
given by a semi-empirical equation introduced by Millikan and White as follows:

Y =(p/101,325) " exp(A, T, ° - B,), (2.217)
where
A, =1.16x10"°u, M2, (2.218)
B, =0.0154 A, +18.42, (2.219)
Hy, =mm, [ (m,+m,). (2.220)
Mean relaxation time of species is given by
" P
<TSMW> = & (2.221)
>
kze M\ 7

Moreover, the Park’s collision-limiting correction of the relaxation time is evaluated as

(z0)= {nsam(%j } , (2.222)
T

where o, represents the effective collision cross section, which is set to be
0, =1.0x107(50,000/T,, ) m? here.

2.10.4 Translational-Electron Energy Exchange

The Appleton's energy-exchange model ¥ is used for coupling the translational and
electron energy modes:

ns

Zn

S#€

k(T,-T.), (2.223)

where v, is the collision frequency between the electron and other species s, and can
be expressed as
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1

8kT. )2

veysznsaeys[ mej . (2.224)
7[ e

Here o, , is momentum-transfer cross section between electron and heavy particles.

According to works of Park ! and Mitchner et al 3 the effective momentum-
transfer cross section between the electron and ionic species is given in Sl units as

:8_7Z-L|n|:1+m:l

O-e S
® 3 (3T, e’
=5.85x10"° In(1.24x10" xT,**ng*). (2.225)
1
2
where 4, :L‘?Zkrre} , &, =8.85x107

For collisions between the electron and the neutral species, The effective cross
section o,  is obtained from a curve-fit of Gnoffo's work *4:

o, =& +hT,+CT . (2.226)
where the coefficients a,, b,, ¢, are shown in Table 2.9.

Table 2.9 Curve-fit constants for electron-neutral cross-section

Species N, 0, NO N )
ag 7.5x102°  2.0x10%° 1.0x10"° 5.0x102%° 1.2x10%°
b, 55107 6.0x10%* 0 0 1.7x1024
¢ -1.0x10% 0 0 0 -2.0x10°%

2.10.5 Rotational-Electron Energy Exchange
In these nonequilibrium plasma studies ¥ %! | the rate of the rotational-electron
energy coupling is given as follows:

am 2m 3
Que =D Gl —= Ve >
R-e fry rot,s' ‘e m e,s 2

S

k(T,

rot

T.). (2.227)

the coefficients g,, = 10 is assumed for the neutral species such as N,, O,, and NO.

For the ionic molecules, since accurate values are unexplained, the same coefficients are
used as those of the neutral species.

2.10.6 Energy Loss Due to Chemical Reactions
Energy losses of rotation and vibration (0" and 0'"?) due to heavy particles’ impact

D D
dissociation reactions can be given by a nonpreferential dissociation model as 4
5= D Bl (2.228)
s=M
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o = Zevibcbf . (2.229)
S

=M

where @” is the mass-production rate by the heavy particle impact dissociation

reactions (reaction number in Table 2.3: r = 1-10, 12-31, and Table 2.4: r = 1-4).
Moreover, e,,, and e,;, represent the rotation and vibration energies per unit mass,
respectively.

On the other hand, electron energy losses due to electron impact dissociation QZ and

ionization O can be given by
Qp = Epp, @\, . (2.230)

Q|e = El,Nd)ﬁl + EI,Od)g- (2.231)

where @y, @y and @g are mass-production rates by the electron-impact dissociation
and ionization reactions (reaction number in Table 2.3: r = 11, 37-38, and Table 2.4: r =
5, 8), respectively. In addition, Ep, N, shows the dissociation energy of molecular
nitrogen, and £,y and £ represents the ionization energy of the atomic nitrogen and
oxygen.

2.11 Summary

In this chapter, structures and geometries of the 10-kW and 110-kW ICP wind
tunnels were primarily described. The basic flow phenomena occurring in an ICP wind
tunnel were depicted. The flow-field and electromagnetic-field equations such as mass,
momentum, energy conservations and magnetic vector-potential equations etc. were
discussed in detail. The transport properties of the test gases and the internal energy
exchange between translational, rotational, vibrational and electron energy modes were
also given in this chapter. The basic governing equations used in this study are
summarized as following:

Mass conservation equation:

—+—(pu;)=0. 2.232
Momentum equation:
alpu;) | o
+—I\puu; +0,p)=
at axj (ml J 1) p)
0 ou; ou; 2au, 2
_ + L4 — O |——=o0ko. |+ F, .. 2.233
6‘Xj |:(,Ll :ut{axj 8Xi 3 an u) 3pk Ij:| Li ( )
Total energy equation:
oE 0 0 oT oT T, oT oT.
—+—|(E+p)u, |= Mg =+ Ay — L+ Ay —2 ], —2+ r
8': an [( p) ]] GX- ( tr 8X rot 8X vib 8X e 8X /1t aXJ)

i i ] i i
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0 0s oX
+— h.D
x| (pSZ:;, :D. =)

]

0 du; du; 2au 2
+_|:(/U+ﬂt{ +— k5ijJ_§Pk5ij}+Sjoule-

OX OX. OX 3 OX

J j i
Species mass conversation equation:
op 0 0 oX :
— 4+ — = D,— [+ a.
at ax(p“)ax[p”aij S

]

Rotational energy equation:

O(E _U. nm
Eu CEt)_ 0 ) Ty, 0 (8 b Koy
a ek ox ek, ox LA &,

Vibrational energy equation:
OB, O(Esuj) 0 aT,

— l vib +
8’[ 8X 8X( vib 8X )

i i i i s=M i

0 . oX

Electron energy equation:

o(E.u. ou,
%+M :_pe ) + 0 (/1e aTe)"‘ 0 (,OeheDe %)+Sjolue +S|nt e
ot OX: OX: OX; oX;  0OX OX

i i j i i i

Turbulence energy equation

8(pk) 0 4, | ok
S Gt

J
ou,  ou;  20u, 2 ou
—1+— 0; |—=pko; —— pe.
{“‘[axj o 3%, “j 37 }axj a
Turbulence dissipation rate equation

5 8 5 v
%*&(“‘W&{[“?ja—f}

J J £ ]

ou Ou. 2du 2 ou. g2
+C f | S L 2Tk s |- L ks L —C f,pi.
el 1k{/’lt[axj 8X. 38Xk uJ 3p u}axj &2 Zp k

Far-field electromagnetic equations
V AR +60/JOGA| _/10 c!

VA —ouoh, =0,
Gas state equation:

ns-1

p=> pRT, +p.R,

S#€
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Summary

The internal energy is defined as follows:

E=E, +E

rot
s=1

Translational, rotational, vibrational and electron energy are given by:

3
Etr = ZEPS RsTtr )

S#€

Erot = zps RsTrot !
s=M

_ ps Rs@vib,s
B = S—ZM eXp(@vib,s /Tvib,s)_l,

3
E.=—p.R.T,.
e zpeee
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Chapter 3 Numerical Procedure

The governing equations and models described in the previous chapters should be
numerically solved to obtain flow-field and electromagnetic-field properties in the ICP
facilities. The equation systems are composed of the Navier-Stokes equations, the
turbulent transport equations, and the far-field electromagnetic equations. The Navier-
Stokes equations involve many conservations such as density, momentum and total
energy equations etc. When treating these equations, it is desirable and more efficient
that these equations are solved simultaneously rather than solved separately. The time-
marching method should be introduced to update the solutions at each time step.
Suitable discretization manners should be selected for spatial discretization. Advection
and viscous terms in the Navier-Stokes equations have respectively hyperbolic and
parabolic natures. Thus, it is nature that the former fluxes are evaluated by an upwind
manner and the later are calculated by a central difference method. The electromagnetic
field are also evaluated by the central difference method because of an elliptic nature.
The accuracy of the discretization is kept to be the second-order accuracy for all the
differential equations.

In addition, the equation system tends to be unstable due to that nonlinearity such as
the chemical reactions and the Joule-heating in the electromagnetic field calculation.
Efficient and robust numerical methods must be introduced to overcome numerical
stiffness and reduce computational cost. In this chapter, the numerical methods used in
the present study will be stated in detail.

3.1 Discretization

To numerically solve the governing equations described in the previous chapters, the
spatial discretization of the equations i.e., the numerical approximation of the
convective and viscous fluxes as well as of the source term is one of important issues in
a numerical modeling. In the pasts, many different methodologies were developed for
the purpose of the spatial discretization. In order to sort them, we can divide these
spatial discretization methods into three main categories: finite difference method
(FDM), finite volume method (FVM) and finite element method (FEM) 8. All these
methods relies on some kinds of grid in order to discretize the governing equations.
Basically, there are two types of grids: structured and unstructured grids. In this study,
the finite difference and finite volume methods are used to discretize the governing
equations, and the computational domain consists of the structured grids. In order to
follow closely the boundaries of the physical space, we transform the Cartesian
coordinate system in the physical domain (x, y, z) into the generalized coordinate system
in the computational domain (&,7,¢) . The transforming matrix can be expressed by

dx X; X, X || d&
dy |=|y: Yy, Y.||dn]| 3.1)

3 Zn 24 d(
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where the notations in the right-hand-side matrix represent differential form e.g.,

X, =Q, y =ﬂ, z :g in Eq. (3.1). The inversed matrix of Eq. (3.1) is
ot " on ° Oc¢

dé| |& &, & || dx
dn |={n, n, n, ||dy| (3.2)
d¢| |4, ¢, ¢, ||dz

Comparing Eqg. (3.1) and Eq. (3.2), we can obtain:
&= (ynzé“ _yfzn)’ Sy =1 (an§ _Z§Xf7)' G = (Xnyé“ —ngﬂ), (3:3)
ne=3(Yez =Yz ) my=3(2% =% ) M= (XY =%y, ), (34)

gX:J(yézn_ynch)’ é/y:J(Zéxn_ané)’ gz:J(Xéyf_ngé)' (3:5)

Here, J is the Jacobian of the coordinate transformation. The inversion of the Jacobian
IS given by

-1
I =% (Y,2 = Yoz, ) 4%, (Ve = Yoz ) 4% (Yez, =Y, 2:)- (3.6)
Then, the governing equations in the generalized coordinate system can be written as
AQ  AF° AF" AF¢
—+ + +

=W, (3.7)
At AE T Ap AL
where
< 1
Q==-Q, (3.8)
J
= 1 = X = =z
F§:3(§XF +EFY+EFY, (3.9)
= 1 = X =y =z
F”:j(nXF +n,F +n,F?), (3.10)
= 1 = X =y =z
ngj(g”XF +¢,FY+ ¢ FY), (3.11)
W:%W. (3.12)

The inversion of the Jacobian J* is equal to the volume of the control volume. On the
other hand, the governing equation of the flow field is rewritten in an integral form as:

%jijdv +j F,dA, =ﬂdev, (3.13)

where Q=[p, pu.,E, p,,"**, Pres E,ot» Eio» Eo oK, p€]" is the vector of the conservative

variables and F shows the advection/viscous flux vector. Additionally, W represents the
source term vector which includes the Lorentz force, Joule-heating rate, mass-
production rate of chemical species and energy exchange rate between each internal
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energy mode. Volume of the control volume is V and A; shows the jth component of
the area vector A, . Equation (3.13) is discretized by using finite volume formulation as

%AQ+Z(F,(A()J_ =VW. (3.14)

The conservative variables can be obtained by evaluating the numerical fluxes at each
interface and the gain/loss in the control volume.

y (A"

Fig. 3.1 Control volume

About the control volume, if an analysis object can be expressed as a cylindrical
coordinate system, it is very effective to adopt axisymmetric two dimension. As shown
in Fig. 3.1, we now consider a three-dimensional control volume. The space along the
circumferential direction is assumed to be infinitely-thin. Thus, the three-dimensional
governing equations are discretized in space instead of transforming the equations into
axisymmetric two-dimensional form. The physical properties, such as the density,
velocities and temperatures, are defined at the center of the control volume. The area

vectors (A°)", (A")" and (A°)" in &, , ¢ directions are defined by

(A°)" = (Y5 + Y,)0l(Ys = ¥2), = (X% = X,), O], (3.15)
(A7) = (¥ + YD)OI(Ys = 1), — (% — %), O, (3.16)
(A”)" = (Y5 +Y)O=(Ys = ¥a): (X —X,), O], 3.17)
(AT)" = (Y, + Y)O=(Y, = Y1), (X, = %), 0], (3.18)
(A°)" =9[0, 6%,1]. (3.19)
where S shows the cross section of the control volume, which is evaluated by
S =[(% =X)(¥s = ¥2) = (Y= Y) (%, = %,)|/ 2. (3.20)

The volume V is obtained by splitting of the control volume into six tetrahedrons,
V= ‘9[ Ys |X1Y3 XY, XY XY, XY - X4y3|
+Y; |X1y3 XY T XKY XY, T XY X4Y3|
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+Y1|X1y3 XY XY XY, XY, _X4y3|
+Y1|X1y2 =X Y; = XY XY XY, _X3Y2|
+Y; |x1y2 XY = XY XY+ XY _X3y2|

+Y2|X1Y2_X1Y3_X2y1+X2Y3+X3y1_X3Y2|]/3 : (3.21)
Substituting Egs. (3.15) - (3.19) into Eq. (3.14)

%AQ"‘(FVA‘EY _(FkAE)7+(FkA1:])+ _(FkA;7)7+(FkAt<§)+ _(FkAkgy =VW. (3.22)

In the present study, numerical fluxes in the £ direction in the above equation are
treated as a source term, that is:

%AQH&AEY—(FkAf>-+<FkA:)+—<Fk 7Y+ H =VW. (3.23)

where H shows the axisymmetric source term vector as

H =265 (z, -7,)v |. (3.24)

All the terms of left and right hand sides in Eq. (3.23) are multiplied by angular 6 and
this angular can be cancelled in this equation.

Gij1

Fig. 3.2 Mesh index system of a cell

Fig. 3.2 shows a schematic view of mesh index system for a cell. Here, (i, j) is
defined at the center of the cell. The cell is surrounded by the four-bordering cells, i.e.,
the nodes of (i, j), (i, j-1), (i-1, j) and (i-1, j-1). The area vectors of the cell in Egs. (3.15)
- (3.18) are given by
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Discretization

(A) = (yi,j + yi,j—l)[(yi,j - yi,j—l)’ _(Xi,j _Xi,jfl)’ 0]

=[2y(y,, =%,: O)li,v2, (3.25)
(A) = (Yiaj +Yia j [ Viwj = Yiaja ) = (g = %i1j4), O]
=[2y(y,, = %,: Oy (3.26)
(A" = (Y, + Y DV = Vi) (%5 —%i05): 0
=[2Y(=Y:, X, 0)]; juus2 (3.27)
(A" =Y ja+ Vi j) =i g = Yicn ) (% 0 = X050, O
=[2Y(=Y:, X, 0)]; ju2 - (3.28)

Where ¥,y =(Yi; Vi) /2 Substituting Egs. (3.25) - (3.28) into Eq. (3.23), we can
obtain the following system of the linear equations:

V. .
ﬁAQi,j +|:27(F -F, )]i+112,j _[ZV(F -K )]i-yz,j -

[2y(G-G,)] .., ~[2Y(G-G,)] , ,, +(H),, =(VW),,, (3.29)

where
F=y,F-xG Fv=yF-xG, (3.30)
G=-y.,F+xG, Gv=-y.F +xG,. (3.31)

The numerical fluxes of inviscid and viscous terms in the Cartesian coordinates are
denoted by F, G, F, and G, respectively. On the other hand, F, G, F, and G, are the
numerical fluxes in the generalized coordinates. These numerical fluxes are evaluated at
each interface of the control volume, which are expressed in the vector form as

_ pLJ _ 0
puU +y, p Y, (74 +rtyxx)—x,7 (rxy +rt’xy)
poU =X, p Y, (T + 7)) =X, (7, + 7, 4)
(E+ pl} Yo By =%, By
U =Y, + X, d1,y
F= U , F, = Sy dpn X : (3.32)
E,..U = Y Urotx X, Uroty
E.isU —= Y, Quibx T X, Qviv,y
EU =¥, e + %, ey
pkU Y, 0y =%, dy
| peU I y,d.—%,d,, |
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Discretization

R 0
PV —y,p =Y (T + T) X (T +71y)
poU + X, p YTy ) + X (7 +70)
£+ o Vil
PV Yediw =X dyy
G= oV | G, = Yodnox = Xedney
E,..VY Yelrotx — X lroty
E.inV Yelviox — X:vin,y
EV Yelex = X0y
KV —y.dy, + Xy,
L PV I -y d,, +x.d,,

Here, contravariant velocities U and V are respectively defined as
U=y u-xyv,
V =-y.u+X.\V.

The stress tensors are given by

2 ou ov v
T=—U|l2—————|,
3 ox oy vy
N A
w3 Ty Ty )

ox oy y) 3
2 ov ou v) 2
Tty _gﬂt 25—&—9 —gpk:
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(3.33)

(3.34)
(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)



Discretization

The contributions S, and S, of the stress tensors are expressed by

ﬁx = U(Txx +Tt,xx)+V(Txy +Tt,xy)+ﬂtr a;;

ot T, & oX
A —2+A—L+ h.D
e X /1( ox pszl s s OX

rot +2\/| Vlb+

rot

aT.
ﬂy = U(TYX +Tt,yx)+v(z-yy +Tt,yy)+itr ’ rot rot +ﬂ\/|b Vlb +
A T, —I—ﬂ.[ﬂ—l—thst%.
oy &y S oy
The diffusion fluxes are expressed by

oX

J., =—-pD,—,
S,X IO S 8X

JS,y :_st aaxys .

The heat fluxes are evaluated by

nm

aT oX
-y rot e D s ’
rot ox P S=ZM rot,s s P

rot,x —

oT, ox,
qrot,y = _ﬂ“ ,OZ erot,s Ds !
ay s=M ay

T nm
. = e _—,
qwb X //l\llb aX SZM: vib,s s

T nm
qwby ){Vlb Zewbs S 8y ’

. aTe X,
e,X (] aX P e e 6X ’
_ oT, oX,
qe,y_ e ay Pl EE’
Finally,

dkx= ;u+i %’

o) ) OX

d,, = st x

Y O ) OY

d,, =| p+2 %

o,, ) OX

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)



Inviscid Flux

2

In the computational domain, the metrics are evaluated as follows:

3.2 Inviscid Flux

d‘g’y :(,u+

Components of the source term vector are shown as

C fr

T ——
Wox,

S
S
S

joule

Oy ay

&

AJ%

int,rot
int,vib

+ S,

inte

8uj

ou

Y ox

]

e

pE

&
K

(X.»;)i,jwz =X~ X

(y§)i,j+1/2 =VYii ™ Yiag

(X,,)i+1/2,j =X~ X ja

(Y, )iz =Yij = Yija-

—C,fop—

k

(3.57)

(3.58)

(3.59)
(3.60)
(3.61)
(3.62)

For solving above N-S equations, Evaluation of inviscid numerical fluxes at the cell
interfaces of the conservative law results in solving the Riemann problem. Most
rigorous approach to solve the Riemann problem is known as Godunov scheme 7.
However, what we need is only evaluation of the numerical flux across the cell interface.

Until now, some approximate Riemann solvers have been proposed.

3.2.1 SLAU Scheme

In the 1990s, low-diffusion flux splitting schemes have been proposed. In Ref. [88],
Liou and Steffen developed a low-dissipative scheme called Advective Upwind
Splitting Method (AUSM). The AUSM scheme is robust enough in calculating strong
shock waves and can capture the discontinuity surface without excessive numerical
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Inviscid Flux

dissipation, while a slight overshoot can appear behind the shock wave. Up to now,

many modified AUSM schemes have been approached.

In the present study, we focus on SLAU ¥ (Simple Low-Dissipation Advection
Upwind splitting) method, which is a new, parameter-free simple compressible
numerical flux function of the AUSM family method. We briefly review the SLAU
scheme in this section. Firstly, the numerical flux of the AUSM-family scheme

including SLAU at the cell interface is given as [**

~ M+ || -
F=—-Y +—%,+pN,
2
where
] 0]
u X,
v Yn
h 0
f 0
Y= . |N=| ./
fo 0
Eo./p 0
E./p 0
| E/p]  LO]

h=(E+p)p, f,=p,/p.

About (X,,Y,), when evaluate the numerical flux =

(s Yn) = (Y, [\ X2+ Y2, =X, [\ X2 +y2).

~

when evaluate G :

(s Yn) = (Y, [\ X2+ Y2, =X, [\ X2 +y2).

The mass flux function of SLAU is given as

=LV, + (Ve Vol 9) - £ ap

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

where V, = x u+ y,v is the velocity normal to the cell interface. Aq=0; —q, , here q

indicates p, p, etc. In addition,
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Inviscid Flux

_ +
V,| = pLN;'L +ZRIV”|R , (3.71)
L R
g =—max{min(M _, 0), —1] - minfmax( M, 0), 1]
\'A U e X, +0 R Ys
ML/R :( gL/R _ “LIR = L/R , (3.72)
c=(c_+cy)/2. (3.73)

Finally, the pressure function is given by

p- P Pe B2 (p - p) - 2) 44 )PP @

2 2 2
1 T 2
Z(2+ML/R)(ML/R +1)°, fOI‘|M|_/R|<1
= . 3.75
g~ | 3.75)
§[1+ sgn(M,z)], otherwise

3.2.2 MUSCL Approach

In order to prevent the generation of oscillations and spurious solutions in the region
of high gradients, it is necessary to use flux limiter functions to achieve second — or
higher-order upwind spatial discretisations. In the present study, this is achieved by the
Monotonic Upstream-centered Scheme for Conservation Laws (MUSCL), which is
proposed by van Leer %% |n the presently-used MUSCL, the physical properties at
the cell interface are determined by linearly interpolating properties in neighbour cells.
Thus, accuracy of the numerical fluxes is basically kept to the second order. In order to
keep the monotonicity and prevent the numerical oscillations, “minmod limiter” which
is a one of the flux limiter is introduced. In the present calculation, the physical
properties at the call interface are expressed as follows:

.
2 =0+~ d(A7,A7), .
q|+1/2 q|+2m|nm0 ( i |) (3 76)
+ Ij+l F + _
Uz =Gy —7mmmod(A r A ), (3.77)
minmod (a, b) = sgn(a) - max[ 0, min{0, sgn(b), b-sgn(a)}]. (3.78)
2(q...,—0
Ar: (qH—l ql), (379)
(Ii+|i+l)
2(0. —q.
Aj= (9,-9,,) (3.80)
(IJ'—1+IJ')

where

y :%‘:( X‘§+y§ )i,j+u2+(“‘x§+y‘§2 )i,j—1/2:|’ (3:81)
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= ), () ) e

3.3 Viscous Flux

All viscous terms are calculated by the second-order central difference method. In
this calculation, differential procedure is implemented as follows:

U, =Eu, +nu, =J-(y,u. - yu,), (3.83)
U, =&, +nU, =J-(-X,U, + XU, ). (3.84)
The stress tensors are expressed by
7, =J %y[z(yn% - yiun)—(—xnvgy + xévn)—v/(y-J )] (3.85)
7, =1 -g,u[Z(ynvg —yv, )= (XU, +x.u, )=/ (y-J )J (3.86)
Ty =9 ;u[—x”uf + X, + YV, — yfvﬂ] . (3.87)

Then, the Reynolds stress tensors are calculated as follows:

To =9 -g/,lt [Z(ynué - yguﬂ)—(—xnvg +x§v,7)—v/(y-\] )]—%pk, (3.88)

Ty =1 ';2§'ut [Z(y”vé - yévn)—(—xnug +x§un)—v/(y-J )]—%pk, (3.89)

Toy =3 24 [ XU, + XU, + Y,V - Y, . (3.90)

Substituting Egs. (3.85) - (3.90) into Egs. (3.32) and (3.33), one obtains

2
[yn (Txx 7T ) =X (TXV Tl ):|i+l/2,j - {J ('LH_'UI )|:£7/ +%j U

A Xy X.Y 2YyV| 2
i+1/2,j

y§ XY, XY 2y, N 2
Ho+r=|u +|e+—L|v,——=v +—=— |+ =y, pk . 3.92
( 3}’7 (8 3 ¢ 3 7 3y 3y§ . ( )
I, ]+

and
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Viscous Flux

X,y
[y,? (Tyx +Ttvv><)_xﬂ (TW +Tt!W):|i+1/2,j :{J (/H_'ut){_ 773 : U
+ +xy u,+ +X2 v, ,B+XX V+2xv +2x k 3.93
P - - 5 PEVED ! ’
3 )73 AR TN A AR
1+ y)

ST S R AN

X:Y; XX, X: 2XV | 2
——2ty —| f+—L .+ a+—=|v, —=—— |-=X.pK , 3.94
R GAREN I el W v i et (3.94)

i,j+1/2
where

a=x+Y., (3.95)
B=XX+Y:Y,, (3.96)
y= xs + ys, (3.97)
E=X.Y, =X Y, (3.98)

Then, diffusion fluxes and heat fluxes are given by

‘]s,x = =-J pD [yq & ygxs,,,], (399)
oX
Joy = = =-J pD[-Xx X, .+ XX, ], (3.100)
oT,
Bor =~ e =73 AL e =YD (3.101)
Oy = ol __; ALX T +XT., ] (3.102)
Hence,
( y77 s,X + Xry‘]s y)|+1/2,j = (J st)i+1/2,j[7xs,§ _ﬂxs,n]iﬂjzyj: (3103)
(y.f‘]s,x - XfJS,y)iviJrl/Z = (‘]st)i,jJrllz[_ﬂXs,g +axs,,7]iyj+1/21 (3104)
(yqqe X —X qe y)|+1/2 j (Jﬂ’ )|+1/2 ][7 _ﬂTe,q]iﬂ/z’j) (3105)
( yéqex +X.§qe' y)l J+1/2 (‘]ﬂ“ )I j+l/2[ ﬁXT +to eq]l j+u2- (3106)

The rotational and vibrational heat fluxes are evaluated in the same fashion. Similarly,
the energy fluxes in the total energy equation are given by
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(Y, B =X,8,)iw2j = {U |:y;7 (Txx T T« ) —X, (Txy T )]}

i+1/2,]

+ {v[y,7 (zy 70y ) =%, (2 +Tiyy )]}MIZ’j
+(\Mv)iﬂ/z,j [T, _ﬂTtr]i+1/2,j + (‘]/’i’rot)i+1/2,j [Tt _ﬂTrot]H—l/Z,j
(I i )iz, il o = Bluindivz; + Q)i i [V Te = BTe)iua

+(‘]21)i+1/2,j[7Ttr _ﬂTtr]H-JJZ,j +Z(J st)i+1/2,j[7Xs,§ _ﬂxs,q]iﬂ/z,j’
s=1

(_ygﬂx + Xéﬁy)i,j+l/2 = {U |:_y§ (Txx + Tt,xx)+ X§ (Txy + z-t,><y )]}i,jﬂ/z

A A CARE ]
(I )i o[ BTe + T i oz + O Aia)i i [ BT + AT )i o2
+(J/1\/ib)i,j+112[_mvib + aTvib]i,j+112 +(J ﬂ“e)i,jﬂlz[_ﬂTe + aTe]i,j+1/2

(3.107)

+(IA); jo =BT + T o +Z(J PO janl=BX s +a X, ] - (3.108)
s=1

In the present calculation, the derivatives for the computational domain are defined by

(Ug)mjz,j =Uiqj — Ui

1

(Uq)m/z,j = Z(ui,h—l —U i T U _ui+1,j—1)!
1

(Us)i e = Z(Um,j —Uiy U _ui—l,j+1)’

(Un)i,jmz =U; 0 U 5

The average variables at the cell interface are simply evaluated as follows:

’ui +lui+
Hisp,j :Tl’
_/LlJ +ILlj+l
‘Llly]+1/2 _T’
D,), +(D,),
(Ds)i+1/2,j :Lz(s)wl'
(D,); +(D.),,
(Ds)i'j+1/2 :Jfll.

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)

(3.114)

(3.115)

(3.116)

On the other hand, the heat conductivity at the cell interface is calculated by the

following harmonic average:
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gLt @117
/11+1/2,j 2 X’l,j ﬂ’l+1,j
L :1[A+ . ] @119
2‘1,j+l/2 2 /11,] ﬂ'l,j+1

The average Jacobian between two cells is evaluated as
! :1(A+ 1 j @119
‘]i+ﬂ2,j 2 ‘]i,j Ji+l,j
! =1(i+ ! J (3.120)
‘]i,j+1/2 2 ‘Ji,j ‘]i,j+l

3.4 Time Integration

In this section, integration procedure in time direction is described. As is known,
compared with the explicit time integration, the implicit scheme has the advantage that
the numerical computation can unconditionally converge. The numerical instability can
be avoid by using it. Therefore, in this study we adopt the implicit scheme for time
integration procedure.

In the equation system, because of the considerably smaller values of electronic mass
and energy compared with those of the other species, numerical stiffness tended to arise
when solving the electron-energy equation. To avoid this stiffness, we uncoupled the
electron-energy equation from the other flow-field equations and then solved the
electron temperature instead of the electron energy.

On the other hand, the coupling between flow field and turbulence transport
equations is relatively weak 3. Though solving all equations simultaneously tends to
result in rapid convergence, the turbulence transport equations are also separated from
the flow-field equation solver to be implemented simply. The electron energy equation
(E,) and the turbulence transport equations (pk, pe) solvers are separately denoted later.

3.4.1 Implicit Scheme

We rewrite the Navier-Stokes equation system Eq. (3.29) except for the electron
energy and the turbulence transport equations as
i,] !

Vi,j n n+l
—-AQ), = R] (3.121)

where AQ; =Q"'—Q/; and the vector of the residuals R, ; is given by

R, =—|2y(F- V)sz,,- +[2y(F - 'Ev)]i,l,z,,-

_[ZV(G -G, ):|i,j+112 +[27(é -G, ):|i,j—1/2 ~(H )” Hvw )i'j ’ (3.122)
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The residuals vector is evaluated in time direction by:

n+l n al:\)ij "
R™ ~R" +At| —L
' : ot
oR Y (oQ "
=R, +At] — Qu
: oQ ot

oR, |
“R,+ { ]AQ,J (3.123)

aQ

where the term (OR, ; /0Q ) is the Jacobian matrix.
Substituting Eq. (3.123) into Eq. (3.121), the following expression yields

Vi, (R A
. (an Q"= (3.124)

| R, | Mg
__( % j AQ" _\T,J (3.125)

Here, the most accurate method to get the solution AQ is to inverse the left-hand-side
matrix of Eq. (3.125) directly. However, since the direct inversion of the matrix requires
enormous computation cost and complicated. Therefore it seems very difficult to solve
Eqg. (3.125) without any modification. On the other hand, because we are only interested
in steady-state solutions, it is reasonable to use iterative methods to find approximate
solutions for AQ though a time-marching method. In this study, the point implicit
method and the lower-upper symmetric Gauss-Seidel method are employed to solve the
Eqg. (3.125).

3.4.2 Point Implicit Method

As for a simulation of chemical nonequilibrium plasma flow, the computation tends
to be stiff due to great difference of characteristic times between flow field 7, and

chemical reaction 7. The time scale of the chemical reaction is drastically smaller than
that of the flow field. In addition, since the left-hand-side of Eq. (3.125) is roughly
evaluated, e.g., LU-decomposition and approximate factorization, numerical error with
the matrix inversion causes computation to be unstable. Thus, if the time step At is
close to the time scale of flow field, it is difficult to treat the chemical reaction
accurately. On the other hand, if set At ~ 7., we have to spend enormous computational
cost on the flow-field calculation. To overcome the stiffness, the point implicit method
which is developed by Bussing and Murman P4 is used in this study. The source term of
the chemical species is separated from others and the coefficient matrix is
approximately factorized as

[ — At [ OR; " _1- At | O(R =V W) +a(vi,jWi,j)
vi,leQ ) v, aQ aQ

i

72



Time Integration

o(R -V. W. .
z(l —AtHi,j) | ALOR, VW) | (3.126)
Vi oQ
o a(\ﬁj\AA,j) . N .
where Hi,j —T . The Jacobian matrix H = dW /dQ of the chemical source

term is directly inversed. The variable V denotes the volume of a control volume.

3.4.3 LU-SGS Method

Lower-Upper Symmetric Gauss-Seidel (LU-SGS) method which was developed by
Jameson and Yoon ! is widely used because of its low numerical complexity and
modest memory requirements. It can be implemented easily on parallel computers for
structured or unstructured grid system. In the present study, in order to achieve rapid
convergence and stable calculation, the LUSGS scheme is used to solve the flow-field
equations. The LU-SGS procedure with the point implicit method aforementioned is
described in this section. Primarily, we rewrite Eq. (3.125) in detail as follows:

(s i+ (v (AT, 29(A-A)]

i+1/2, j -2, ]

i, j+1/2 i,j-1/2

+[2y(B-8B,)] -[2y(B-8B))] )]aQ"= VA—tJ R",, (3.127)

where A | B, AD and B, denote the Jacobian matrices of the inviscid and viscous
F,G,F

fluxes, i.e., » andGU that is:
A:%: y,A-x,B, (3.128)
A = ‘Z'g =y,A -xB,, (3.129)
B =%=—y§A+ x:B, (3.130)
B, = ‘f% =-y.A +X.B, . (3.131)

The numerical fluxes at the cell interface (i+1/2 and j+1/2, etc. ) are roughly evaluated
with the first-order upwind difference manner:

(Aiarzj = (A + (A (3.132)
(A)iyzj = (A +(A)is ) (3.133)
(B)i.jsz = (B); +(B)i jua, (3.134)
(B)ijv2 = (B)i; +(B) s (3.135)

Then, the fluxes A*, B* are approximately calculated with the spectral radius by
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A =%[Ai Bo(AI], (3.136)
B :%[Biﬂa(B)l], (3.137)
o(X)=max[| 4 ], (3.138)

where 1 denotes the eigenvalue of the matrix A or B and £ is a constant. Since the
scheme is unconditionally stable if g is larger than unity, it is set to be g =1.1 in the
present calculations. On the other hand, the Jacobian matrices of viscous fluxes are
evaluated as follows:

o | ok 8P

~— v , 3.139

A ox'| 0Q; Tox ( )

B~ | G | P (3.140)

x|\ oQ, | oy
P= 24 I (3.141)
o
Here, Au and B, are expressed by

A ~ y,P—X%,P,, (3.142)

B, ~—y.P +X.P,. (3.143)

The Jacobian fluxes are evaluated by the central difference manner in a same fashion to
the viscous fluxes:

(A/)i+112,j = (‘]ypg)i+:lj21 (‘]7/)|+:IJ2 J( i+4,j T J) (3144)

(év)i,j+1/2 = (‘]apq)i,jJrl/Z (‘Ja)| J+]J2( i,j+1l PIJ) (3145)

Denotation with subscripts i and j is the diagonal element of the matrices A or B, while
ones with i+1 or j+1 and i-1 or j-1 are respectively the upper element and the lower
element. Consequently, Eq. (3.127) is transformed into the following expression:

(l —AtHi,j)(D+ L+U)AQ" = AR, . (3.146)
where

yi+ ,'+yi— JJ
D=V, +At[%{ﬂo(A.,j)+2(37P)i,j}

yl J+JJZ + yl -2

{Bo(B,)+2(3aP), 3] (3.147)

L——At|:y, MJ( +J7P) L +Yi’jy2(§++JaP)i1jl:|, (3.148)
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uzAt[ymj(A-+Jyp) j+7i'j+1,2(l_5>_+JaP) J, (3.149)

i+1, i, j+
The term (D + L + U) in Eq. (3.146)is factorized by
(D+ L+U):(D+ L) D‘l(D+U)—LD‘1U z(D+ L) D‘l(D+U). (3.150)

If time step At is sufficiently small, the approximate factorization is valid. This is
because the term LD™U has an order of At. In the present simulation of an arc-heated
flow, the time step is limited to be small value due to the strong nonlinearity of the
chemical source terms. Thus, the approximation is expected to work well. Substituting
Eqg. (3.146) into Eq. (3.150) one obtains the following expression:

(I—AtHi,j)(D+ L)D*(D+U)AQ" ~ AR, . (3.151)

The presently-used LU-SGS procedure with the point implicit method is described in
Algorithm 3.1. The solution is updated iteratively.

Algorithm 3.1: LU-SGS procedure

Point Implicit (I —AtH)AQ* = AtR"
fori=1, imax, step =1 do
for j =1, jmax, step = 1 do
-1
AQ, =(1-AtH ) AR,

end for
end for

Lower Sweep (D+L)AQ™ =AQ"
fori=1, imax, step =1 do
for j =1, jmax, step = 1 do
AQ; =D} (AQ]; - LAQ",  — LAQ )
end for
end for

Upper Sweep (D+U)AQ" = DAQ™
fori=1, imax, step =1 do
for j =1, jmax, step = 1 do
AQ; =AQ ~Dj(UAQ
end for
end for

:1,1' + UAQ:}A)

3.5 Electron Energy Equation

In the simulation of a thermal nonequilibrium flow, commonly we must solve the
electron energy equation to obtain the electron energy distribution. However, because of
the considerably smaller values of electronic mass and energy compared with those of
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the other species, numerical stiffness tended to arise when solving the electron-energy
equation. To avoid this stiffness, we introduce the method uncoupling the electron
energy equation and the other flow-field equations, and then solved the electron
temperature instead of the electron energy. In the present study, we express the electron
energy equation in steady form and rewrite the equation in delta form as follows:

AAT, =R, (3.152)

where R, is the residual vector of the electron-energy equation which is given by

(Re )i,j - —[ZV(IEG ) Ife"’ ):|i+1/2,j +[27(E i Ife"’ )]i—llz,j —[ZV(GE 'Ge,v )]i,jﬂ/z
+2y(6, -G, )]H__m { ( e =+ Spe + Sy H , (3.153)

J

The Jacobian matrix A4, is defined as A,=0R,/0T,. We split the Jacobian matrix into
three contributions named convection, viscosity and source terms. Instead of directly
inverting the matrix, Eq. (3.153) is approximately solved with a standard line-relaxation
method and the electron temperature is obtained at each time step. We split the Jacobian
matrix into three contributions: convection, viscous and source and estimate separately.
The convection terms are calculated as the first-order upwind difference manner, that is:

AAT ) =(AAT)  —(AAT) L + (A AT — (AAT,),

+(Be+ATe)i,j _(B;ATe)i,j—l+(B;ATe)i,j+l_(B;ATe)i,j . (3-154)
where
. 3 U+lU| . 3 V'£|V'|
*=—pRV , B ==—pRV , A
'% 2pe e 2 e zpe e 2 (3 55)
U'=&u+éy, Vi=pu+nV. (3.156)

Considering the heat conduction term only for simplicity, the viscous terms of the
Jacobian matrix are evaluated as follows:

(A%AT )VIS == +]JZ j (A ei+lj e| ])+ A§ﬂ2 j(A e j ATe,i—l,j)

A j+1/2(A e, j+1 e| j)+A7IJ 1/2(A e|J e,i,jfl) . (3157)

Finally, each contribution of the source term is differentiated with respect to the electron
temperature:

(AEAT )source — AsiurceATEI i (3158)
where

QT9+QRQ
8X TTT

—3p, (T, —

source
j - pe Re

'S aVe s 1 e ot 2.8
_spe (Trot _Te) Z grot,s Rs 8T + [pNZCvﬁJ N, Qe-V = J
s=M TNZ’e

e
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WG
YO aT

e

OWR, W,
PN o, ~Eun oT

e

—E ~E (3.159)

Substituting Egs. (3.154) - (3.159) into Eq. (3.152), one obtains the following
expression:

e

AAT,,  ,+BAT,, ,+CAT,, . =R, ,~DAT,,,,~EAT,.,,,  (3.160)

J,j+1
where

A=-B, - A?j—ﬂz ,

B= A+J N 'A{J + BiTj - BiTj + 'E\iuz,j + 'E\é—ljz,j + A?jﬂjz + 'E\’,Yj_]jz + S,(}urce )
C=B.- A’,]m/z )

D= _Atl,j - Ag—uz,j )

E= A_+1,j - Aiuz,j .
The coefficient matrix of Eq. (3.160) is tridiagonal and the system of linear equation can
be solved by standard line relaxation method with Thomas algorithm.

3.6 Turbulent Transport Equations

To numerically solve the turbulence transport equations, we first rewrite Egs. (2.243)
and (2.244) in the following vector form *™1;

QR _F,

+P. -D,, 3.161
R (3161)
where Q, =[pk, pe]' and
4y | oK t aul
,U+_j_ Tij = &
u. [ ) I oy P
F = A : R, = O axj P = aXJ 1 My = g | (3.162)
PEU; ' LA oe C f ET.‘.% ngfzp?
/U O'g an el 1k ij an

Here, F, F,, are the advection and viscous fluxes, respectively. Additionally, P, and

D, are the production and destruction terms in the source, respectively.

The turbulence transport equations are discretized by the finite volume formulation in
the same manner as the other flow-field equations. Similarly, the numerical fluxes of the
inviscid and viscous terms are evaluated by the SLAU scheme and the second-order
central difference method, respectively. The production term is also calculated by the
second-order central difference method. Consequently, Eqg. (3.161) is linearized as
follows:

Vi j n n+l
EAQU,J‘ =R (3.163)

At

where AQ, ; =Q/}; —Qf}; and the vector of the residuals R ; is given by
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(Rt)ili B —[ZV(Ift B Ift*v ):|i+1/2,j J{zy(ﬁ‘ a If‘*v ):|i—1/2,j

_[Zy(ét _Gt'v )]i,jﬂ/z J{ZV(GI _étvv >]i,j—1/2 +[V (Pt -Db, ):Ii,i ’ (3.164)

The time integration is performed implicitly. In contrast to the other flow-field
equations solver, the delta form is not used in solving the turbulence equations. The

destruction term D, tends to cause high numerical stiffness. Thus, a special numerical

treatment is needed for the source terms to guarantee the computational stability (see
Ref. [96] ):

n+ n+ n D ' n+ n n+ D ’ n+
[P.-D] 1th '-D _(at] ( o) ):Pt l_(atj . (3.165)
t t

Furthermore, linearizing the residual vector (except for the destruction term D, ) in the
source at the (n+1)th step, we obtain

D..; n_ﬁ R n 1 _| g At R " R
{I+At[ Q J Vm( aQ, J] m{l v, [—aQt ”Qt,.ﬁvu (R)!;, (3.166)

where

(Rl* )i-i - —[2)7(!% B Ift"’ ):|i+1/2,j +[2y(ﬁt B If“’ )1_1/2,1
_[ZV(Gt _ét,v ):|i,j+1/2 +|:27(Gt —thv ):|i‘j71/2 +(V . Pt)i,j ’ (3.167)

Since the destruction terms are always positive, the diagonal dominance in Eq. (3.166)
results in an increase, by treating the destruction terms implicitly. Hence, this procedure
ensures that the scheme is stable. Finally, the system of linear equations is solved by the
GMRES method with the preconditioning technique.

3.7 Boundary Conditions

3.7.1 Flow Field Equations
Inflow

At the inlet of the inductively coupled plasma facilities, the flow is subsonically
injected. The static pressure p;, is extrapolated from the interior pointi.e., Py; = Py;,

while the other flow properties are calculated by the specified total temperature T, and
mass-flow rate M that is:

CoPnA [[CopnA Y
. m
rT]:loinuinAin = pinzﬁi (3169)
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pin

pin :pinTinR = Tin = .
pinR

(3.170)

The area A, at the inflow part is obtained by

jmax

Ar :”Z(yi,j +yi,j+1)\fxs+ys : (3.171)
=l

The injected mass concentration is set to be the composition of air, that is, N, :0O, =

0.765 : 0.235 for ratio of mass in the present simulation. The total temperature is set to
be 300 K.

Note that for the 110-kW ICP wind tunnel, the working gas was arranged to be
injected from a 2.4 mm slot near the torch wall in the experiment, so the same inflow
manner is used for it in the simulation. Beneath y=35.1 mm at the inlet, a wall boundary
condition was used there. The wall temperature was set to be 300 K.

Outflow

At the torch or chamber exit, the working pressure in the vacuum chamber is
specified, the other flow properties are determined from the zeroth extrapolation as
follows:

Qi max Qi max—1 (3172)

Wall

The wall boundary was assumed to be no-slip for velocity and the wall surface had
basically no catalytic effect. Furthermore, in order to determine the wall temperature 7,
properly, the whole wall boundary for the 10-kW ICPWT was divided into four parts:
the torch and extended tube walls, orifice wall, the vertical wall (R, <y, .;;<2Riorch)s
and the chamber wall, which are denoted as 7,1, T, 0, T, 1» Ty, respectively. These
temperatures were determined at each time step as follows:

(i) T,, r was determined by a radiative equilibrium equation:

<C"GTW,T = qcond ’ (3173)

where ¢=0.3 and ¢=5.67x10"° W/(K*. m?) are the emissivity of the quartz tube and
Stefan-Boltzmann constant, respectively. Here, (., represents the conductive heat

flux transferred to the wall. By considering the melting temperature of a quartz tube,
T,,r was limited to be less than 1000 K. In addition, no pressure gradient normal to the
wall was imposed.

(ii) Because of severe deformation of the grids near the orifice wall, numerical error
seems easy to occur here. Therefore, a constant wall temperature was used at the orifice
exit, i.e., T,, o was set 1000 K at x=340 mm.

(ili) The temperature at the chamber wall was supposed to be identical to the
temperature of ambient gas. Therefore, T, - was fixed to be 300 K.

(iv) The boundary condition on the vertical wall was determined in a different
manner according to the temperature of its inner adjacent point 7, ;. If T, ;, was
higher than 300 K, its boundary condition was determined in the same way as for the
torch wall. Otherwise, it was treated as the chamber wall.
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The wall boundary for the 110-kW ICPWT was divided into three parts: the torch
wall, vertical wall, and chamber wall. The wall temperature in each section is
determined by the same manner as it is used for the 10-kW ICPWT.

Center Axis
Along the center axis, an axisymmetric condition is imposed. This is given by
Qo=Q., (3.174)
Q. =Q, (3.175)
For the y-direction momentum,
Q,=-Q., (3.176)
Q1="0Q- (3.177)

3.7.2 Electron Energy Equation

All the boundary conditions except for the inflow part of the electron energy equation
are set to be adiabatic, that is:

oT.

£ =0. 3.178
an (3.178)
At the inflow, the electron temperature is assumed to be equal to the inflow temperature
T, as

T =T, (3.179)

3.7.3 Turbulent Equations

Treatments at the outflow and the center axis are the same to those of the flow field
equation. Here, boundary conditions at the inflow and the wall are denoted.

At the inflow part, the turbulence energy and its dissipation rate are respectively
given by

ky =15(kyU )’ (3.180)
10 p, k?

10 Aok (3.181)

8cof /Uin

where K. is settobe 0.02, &, is setto be 200.

The boundary conditions of k and ¢ on the wall surface are determined as
2 Kjimax.

k=0, e=2£ maxl (3.182)

P (yjmax - yjmax—l)2

where the subscript jmax indicates the variables on the wall surface. The boundary
conditions of k and ¢ on the center axis and at the exit are extrapolated.
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3.7.4 Electromagnetic-Field Equations

As for the boundary conditions for solving the far-field magnetic vector-potential
equations, the outer boundaries are set far enough from the coil position so that the
intensity of the electromagnetic field is sufficiently small to be given as zero along these
boundaries. For the 10-kW ICPWT, the our boundaries locate at x= -100; x=320 mm);
y=187 mm in Fig. 4.1(a). For the 110-kW ICPWT, the our boundaries locate at x= -120;
x=360 mm; y=206 mm in Fig. 4.2(a). The effects of different positions of these far field
boundaries are tested and avoided before the beginning of the calculation.

The axisymmetric boundary condition was imposed on the center axis.

3.8 Electromagnetic Field Solver

The far-field electromagnetic equations were discretized by the finite difference
method. The numerical flux was evaluated by the second-order central difference
formulation. The under-relaxation iterative method was used to solve the magnetic
vector-potential equations. For example, at the n™ iterative step the vector potential is
evaluated by:

AH?J = Ae,ir:l + a(z‘e,:j - Aa,ir:l) : (3.183)

The relaxation coefficient a was set to be 0.1 and 0.7 for the 10-kW and 110-kW
ICPWT, respectively. The relative residual of the vector-potential equations was set to

be less than 107 at each time step for all the computation cases.

To control the total discharge power dissipated into the plasma, the computational
input power defined as PczgﬁSjouledV is integrated over control volumes in the flow
field of the torch. The coil current is updated at each time step to govern the
computational input power P.to be equal with the total experimental input power P
(e.g., P=10 kW). To achieve a stable calculation, we introduced the following method
to update the coil current at the (n+1)th time step:

™ =1" A", (3.184)
A" =pPIP-1)I", (3.185)

where the relaxation factor f is defined in the program flow chart Fig. 3.3

Pr<P&PM<PM!
Pr>P& PPt

Yes

Sp=00001/ / p=10 /" / p=00 /

Fig. 3.3 Definition of the relaxation factor S

Yes
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3.9 Other Implementations

3.9.1 Local Time Stepping

In this study, the time integration scheme was used to update flow-field results at
each time step. It is known for chemically reacting flow computations the time step At
is severely limited due to the strong nonlinearity of the thermochemical source terms.
So in order to achieve stable and fast-convergent calculations, attention should be paid
to the time integration step At . Usually, If the interest of a calculation is the
computational stability or temporal evolution of the solution for an equation, then the
time step At can be set to be smallest value in the whole flow field (Global time
stepping technique). However, this technique will cost long time to get convergent
solutions of the equation. On the other hand, if the interest is fast convergence or steady
state solution of a flow, then local time-stepping technique can be used in the
calculation. In this study we adopt the local time-stepping technique to determine the
time step At. At is set to be different for each cell. Specifically, the local time step
(At), ; atacell (i, j) is determined as follows:

\/x§+y§ \/xj+y§
lU|+c " |V |+¢c

i

(At),; <Cen, (3.186)

where C., represents the Courant-Friedrichs-Lewy number.

3.9.2 Treatment of Multi-Temperature Model

In the four-temperature model, T,,; and T,;;, denote the rotational and vibrational
energy modes of molecules. If there is no or very few molecules in a plasma flow,
which is resulted by severe dissociation reactions. Numerical instability of the rotation
or the vibration energy tends to arise due to lack of the molecules if the four-
temperature model is applied. To overcome this difficulty, we combine a two-

temperature model (i.e., the heavy-particle ( T, =T, =T, ) and the electron
temperatures (T,) and a four-temperature model by a degree of the molecular-species
mole fraction. In the present calculation, in the region where the molecule mole fraction
is less than a small value ¢, the two-temperature model is adopted instead of the
four-temperature model. In this study, &, is set to be 1%. On the other hand, because

severe recirculation flow appeared near the torch inlet, the multi-temperature model
tended to be unstable at the inlet. To keep the stability, a one-temperature model
(Ty =T« =T, = T.) was used at the inlet section (x<20 mm) for simplicity.

3.10 Matrix Solver

In order to numerically solve system of linear equations such as the electron energy
equation and turbulence transport equations mentioned above, it is necessary to
introduce efficient mathematical method to obtain their solutions at each time step. As
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for solving the system of linear equations, in most instances it results in the following
relation:

AX=b. (3.187)

where A represents a n>n coefficient matrix, and x and b are n-dimensional vectors. To
get the analytical solution x of this equation, we need to invert A exactly. However, the
direct inversion is enormously expensive. It tends to spend much computational time
and computer memory storage for system of linear equations. Hence a series of
relaxation scheme such as Gauss-Seidel Line Relaxation method, Generalized
Minimum RESidual (GMRES) method etc. were commonly used to find an
approximate solution of Eq. (3.187) iteratively. In this section, each relaxation scheme
used in the present calculation is denoted as follows.

3.10.1 Gauss-Seidel Line Relaxation Method

For the electron energy equation discussed in the previous section, the Gauss-Seidel
line relaxation method was used to solve this equation. Here, we rewritten the Eq.
(3.160) at a cell (i, j) as

AAT,; . +BAT,; , +CAT,; ;. =R, —DAT,;, ; —EAT, ., ;. (3.160)

e e e, e

It can be treated as a tridiagonal system of linear equations, and thus can be solved
implicitly for AT, by using a line relaxation method with Thomas algorithm.

The line relaxation method can be further divided into Gauss-Seidel and non- Gauss-
Seidel methods. For the Gauss-Seidel method, AT,;_;; and AT, ;. ; in the right hand
side of Eq. (3.160) are evaluated using the latest available values. It is preferable and
efficient to use the Gauss-Seidel method. Since changes in the solution propagate
quickly, it can improve convergence speed for an iterative process by using the latest
solutions of equations. In contrast, AT, ;_;; and AT, ;4 ; in the non- Gauss-Seidel
method are computed by using previous time step values even if values of the current
level are available for some lines. In this case, more iterations are required to obtain AT,
for all points.

3.10.2 GMRES Method

To solve the system of turbulent transport equations Eq. (3.166), GMRES
(Generalized Minimal RESidual) method ! was employed in this study. It can be used
for solving a linear system where the coefficient matrix is not symmetric or positive.
The use of GMRES combined preconditioning technique is widely used in many fields.
The basic procedure of the GMRES method is described below.

Considering the system of linear equations Eq. (3.187), generally, the final purpose is
to look for an approximate solution x for this equation:

X=X,+2. (3.188)
where X, represents an initial gauss and z is a member of the Krylov subspace:
zeR,,, R, ={r,, Ar,, A’r,, A’r,,...A""1,, }. (3.189)

where r, =b— AX,, and m being the dimension of R. The parameter m is also termed

as the number of search directions. The GMRES algorithm is used to determine z in
such a way that the 2-norm of the residual, i.e.,
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Io— A(x, +2)]- (3.190)

IS minimized. In the following, we present the particular steps of the GMRES algorithm.
1) Computation of the orthonormal basis of R,
We employ the modified Gram-Schmidt procedure to get the orthonormal vectors:
r, =b—Ax,
o, =1, /|r,
Doj=1,m
v, = Av;
Doi=1,j
hi,j =040

v, =0, —h v,

j+l i,ji

End do
h
Viy :vj+1/hj+l,j
End do
where h, ; denotes the coefficients of the upper Hessenberg matrix (i=line, j=column).
However, the matrix is extended by the elements h,, ;. Therefore, the dimension

becomes (m+1) >m.
2) Generation of the upper Hessenberg matrix
The Hessenberg matrix is expressed as:

i+ = ij+1

_h1,1 h, - h, My |
hz,l h2,2 o hz'mfl hz,m
. O h,, : : . (3.191)
m : 0 . hmfl,mfl hmflxm
: i homs Do
L 0 o .- 0 hm+1,m_(m+1)xm

It will be further used below to formulate and solve the minimization problem for the
residual Eg. (3.190).

3) Minimization of the residual
The correction of the start solution X, is defined as:

2=3y0;, (3.192)

where y; are the components of the vector y = [yl, Yo, ym]T. Furthermore, it can be

shown that AV,, =V, ,H:, where V, =[o,,0,,---,0,,] being a matrix with », as
columns. Let us introduce the notation:

e =[Jr,].0,---.0] , (3.193)

where the unit vector e has (m+1) elements. Using the definition of Eqg. (3.193), we
observe that
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r,=b—Ax,=V,_,e, (3.194)
Hence, we obtain for the residual Eg. (3.190)

Ib—A(x, +2)| = =|r, — AV Y|

o _A(Zijj )
=1

=Vaae=Ha9)|=[e-H,Y

We employed the orthogonality of V., in the last step. Therefore, the problem of the
minimization of the residual can be simplified as:

\ , (3.195)

minfb— A(x, +2)|=minje—H,y

\ . (3.196)

The solution of the minimization problem can be obtained with the help of the Q-R
algorithm which is described next.

4) Q-R algorithm

Let us define R, =Q, H, with Q, =F_F,,...F, being the production of the

Givens rotation matrix

e
F, = | , (3.197)

L i J(m+1)x(m+1)

In Eqg. (3.197), I, denotes the identity matrix of dimension j. Further, ¢, and s,
(cf+ sj2 =1) represents the sine/cosine of the rotational angle. The rotations are chosen
such that H is transformed into an upper triangular matrix R, which has the
dimensions (m+1)>m and which last line contains only zeros. Since Q] Q,. =1, we can
write it in Eq. (3.196) as

LY

|=|Qn(Que—QuH.LY

where g = Q,,e denotes the transformation of the vector e. The last line of R, consist
of zero. Therefore only the term g,,, is nonzero in the low (m+1) of the vector
(d—-R, V). If we denote the first m-components of (§—R,, V) as p;(j=1, 2, ...m), then
the norm in Eq. (3.198) becomes

- R Y=, |9n:+ 2P}, (3.199)
-1

If we chose the components y; of Y in such a way that pj? =0 forall j=1, 2, ...m, we
obtain for the minimization problem in Eq. (3.196)

minjb—A(X, +2)| =g — Ry Y| = I (3.200)

- lg-R,3l. (3199
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The components vy, results from the solution of the following system of linear
equations by back-substitution

Rl,l e Rl,m—l Rl,m Y1 0,
0o . 2 :
. = , (3.201)
Rm—l,m—l Rm—1,m ym—l gm—l

o - 0 Rom | Ym ot

The solution of the system of equations Eq. (3.187) is then obtained with known vy,
from Eq. (3.192). It is important to remark that

[rall =lb— ACx, +2)] =& = H7, 7] =6 = Ra 7] = Gms- (3.202)

This means that actual residual can be easily determined as g,,,.;.

In addition, GMRES can work best when the eigenvalues of matrix A is clustered [,
To achieve this, a preconditioning technique was applied to accelerate the calculation.
With a given preconditioning matrix P, Eq. (3.187) is expressed as

(AP )(Px)=b, (3.203)

where the preconditioning matrix P is referred to as right preconditioner so that P is
multiplied from the right side. Rewriting Eqg. (3.203):

(AP )x" =b. (3.204)

where Px = x". The preconditioning matrix P is an approximation of the coefficient
matrix A, and clusters the eigenvectors of A around unity. Thus, in GMRES loop with
the preconditioning technique, we need to solve Ax = x' as the inner loop. GMRES
loop corresponds to the outer loop. In this study, the matrix in the inner loop is inverted
by the Gauss-Seidel method.

3.11 Summary

In this chapter, the numerical methods used to solve the flow-field and
electromagnetic-field equations were discussed. Specifically, the flow field equations
were discretized by a finite volume method. Exploiting the advantages of arbitrary
body-fitted grids, we transformed the Cartesian coordinate system into a generalized
coordinate system in the computational domain. The convective terms were evaluated
by the SLAU (Simple Low-dissipation Advection Upwind splitting method), and the
viscous terms were calculated using the second-order central difference method. To
achieve higher order accuracy, Van Leer’s MUSCL (Monotonic Upstream-centered
Scheme for Conservation Laws) limiter was used for the inviscid numerical fluxes. In
addition, when the chemical kinetic model is considered, a robust and effective time
integration method is needed to overcome the stiffness in time scale between the
chemical reactions and fluid motion. Thus, the point-implicit LUSGS (Lower and Upper
Symmetric Gauss-Seidel method) was employed to achieve stable calculation and rapid
convergence. To avoid numerical stiffness, we uncoupled the electron-energy equation
and turbulent transport equations from the other flow-field equations. The electron
energy equation was approximately solved by a standard line relaxation method to
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obtain the electron temperature at each time step. The turbulent equations were solved
by the GMRES (Generalized Minimal RESidual) method.

The electromagnetic equations were discretized by a finite difference method, and
solved by the under-relaxation iterative method. The Lorentz force and Joule heating
rate were used to bridge the flow-field and electromagnetic-field. The coil current was
controlled by a relaxation parameter S to update the electromagnetic field at each time
step. The OpenMP technique was used to accelerate all calculations. Finally, to give a
clear view the numerical methods mentioned above are summarized in Table 3.1 as
following:

Table 3.1 Numerical methods used in this study

Discretization Finite Volume Method

Viscous term 2nd order Central Difference

Inviscid term SLAU + MUSCL

Time integration LUSGS + Point Implicit Method
Electron Energy Equation Gauss-Seidel Line Relaxation Method
Turbulent Transport Equations | GMRES

Electromagnetic Equations Under-Relaxation Iteration Method
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Chapter 4 Results and Discussion

First, the computational grid system and working conditions used in the present study
are given and summarized.

Second, the comparisons of numerical results with experimental data are primarily
performed for the 10-kW and 110-kW ICPWTs, respectively.

Third, the basic flow properties of nitrogen and air inductively coupled plasma flows
in each facility are discussed in detail.

Fourth, the interactions between the electromagnetic and flow fields of ICP flows in
the 10-kW and 110-kW ICPWTs are studied and compared.

Fifth, the comparison of numerical results obtained under the assumptions of local
thermal equilibrium and thermal nonequilibrium is performed. The effects of thermal
equilibrium and nonequilibrium model on the flow properties are analysed.

Finally, the effects of different accuracy electron transport properties on the flow
fields are examined and discussed.

4.1 Computational Mesh and Condition

The geometry and computational mesh of the 10-kW ICPWT are illustrated in Fig.
4.1. Fig. 4.1(a) shows the far-field grid system used for solving the electromagnetic
equations; Fig. 4.1(b) shows the flow-field mesh of the ICP torch that is used to bridge
the electromagnetic and entire flow fields of this ICPWT; Fig. 4.1(c) illustrates the
geometry and mesh of the whole flow field including an ICP torch, extended tube and
vacuum chamber. For the electromagnetic field calculation, the far-field grid that
consists of 126>66 nodes covers in the region of -100 < x <320 mm and 0 <y < 187
mm. The inductive coil turns 3 times around the discharge torch with a diameter of 8
mm, and locates in 90 < x <125 mm, y=52.5 mm with an interval of 17.5 mm. The non-
uniform grid is used with the mesh being concentrated in the coil region to take care of
the coupling between electromagnetic and flow fields. The driving frequency of the coil
current for this 10-kW ICPWT is 4.0 MHz.

As for the mesh of the flow field, the computational domain is constructed as same as
the structure designed in the experiment . A thin orifice plate with an inner radius of
25 mm and wall thickness of 1.5 mm is positioned at x=320 mm. Because of difficulties
in constructing the computational grid in such a narrow space, the wall thickness of the
orifice was enlarged and specified from x=320 — 340 mm in the computation. The
influence of this enlargement on the flow field is thought to be negligible. The total
axial length of the computational domain is kept identical with that in the corresponding
experiment.

The geometry and computational mesh of the 110-kW ICPWT considered in this
study is illustrated in Fig. 4.2. For the electromagnetic field calculation, the region of
the far-field domain that consists of 101>66 node covering the region of -120 < x < 360
mm and 0 <y < 206 mm. The inductive coil turns 3 times around the discharge torch
with a diameter of 8 mm and locates at y=51.0 mm, 51 < x < 84 mm with an interval of
16.5 mm. The non-uniform grid is used with the mesh being concentrated in the coil
region. The driving frequency of the coil current for this 110-kW ICPWT is 1.78 MHz.
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The computational conditions performed for these two ICP wind tunnels in the
present study are summarized in Table 4.1. To make comparison between the numerical
and experimental results, these operating conditions are mainly referred from
corresponding experimental studies, and set identical with the experimental conditions.

Note that for the high-power inductively coupled plasma heater, because of several
thermal energy loss (e.g., heat loss caused by cooling water, energy loss caused by
electrical impedance on electric circuit, and radiation loss), the net input power
dissipated into plasma flow usuall?/ is quite different from the plate input power read
from the electric supply system ** *! For the 110-kW ICPWT, according to the
relevant studies % its heat efficiency was evaluated to be about 0.33. Hence, in this
study, the heat efficiency of the 110-kW wind tunnel was set as 0.33 for all the
computational case. For low-power ICP wind tunnels, because the low-power flow has
relatively low temperature and coil current, its radiation loss and electric energy loss on
the circuit are usually much smaller than those of high-power ICPWTs. Therefore, the
heat efficiency of the low-power ICPWT would be higher than the high-power ICPWT.
Furthermore, because there exist minimum input-power for sustaining plasma in the
low-power plasma generation experiments, the heat efficiency of some low-power
plasma flows (e.g., low-power arc-heated and ICP flows) may be very high in some
working conditions M 11 As well, because this minimum power for sustaining
plasma is indefinite and different in each working condition, it is difficult to judge the
heat efficiency for the low-power ICPWT. Therefore, for simplicity, in this study the
heat efficient of the 10-kW ICPWT is assumed to be 1.0 for all the computational cases.
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The computational input power i.e., net input-power dissipated into plasmas in all
simulations was estimated by multiplying the heat efficiency # to the total input power
as the computational heat source. The sum of the Joule heating rate in the computational
region amounts to the product of the heat efficiency and total input power. The mass
flow rate was specified as the entrance parameter. The vacuum chamber pressure, which
is controlled by vacuum pumps to realize a constant pressure environment as required in
an experiment, was specified as the outflow condition.

Table 4.1 Computational conditions

ICP Type 10-kW ICPWT 110-kW ICPWT

Cases Baseline | Case1 | Case2 | Case3 | Case4 | Case5 | Case 6 | Case 7 | Case 8

P, kW 10.0 10.0 | 10.0 | 10.0 | 10.0 | 90.0 | 70.0 | 90.0 | 90.0

p,,» KPa 3.90 350 | 430 | 7.20 | 8.00 | 10.0 | 10.0 | 10.0 | 10.0

m, g/s 0.625 | 0.65 | 0.82 | 0.625 | 0.625 | 1.8 2.0 2.0 1.8

Test gas N> N> Air
f, MHz 4.0 1.78
Efficiency # 1.0 0.33

4.2 Comparison of Numerical and Experimental Results

In this section, the simulated results are compared with the experimental data such as
the photograph of visible plasma, measured temperature, and enthalpy for the 10 kW
and 110 kW ICP wind tunnels, respectively.

4.2.1 10-kW ICPWT

Recently, the optical emission spectroscopies of excited molecules No(1+), Na(2+)
and N3 (1-) were measured and fitted with the theoretical spectra to determine flow
temperature in the 10-kW ICPWT 192 11 |n this section, we make qualitative and
quantitative comparisons between the numerical and experimental results, respectively.

First of all, we give qualitative comparison between the simulated high-temperature
column and the bright visible plasma in the experiment %! for the baseline case. Fig.
4.3(a) shows the comparison between the computed translational temperature (left) and
the experimental plasma core (right) in the torch. It is seen that the computed high-
temperature region (T > 5500 K) shows a similar shape to that of the bright visible
plasma in the experiment. Both in the simulation and in the experiment, the plasma
flames seem broaden a little in the radial direction near the third turn of the coil. Fig.
4.3(b) shows the comparison between the computed translational temperature (left) and
the experimental plasma column (right) in the chamber. Similar shape of high-
temperature columns can also be seen in the chamber between the simulation and
experiment.

Second, the quantitative comparisons between the simulated and measured
temperatures along the radial and axial directions are given, respectively. (1) Along the
radial direction, Fig. 4.4 shows the comparison of the simulated and measured
temperatures at x=135 mm for case 1. The operating conditions of case 1 were defined
as same as the experimental conditions '7: P=10 kW, 1=0.65 g/s, p_, =3.5 kPa, f = 4.0
MHz. As can be seen from Fig. 4.4, the computed and measured temperatures show
good agreements with each other within y<15 mm. (2) Along the axial direction, Fig.
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4.5 compares the simulated and measured temperatures on the center axis for baseline
case and case 2. The operating conditions of case 2 were defined as °%: P=10 kw,
m=0.82 gs, p,, =4.3 kPa, f = 4.0 MHz in the experiment and simulation. For case 2, the
simulated temperatures agree well with the measured ones at x=117, 135 mm, but the
disagreement is seen at the position x=99 mm on the center axis. For baseline case, the
agreement can be observed at x=99 mm. While at x=117, 135 mm the simulated
temperatures seem about 1500 K higher than the measured ones there. Generally, on the
center axis the maximum relative errors between the simulated and measured
temperatures are within 28.5% for these two cases. Because the effect of radiative heat
transfer in the coil region was not considered in the present study, they may be the
reasons for these discrepancies on the center axis.

7 008

) 00ST 00S2

00S¢

=300 =200 -100 0

100 200
(b)
Fig. 4.3 Comparisons between the computed translational temperature (left) and
experimental plasma column (right), (a) in the torch; (b) in the chamber
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Fig. 4.5 Comparison of the simulated and measured temperatures for baseline case and
case 2 along the center axis

4.2.2 110-kW ICPWT

To further validate the numerical methods, simulations were carried out using the
110-kW ICP wind tunnel at JAXA. The total length of the computational domain was
extended beyond 816 mm, at which the test pieces were set up in the spectroscopic
experiments performed by Fujita et al 2. They conducted one-dimensional imaging
spectroscopy at x=662 mm in the vacuum chamber to obtain the radial distribution of
the emission spectrum of the test flow % 1 The spectrum fitting method was
employed to determine particle temperature. Finally, the radial temperature distribution
at x=662 mm was obtained.

Fig. 4.6 compares the measured and computed radial temperatures at x=662 mm
under the conditions of P=90 kW, m=1.8 g/s and p_, =10 kPa with nitrogen and air as
working gases. The simulated translational temperature T7,. agrees well with the
determined temperature in the radial direction. For example, the measured and
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simulated maximum temperature for air plasma at the center axis are 5600100 and
5510 K, respectively, so the error between the measured and simulated maximum
temperature is less than 5%. In addition, the average specific enthalpy of air flow within
25 mm from the center axis are 13.7#1.1 and 14.4 MJ/kg for the experimental and
numerical results, respectively.

Furthermore, Fujita et al also performed imaging spectroscopy associated with the
line-by-line spectrum analysis by SPRADIAN2 to measure flow temperature and
enthalpy under the conditions of P=90 kW, m=2.0 g/s and p_, =10 kPa with air in the

110-kW ICP wind tunnel %!, Radial distributions of the flow temperature and enthalpy
were obtained in the vacuum chamber 1% Fig. 4.7 and Fig. 4.8 show comparisons of
the measured and computed temperature and enthalpy at x=811 mm under these
operating conditions, respectively. As can be seen from these two figures, the simulated
temperature and enthalpy show similar variation tendencies with the measured ones.
Agreement between the computed and measured temperature and enthalpy can be
observed in the radial location y > 14 mm. While near the center axis the simulated
temperature and enthalpy are a few percent smaller than the measured ones within y <
14 mm. The maximum relative errors between the simulated the measured temperature
and enthalpy are within 5.2% and 14.4% there, respectively.

Following the work of Fujita et al °], the rotational and vibrational temperatures of
molecular nitrogen and nitric oxide were determined by optical spectroscopy
measurements. Therefore, an additional calculation was carried out under the same
conditions as used experimentally: P=70 kW, m=2.0 g/s and p_, =10 kPa. Fig. 4.9

compares numerical and experimental temperature data along the center axis under two
different input-power conditions: P=70 and 90 kW, m=2.0 g/s and p, =10 kPa

respectively. For the 90-kW computational case, the simulated rational temperature
shows good agreement with the measured one at x=460 mm in the vacuum chamber.
Near the chamber exit (x=811 mm), the simulated temperature roughly agree with the
measured temperature, although it is about 290 K lower than the measured one there.
For the 70-kW case, the computed vibrational temperature at x=110 mm is consistent
with the measured rotational temperature of molecular nitrogen.
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Fig. 4.6 Comparison of the measured and computed temperatures at x=662 mm in the
vacuum chamber
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4.3 Flow Characteristics in 10-kW and 110-kW ICPWTs

In this section, thermochemical nonequilibrium ICP flows with the test gas being
nitrogen and air were modeled and studied in the 10-kW and 110-kW ICPWTs,
respectively. First of all, the flow properties of the nitrogen ICP flow in the 10-kW
ICPWT are discussed. The numerical results for the baseline case defined as an input
power P=10 kW, mass flow rate m=0.625 g/s, and chamber pressure p ,=3.9 kPa, f=4.0
MHz are shown and discussed. Second, a nonequilibrium air ICP flow under the typical
operating conditions: P=90.0 kW, m=2.0 g/s, p_, =10.0 kPa, f=1.78 MHz is modeled
and studied in the 110-kW ICPWT.

4.3.1 10-kW ICPWT

Fig. 4.10 shows the temperature distributions of the computational results for the
baseline case. Fig. 4.10(a) shows the distributions of the translational and electron
temperatures; Fig. 4.10(b) shows the rotational and vibrational temperatures in the ICP
torch; Fig. 4.10(c) shows the distribution of the translational temperature in the whole
flow field for the baseline case. As is shown in Fig. 4.10(a), the maximum electron
temperature (10563 K) appearing at the position (x, y) = (114, 28.5) mm is about 6163
K higher than the translational temperature there. Similar temperature difference
between the vibrational and rotational temperatures is found in Fig. 4.10. The four
temperatures do not equilibrate with each other in the coil region. It is confirmed that in
the coil region the plasma flow is in thermal nonequilibrium. The maximum
nonequilibrium degree 6 = T, /T, is about 2.40 there. The mechanism that leads to the
differences between the electron and the translational, rotational temperatures are as
follows. The electrical energy transferred to the plasma is primarily absorbed by the
lightest and most mobile charged particles, i.e., the electrons. Due to relative small input
power and stable property of nitrogen, only a few electrons were found under these
working conditions (see Fig. 4.13). Therefore the total momentum and energy of
electrons are small. So the energy exchange between electrons and heavy species in
elastic collisions is inefficient under these working conditions. Thus, it is possible that
the electron temperature stays different from the temperatures of atoms and molecules.

Fig. 4.11 shows the radial profiles of the four temperatures at x=114 mm in the coil
region. Due to the dense electric field induced by the RF coil current and a negative
radial Lorentz force in the coil region, large Joule heating was deposited in the region of
x=110-118 mm, y=26-30 mm. Thus, the maximum electron temperature appears in this
region. From the center axis to y=28.5 mm, the electron and vibrational temperatures
increase gradually and separate from the translational, rotational temperatures. From
y=28.5 mm to the torch wall, because the cooling water always flows on the quartz-tube
wall, much heat flux is transferred to the wall and brought away by the cold water.
Therefore, near the torch wall the four temperatures rapidly decrease.

Furthermore, as is also seen from Fig. 4.11, the vibrational temperature seems almost
equal with the electron temperature in the high temperature region, but differs a lot from
the translational and rotational temperatures. The reasons that lead to this phenomenon
are as follows: for a diatomic molecular gas, because the cross section of diatomic
molecule is larger than that of an atom, the electrons will preferentially transfer some
energy to the heavy molecules through elastic collisions. On the other hand, due to the
relatively small mole fraction of the electron under these working conditions (see Fig.
4.13), collisions between the molecules and electrons do not lead to rotational excitation,
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because small amount of electrons possess small momentum. The rotational transitions
occur preferentially when colliding particles have similar mass or the electrons possess
sufficient large energy and momentum ?®!. However, the vibrational excitation can be
achieved because the vibrational excitation requires only the transfer of energy.
According to the investigations of cross section and rate coefficients for such electron-
impact vibrational excitation, Lee ®* has revealed that the relaxation time for
equalization between the vibrational temperature of N, and electron temperature, which
is shown in Fig. 2.11, is very short in the electron-temperature range 5000 -15000 K.
The translational temperature, which was controlled by the total energy equation,
denotes mean kinetic energy. Only a few electrons hardly cause large variations of the
translational temperature. Therefore, in the high temperature region, the vibrational
temperature almost equals the electron temperature, but differs from the translational
and rotational temperatures.

Fig. 4.12 shows the axial profiles of the four temperatures at y=28.5 mm in the torch.
As can be seen, the electron temperature rises rapidly from the torch inlet and reaches a
peak value between the second and third coils. In the coil region, the thermal
nonequilibrium degree of the flow dramatically increases first and then decreases from
x=114 mm. On the other hand, near the torch exit, because of thermal diffusion and
energy transfer in the region downstream of the coil, the four temperatures begin to
equilibrate with each other. The flow tends to be in local thermal equilibrium from
x=190 mm in the torch.

The mole fraction of chemical species at the axial position of x=114 mm is illustrated
in Fig. 4.13. Because of high ionization energy of atomic nitrogen, few electron-impact
ionization reactions occur in the coil region. The mole fraction of electron remains small
even if at the highest temperature position. Atomic nitrogen is the dominant chemical
species before y=27 mm at this axial position. 65.3% molecular nitrogen has been
dissociated to form atoms and ions near the center axis. Few electrons and ionic species
such as N™ and N3 are found in this case. In the region of y=20-27 mm, because of the
increment of electron temperature depicted as Fig. 4.11, the electron-impact ionization

reactions N+e" — N +e+e” and N+N — NJ+e” proceed forward fast and cause a
temporary increment of the electron mole fraction. Near the torch wall, with the rapid
decrease of the four temperatures, the atomic nitrogen recombines to be molecular
nitrogen quickly.

Recently, for the arc-heated flow simulation it was reported that turbulence model
played an important role in the heat transfer process ", Therefore, in this study we
tried to consider AKN k-¢ turbulence model to take into account the turbulent energy
transfer in an ICP simulation. Fig. 4.14(a) and (b) show distributions of turbulent energy
k and dissipation rate ¢ in the torch for the baseline case. As can be seen, the maximum
turbulent energy is about 0.15 J/kg beneath the first coil. Compared with the Joule
heating rate, it is very small. Because the computed maximum Renolds number is 4045
for this computational case, the flow is thought to approximate laminar. Based on these,
for this 10-kW ICPWT there seems no necessary to consider the turbulence model in
the future study.
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4.3.2 110-kW ICPWT

In this part, flow properties of the air ICP flow under the operating conditions:
P=90.0 kW, m=2.0 g/s, chamber pressure p_, =10.0 kPa, f=1.78 MHz are shown and
discussed. The distributions of mole fraction of chemical species and temperature are
shown as follows.

The mole fraction of chemical species at the axial position of x=68 mm is illustrated
in Fig. 4.15. Atomic nitrogen and atomic oxygen are the dominant chemical species
before y < 18 mm. Because of the relatively high input-power for this computational
case, molecular oxygen and nitrogen have been almost completely dissociated to form
atoms and ions along this radial direction. However, few amount electrons and ionic
species such as ionized atomic nitrogen and oxygen are found there. It suggests that the
dissociation reactions of molecular oxygen and nitrogen proceeds rapidly in this region,
and are the major reactions there. The ionization degree of air species is still small in
this high power case. In addition, the mole fractions of all chemical species are almost
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not change at the position y < 18 mm. Local chemical equilibrium seems occur in this
region. In the region of y > 18 mm, as the translational temperature gradually decrease (Fig.
4.21), the molecular nitrogen and monoxide nitrogen increase. Due to relatively low
temperature near the torch wall (y > 30 mm), dissociation of molecular nitrogen hardly
occur. The molecular nitrogen and molecular oxygen are dominant species near the wall.

The mole fractions of chemical species on the center axis for this computational case
are illustrated in Fig. 4.16. Before the position of x=140 mm, atomic nitrogen and
oxygen are the dominant chemical species on the center axis. In the region of x=140 -
500 mm, atoms and charged species begin to combine together. The recombination
reactions of ionic and atomic nitrogen become dominant, and cause the mole fractions
of molecular nitrogen gradually increase along the center line. In the vacuum chamber,
as the flow approaches the position x=500 mm, most atomic nitrogen has compounded
to be molecules. The major components become molecular nitrogen and atomic oxygen
after this point. In the discharge ICP torch, before the position of x=140 mm, the mole
fractions of all chemical species show a flat distribution along the center axis. Such flat
distribution is in accordance with the flat temperature distribution shown in Fig. 4.17
along the center axis. Combining with the flow characteristics discussed on Fig. 4.15,
These results indicate that the air ICP flow approximate not only local thermal
equilibrium but also local chemical equilibrium near the center axis in the inductive
discharge region for this 110-kW ICPWT.
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Fig. 4.15 Mole fraction of chemical species along the radial direction at x=68 mm
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Fig. 4.18 and Fig. 4.19 show the temperature distributions of the computational
results for the abovementioned computational case. Fig. 4.18 shows the distributions of
the translational and electron temperatures. As is shown in the figure, the maximum
electron temperature is almost equal with the maximum translational temperature
(10110 K) near the position (x, y) = (68, 26) mm. While the area of high electron
temperature (e.g., the region of 8500 < T < 9500 K) is wider than the area of high
translational temperature. The distribution of electron temperature seems identical with
that of the translational temperature near center axis, while it does not equilibrate with
the translational temperature near the torch wall in the coil region. It indicates that the
air ICP flow tends to be thermal nonequilibrium along the radial direction. Specifically,
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the flow become thermal nonequilibrium after y > 26 mm; in the region of y < 26 mm
the flow also approximates local thermal equilibrium for this high power 110 kW
ICPWT. The reason for this wide thermal-equilibrium region is thought to be the high
working pressure condition for this computational case. Because a high pressure or
density working condition will lead to frequent collisions between electrons and heavy
particles, and then result in sufficient energy exchanges between electronic and other
energy modes.

Fig. 4.19 shows distribution of translational temperature in the whole flow field. As is
shown in Fig. 4.19, because of large energy dissipation in coil region, the translational
temperature of the gas increases dramatically there. In vacuum chamber, we can see that
a relatively wide area is involved in the temperature range from 5000 to 6000 K. An
almost uniform temperature environment was achieved in this zone. The plasma column
(high-temperature flow region) keeps almost same width until outlet boundary.

Fig. 4.20 shows axial profiles of the four temperatures at y=26 mm in the torch. As
can be seen, the electron temperature rises rapidly from torch inlet and reaches a peak
value between the second and third coils. In the coil region, the thermal nonequilibrium
degree of the flow dramatically increases first and then decreases from x=68 mm. On
the other hand, after x=120 mm, because of thermal diffusion and energy transfer
between internal energy modes the four temperatures begin to equilibrate with each
other. The flow tends to be in local thermal equilibrium from x=120 mm in the torch.

Fig. 4.21 shows the radial profiles of the translational and electron temperatures at
x=68 mm in the coil region. Due to the severe inductive discharge in the coil region,
large Joule heating was deposited in the region of x=51-84 mm, y=20-30 mm. Thus, the
maximum electron temperature appears in this region. From the center axis to y=18 mm,
the electron and translational temperatures are equal with each other, and show a flat
distribution along the radial direction. From y=18 mm to the torch wall, the electron
temperature begin to separate from the translational temperature. Thermal
nonequilibrium phenomenon is visible in this region. Near the torch wall e.g., y > 30
mm, both of the electron and translational temperatures rapidly decrease.

Fig. 4.22 (a) and (b) show distributions of turbulent energy k and dissipation rate ¢ in
the 110-kW ICPWT for case 8. As can be seen, the maximum turbulent energy is 81
J/kg and appearing in the vacuum chamber. Compared with the flow Kkinetic energy
there (0.5U°~10000 J/kg, see Fig. 4.30(b)), the turbulent energy is also very small.
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Fig. 4.18 Translational temperature (upper) and electron temperature (lower) in the
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Fig. 4.22 Distribution of turbulent energy and dissipation rate

4.4 Interactions between Electromagnetic and Flow Fields

In this section, the interactions between the electromagnetic and flow fields of
nitrogen and air ICP flows in the 10-kW and 110-kW ICPWTs are discussed,
respectively. The distributions of flow velocity, Lorentz forces, Joule heating rate,
electric field intensity etc. for each facility are discussed and analysed in detail.

4.4.1 10-kW ICPWT

The interactions between the electromagnetic and flow fields of a nitrogen ICP flow
are investigated in the 10-kW ICPWT. The operating conditions for the 10-kW ICPWT
are identical with the baseline case.

Fig. 4.23 shows the distributions of streamlines, vector plot and axial velocity u in the
torch for the baseline case. Because of a strong inductive discharge, a large part of the
Joule heating energy is dissipated in the coil region and results in the increase of the gas
velocity and temperature there. Through the distribution of streamlines, we can see that
a recirculation flow occurs beneath the first and second turns of the coil. This
recirculation is thought to be caused by the comprehensive effects of pressure, the Joule
heating and Lorentz forces generated by the electric and magnetic field in the coil
region. Similar vortex was also found in the argon ICP flow ™,

Fig. 4.24 shows the distributions of streamlines and pressure in the torch. As can
been seen from the figure, The maximum pressure appears between the second and the
third coil. The recirculation flow occurs ahead of the maximum pressure position. The
negative pressure gradient between the second and third coil seems the direct reason for
the recirculation flow from the Fig. 4.24. Because the distributions of velocity and
pressure are both affected by the Lorentz forces in the momentum equations. Moreover,
flow velocity is also affected by the Joule heating rate in energy equations. Therefore,
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this recirculation flow is thought to be caused by the comprehensive interactions among
the pressure, Lorentz forces and Joule heating rate.

Fig. 4.25 shows the distributions of axial and radial Lorentz forces which were added
in the corresponding momentum equations. Lorentz forces can affect the momentum
transfer in both the axial and radial directions. The axial Lorentz force shows a positive
direction first, while changes to the inverse direction beneath the 3rd turn of the coil.
Additionally, in this study both the gravity and the axial Lorentz force were considered
and added in the axial momentum equation as the source terms. Although the gravity
was considered, its maximum value was much smaller than that of the axial Lorentz
force in the flow field (F x(max)=986 N, G(max) =0.5 N). Therefore, the axial Lorentz
force played the main role in the axial momentum transfer, the influence of gravity on
the flow properties was very small. On the other hand, the radial Lorentz force is always
negative and its peak value is several times bigger than the axial Lorentz force. The
negative radial Lorentz force indicates that the plasma flow will be pushed to approach
the center axis by it. In addition, under the effect of the radial Lorentz force the Joule
heating rate distribution which is illustrated in Fig. 4.26 is similar to that of the radial
Lorentz force.

Fig. 4.26 shows the distributions of Joule heating rate (upper) and electron
temperature (lower). Because of inductive discharge by the coil current, several Joule
heating will appear in the coil region; On the other hand, because the Joule heating rate

is expressed as: S, :%GEZ: %G(Eé + Ef) It means the Joule heating rate will be

controlled by the distributions of electrical conductivity and electric field E together.
Although the maximum E? appears near the torch wall. Because the wall temperature is
limited to be less than 1000 K due to cooling water on the wall, it causes the flow
temperature near the wall is low i.e., the electrical conductivity is small there. So the
maximum Joule heating rate do not appear on the wall but determined by the electrical
conductivity and electric field together. Because of the light mass and active property of
electrons, the electrical power (i.e., Joule heating rate) is primarily absorbed by the
electrons. So the high electron-temperature area appears in the similar region where the
large Joule heating rate appears.

Fig. 4.27 shows the distribution of electric field intensity: imaginary part E; (upper)
and real part E; (lower) in the torch. The imaginary part of electric field intensity E,
determined by vector potential E; = —wAp is the main part of the electric field intensity
E. Its peak value is about 3 times bigger than the E. Ey is always negative in the torch,
but E; shows negative values first and turns to positive beneath the third coil near the
center axis. The negative electric field is mainly induced by the coil current, the
positive electric field is thought to be generated by plasma current.

Fig. 4.28 shows the distribution of electric field intensity E; (upper) and electron
number density n, (lower) in the torch. As can be seen from the figure, electrons
gathered in the region where the positive E; appeared. It indicates that the positive
electric field intensity E; is probably generated by these electrons which form the
plasma current in the torch.

Fig. 4.29 show the distribution of magnetic vector potential in the far-field region, (a)
real part Ag; (b) imaginary part A;. The real part of magnetic vector potential Az shows
high intensity near the coils. The maximum A also appears in the coils. It indicates that
the vector potential A; is mainly induced by the coil current. Because the vector
potential is different from the electric field by the angular frequency w = 2rf = 2.5 X
107. So the value of the vector potential is small.
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4.4.2 110-kW ICPWT

In this section, the interactions between the electromagnetic and flow fields of the air
ICP flow are investigated in the 110-kW ICPWT. The operating conditions of the
computational case are as following: P=90.0 kW, m=2.0 g/s, p_, =10.0 kPa, f=1.78 MHz.
Fig. 4.30 shows the distributions of streamlines, vector plot and axial velocity u in the
torch. Because of the different inflow manner for this large power ICPWT, a strong

111



Interactions between Electromagnetic and Flow Fields

recirculation flow is observed at the inlet. The negative pressure gradient as well as the
narrow gas inlet (inlet width is 2.4 mm) is the main reason for the recirculation flow.
As can be seen from the distribution of streamlines, the recirculation flow occurs
beneath the first and second turns of the coil. Sumi et al. also revealed a similar vortex
in their numerical study ©!.

Fig. 4.31 shows the distribution of streamlines and pressure in the torch. For this 110-
kW ICPWT, the maximum pressure appears between the first and second coil rather
than between the second and third coils. While the recirculation flow also occurs ahead
of the maximum pressure position. Fig. 4.32 shows the distributions of axial and radial
Lorentz forces. A pair of axial Lorentz forces with an inverse direction appears in the
coil region. But this time, the value of the negative axial Lorentz force is bigger than the
positive one, which is different from the trend of the axial Lorentz force in the 10-kW
ICPWT. Because the negative axial Lorentz force acts as the obstructive force for the
ICP flow, so the strong recirculation flow appears in this computation.

Fig. 4.33 shows the distributions of radial Lorentz force (upper) and Joule heating
rate (lower). As can be seen from the figure, the distribution and location of Joule
heating rate is very similar to those of radial Lorentz force. It implies that the
distribution and location of Joule heating rate is controlled by radial Lorentz force for
this air ICP flow. Furthermore, it is to say that the positions of peak temperature and
velocity of this air ICP flow were indirectly affected by the radial Lorentz force.

Fig. 4.34 shows the distribution of electric field intensity: imaginary part E; (upper)
and real part E; (lower) in the torch. A high-intensity electric field is seen in the coil
region. The peak value of E; is about 4.5 times bigger than maximum Ejy. Ey is always
negative in the torch, but E; shows negative values first and turns to positive beneath the
third coil near the center axis. Fig. 4.35 shows the distribution of electric field intensity
E; (upper) and electron number density n, (lower) in the torch. As can be seen from the
figure, under the effect of intense electric field, electrons moves downward to the center
axis. A lot of electrons gathered in the coil region. Due to the strong recirculation near
the inlet, electrons were also transferred to the vicinity of the inlet. Fig. 4.36 show the
distribution of magnetic vector potential in the far-field region, (a) imaginary part 4;; (b)
real part A;. The peak value of Ag is much bigger than maximum A;. The real part of
magnetic vector potential A shows a high intensity around the coil position.
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4.5 Effects of Thermal Equilibrium and Nonequilibrium Model

In this section, we give a comparison between the numerical results obtained under
the assumption of local thermal equilibrium (one-temperature model i.e., 1T model) and
thermal nonequilibrium (four-temperature model i.e., 4T model) under the operating
conditions of an input power P=10 kW, mass flow rate m=0.625 g/s, and chamber
pressure p . =7.2 kPa in the 10-kW ICPWT.

Fig. 4.37(a) and (b) shows the comparison of temperatures obtained by the 1T and 4T
models. We can see that as the result of 1T model, the plasma flow moves much
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downward in the coil region when it is compared with the temperature distribution
obtained by using the 4T model. This is caused by the bigger axial Lorentz force for the
1T model case. Table 4.2 shows the comparisons of the computed maximum
temperatures, Lorentz forces, electric field, etc. The relative deviation is defined as

(z”—z”)/ 2" where z denotes temperatures, Lorentz forces, and electric field

parameters, etc. As is shown in the table, when the 1T model was used, the maximum
axial Lorentz force is larger than the force obtained by using the 4T model. Therefore,
under the 1T model the plasma flow was pushed to the much downward position in the
coil region. Furthermore, regarding to the 1T model, because the electron temperature
was assumed to be identical with the heavy particle’s average temperature 7,.. This
assumption is valid in high-pressure conditions e.g., atmospheric pressure condition, in
which the internal energy exchange between electron and other species can sufficiently
carry on through frequent elastic collisions. Compared with the atmospheric pressure,
the working pressure of the 1T-model case ( p.,=7.2 kPa ) is low. Therefore the

assumption of local thermal equilibrium for this low pressure case would result in big
numerical error on the evaluation of temperature field. Because the chemical reaction
rates and magnetic vector potential equations were highly related to the electron and
translational temperatures, the numerical errors caused by the 1T model would be
accumulated on the computations of chemical reactions and electromagnetic equations,
and then transferred to the whole flow field. As is illustrated in Table 2, the relative
errors of T, Fy,, and E; between the 1T and 4T model cases are as large as 21.8%,
28.0%, and 96.6%.

Fig. 4.38 shows the comparison of T;, obtained by the 1T and 4T models for case 4:
(@) in the whole flow field; (b) at x=700 mm in vacuum chamber. (1) From the figure (a)
we can see that in the coil region the maximum T, obtained by the 1T model is about
1000 K higher than the one calculated by the 4T model. As flow proceeds downward,
the temperature difference becomes smaller and smaller along the radial direction. On
the other hand, combining with the Fig. 4.37 we can see that the temperature difference
in the coil region seems decrease with the increase of working pressure. (2) Seen from
Fig. 38(b), the temperature simulated by the 1T model at x=700 mm in the vacuum
chamber is about 200 K higher than the one computed by the 4T model within y<60 mm.
The temperature difference seems small in the test chamber.
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Table 4.2 Comparison of numerical results between the 1T and 4T models

Ty (K)  T.K) Fic(N) -Fiy(N) -Eg(VIm) -E(V/m) o(S/m)

1T model, z17(max) 8947.7 8947.7 936.3 1288.2 767.8 4907.8 937.9
4T model, z*T(max)  7348.7 104494 7316 1981.1 727.7 2494.4 1072.9
Relative deviation +21.8% -14.4% +28.0% -35.0% +5.5% +96.6% -5.4%
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4.6 Effects of High-order Electron Transport Properties

In this section, the effects of different accuracy electron transport properties on the
flow fields are investigated in the 10-kW ICPWT. Fig. 4.39(a) and (b) show the
distributions of the first- and third-order electrical conductivities and electron thermal
conductivities on the center axis for the baseline case. Note that, for the baseline case,

the third-order accuracy electron transport properties (o> and A¥“) were used to

calculate the electromagnetic and flow fields such as the computations of vector
potential equations, Joule heating rate, Lorentz forces, etc. Here the first-order electrical

conductivity (o™') and electron thermal conductivity (A;") were computed by (2.153)

and (2.192) according to the methods described in Ref. [28]. However, they did not
participate in the calculations of the electromagnetic and flow fields.
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Fig. 4.39 Distributions of the first and third order electron transport properties on the
center axis, (a) electrical conductivity; (b) electron thermal conductivity
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As can be seen from Fig. 4.39, the maximum &% and A are about 160 S/m, 0.014

W/(m K) smaller than the maximum %9, A¥“at the axial position of x=140 mm,

although the same pressure, electron temperature, and number density of chemical
species were used to evaluate the electrical conductivity and electron thermal
conductivity. Because the first-order formulas of electron transport properties were
derived under the chemical equilibrium assumption ™" and only the first-order
ordinary diffusion coefficient was used in these equations ™. Thus, in chemical
nonequilibrium or high temperature conditions the first-order formulas of electron
transport properties seem apt to lose the accuracy.

In order to examine the effects of different accuracy electron transport properties on
the flow fields, we take the electrical conductivity as an example to illustrate this issue.
Based on the results of baseline case, we performed a simulation marked as test case.
The operating conditions of test case were identical with those of the baseline case, but
the first-order electrical conductivity as described in Ref. [28] was used in the test case.
The other transport parameters of test case such as electron thermal conductivity were
computed in the same way as they were calculated in the baseline case. Fig. 4.40
compares the simulated temperatures for baseline case and test case along the center
axis. As can be seen in the figure, on one hand, the computed four temperatures (7., T,
T, and T,) seem to equilibrate with each other for these two cases along the center axis.
It implies that the plasma flow tends to be local thermal equilibrium there; On the other
hand, the maximum 7. calculated by the third-order electrical conductivity (baseline
case) is about 661.5 K lower than the one calculated by the first-order electrical
conductivity (test case ). The reason for this result can be explained by the total energy
conservation law i.e., the fixed total computational input power dissipated into the
plasma flow. From Fig. 4.39, we knew that the Eqg. (26) possessing a first-order
accuracy usually underestimates the electrical conductivity. Moreover, because the
computational input power is functions of the electric field and electrical conductivity
that is related to the translational and electron temperatures, in test case the maximum
electric field and electrical conductivity would be forced to increase to keep the total
energy conservation. Therefore, the maximum translational and electron temperatures
obtained by the first-order electrical conductivity for test case became higher than the
temperatures obtained for baseline case under the same input power condition.
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Fig. 4.40 Comparison of the temperatures simulated by the third and first order
electrical conductivities along the center axis
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Table 4.3 shows comparisons of the numerical results for baseline case and case 3. The
relative deviation is defined as (z** —z°)/z%° The superscript 3" and 1% indicate the

baseline case and case 3, respectively. As shown in the table, the obtained flow-field
and electric-field variables such as the maximum translational temperature, radial
Lorentz force, and imaginary part of the electric field for case 3 are 9.6%, 14.2 % and
26.1% higher than those of the baseline case. These results imply that may be necessary
to adopt the third-order accuracy electrical conductivity to improve the prediction
accuracy for the nitrogen ICP simulation.

To examine the effects of different accuracy electrical conductivity on the flow field
with the experimental data, we compare the simulated temperatures for case 1 (3" EC)
and a comparative case (1 EC) with the measured temperature in the Fig. 4.41. Note
that about the case 1 and the comparative case, their operating conditions were identical,
but the first-order electrical conductivity was used in the calculations of electromagnetic
fields for the comparative case. As can be seen from Fig. 4.41, the simulated
temperatures by using the first-order electrical conductivity (1% EC) are about 800
Kelvin higher than the temperatures measured in the experiment and simulated in case 1
within y <15 mm. This result proved that it is necessary to use the third- rather than the
first-order electrical conductivity in an ICP simulation to improve prediction accuracy.

Table 4.3 Comparison of the numerical results between baseline case and case 3
T (K) T.(K) Fix(N) -Fry, (N) -Eg (VIm) -E;(V/IMm) o (S/m)
Baseline Case, Z3Td, 6912.3 10562.9 986.0 2248.5 661.1 1983.4  1494.6

Case 3, Z1st, 7573.8 107285 1169.2 2568.1 701.4 25015 16141
Relative deviation  +9.6% +1.6% +18.6% +14.2% +6.1% +26.1%  +8.0%
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Fig. 4.41 Comparisons of simulated temperatures for case 1 and comparative case with
the experimental data at x=135 mm

Fig. 4.42 shows the comparison of T, obtained by using o5t and ¢37¢ for the
baseline case: (a) in the whole flow field; (b) at x=700 mm in vacuum chamber. As can
be seen from the figures, the simulated temperatures are about several hundred Kelvin
different in the coil region. While in the vacuum chamber, temperature difference is
very small. Although at x=700 mm the temperature simulated by 5t is about 100 K
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higher than the one computed by ¢3"¢ within y<15 mm. The deviation of the
temperature is within 2.8% there (100K/3600K =2.8%). It may indicates that the
different accuracy electron transport properties can affect flow-field results notably in
the coil region, but hardly cause big variation of the flow temperature in the test
chamber.
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Fig. 4.42 Distributions of the translational temperatures obtained by using o*5¢ and

O.3rd
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Chapter 5 Conclusions

Numerical simulations of inductively coupled plasma flows were carried out to study
physical properties of the flow inside the 10-kW and 110-kW ICPWTs with nitrogen
and air as the working gases. Two-dimensional compressible axisymmetric Navier-
Stokes (N-S) equations that took into account chemical-kinetic models were solved.
Far-field magnetic vector potential equations were tightly coupled with the flow field
equations to describe the heating process of an radio-frequency inductive discharge. The
high-order-accuracy electron transport properties were computed with the latest
available collision integral data, and applied to the present simulations. The low-
Renolds number AKN k-¢ turbulence model was employed in the calculations to
estimate the state of the flow and turbulent heat transfer. A four-temperature model
including the improved electron-vibration relaxation time was used to study
thermochemical states of the plasma flows in the induction torch and spacious vacuum
chamber. Through the present numerical simulations, detailed distributions of the flow
and electromagnetic fields for the nitrogen and air ICP flows in these two ICPWTs were
obtained and analysed.

The numerical results were compared with corresponding experimental data for the
10-kW and 110-kW ICPWTs, respectively. The computational results generally agree
with the experimental results. Through the present study, following matters were made
Clear:

(1) The fundamental flow structures such as high-temperature plasma core, Joule
heating phenomenon and chemical components of the ICP flow were successfully
reproduced and obtained through present numerical simulations.

(2) For the 10-kW nitrogen ICP flow, due to the insufficient energy exchange
between electrons and heavy particles, the plasma flow tends to be in thermal
nonequilibrium in the discharge region, while near the center axis, in the
downstream of the torch, and in the vacuum chamber, the flow approximates local
thermal equilibrium. In the inductive coil region, collisions of molecules with only
a few electrons do not lead to rotational excitation but results in vibrational
excitation. Short vibrational-electron relaxation time leads to equalization of
vibrational temperature and electron temperature in the high temperature region.
Dissociation of molecular nitrogen was the dominant reaction in the heating
region, along with few ionization reactions. In the wvacuum chamber,
recombination of atomic oxygen and atomic nitrogen played an important role.

(3) In the 110-kW ICPWT, thermal nonequilibrium phenomenon was also observed
near the torch wall in the coil region for the air plasma flow. Because of the
relatively high input-power, molecular oxygen and nitrogen have been almost
completely dissociated to form atoms and ions near the center axis. While the
ionization degree of air species is still small under the high-pressure condition.
The mole fractions of all chemical species are almost not change near the center
axis in the coil region. Local chemical equilibrium seemed achieved there. In the
vacuum chamber, as the flow approaches the position x=500 mm, most atomic
nitrogen has compounded to be molecules. The major components became
molecular nitrogen and atomic oxygen after this position.
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(4) Due to the comprehensive effects of pressure, Lorentz force and severe Joule
heating in the coil region, recirculation flows were detected in both of these two
ICP wind tunnels. In the 10-kW ICPWT, the position of the recirculation appears
beneath the second and third turns of the coil. Because of a stronger negative axial
Lorentz force in the 110-kW ICPWT, the recirculation appears beneath the first
and second turns of the coil. The common characteristics in these two ICPWT are
as following: The axial and radial Lorentz forces play important roles in the
momentum transfer in the coil region. The radial Lorentz force is always negative
and its peak value is several times bigger than the axial Lorentz force. The
distribution and position of the Joule heating rate are mainly affected by the radial
Lorentz force.

(5) Through the comparisons of the numerical results obtained under the local
thermal equilibrium and thermal nonequilibrium assumptions, the four-
temperature model was observed to play an important role in predicting the flow
field properly for the 10-kW ICPWT.

(6) According to the comparison of the numerical results obtained using the first- and
third-order electrical conductivities used in the electromagnetic field calculation, it
was clarified that the electron transport properties with the third-order accuracy
are necessary and useful to improve the modeling accuracy for ICP simulations.

Although progress has been made to develop reliable and high-accuracy numerical

techniques for the nonequilibrium simulations of ICP flows. Some discrepancies
between the simulated and measured temperature are seen at few positions in the
present study. Because the effects of radiation and energy loss on the electric circuit
were not considered in the simulations, they may be the reasons for these discrepancies.
This issue will be studied further in the future.
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Appendix A

A. 1 Derivation of Magnetic Vector Potential Induced by Coil-Current

For a radio-frequency alternative coil-current, it can generate magnetic field in a free
space. If the amplitude | and radius a of the current are known, the induced magnetic
field B can be figured out according to Biot-Savart law “°!. Using equation B =V x A,
then the magnetic vector potential A induced by the coil-current at an arbitrary position
P can be obtained. In the following part, the detailed derivations of the magnetic field B
and vector potential A induced by a circular coil-current are given. Fig. A. 1 shows the
illustration of a coil-current ring and an arbitrary position P.

Fig. A. 1 lllustration of a current ring and an arbitrary position P

(1) Magnetic field B

First, the coil-induced magnetic field B, and B, at the position P are derived. To keep
the coordinate of the magnetic field in accordance with N-S equations used in this study.
We select Cartesian coordinate to derive the analytical solution of the vector potential
induced by an coil current. But instead of [x, y, z], the coordinate notation [z, vy, r] is
used here. This approach is valid because & component of the B field is not considered.
From the designated coordinate system the following vectors are presented:

YA 0 Z
OP =:{0}, OQ=4acosf#}, R=0OP-0Q=<—acosd ;. (A1)
asin@ r—asinéd

where R? = z2 +a®cos® @ +(r —asin@)’ =z® +a® +r? —2arsin@ . The Biot-Savart
law controlling the current-induced magnetic field is
_ Mo ldl x &,

, A.2
Ar R? (A-2)

dB(P)

where
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z
0 R
dl ={—addsiné} and €, = —acosy (A.3)
R
addcos6 [ —asing
R
Substitute the vector notations Eq. (A.3) into Eq. (A.2) to get
z
0 R ,
dB(P)=%2 — J_asin@l6 | —acos
47 R 0 R
acos r—asing
R
—asinme(ﬂ]+acosm9(acosa]
:ﬂ% iacoséd@
47 R R
Easinéd@
R
I —arsin@+a?sin?@+a’cos’ 6@
:ﬂ—3 zacosé de
A7 R )
zasing
I —arsin@+a?
=&—3 zacosé do. (A.4)
A7 R .
zasin@
Substitute R =+z% +a% +r2 —2arsiné into Eq. (A.4), it becomes
a(a—rsing)
3
(22 +a’+r? —2arsin6?)5
— |
dB(P)= ZO za.cos0 _tdo. (A.5)
4 (22 +at+r? —2arsin6’)5
zasin@
3
(22 +a?+r? —2arsin0)5

Integrate Eq. (A.5) to get
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a(a—rsing)
3
B,(P) |2 (zz+a2+r2—2arsin¢9)5
B(P)=1B,(P) =ZLI not considered de. (A.6)
B, (P) Fo zasing
3
(22 +a’+r? —2arsin6’)§
Note that:
0 1 B a-rsing (A7)
1| 3! '
aa_(zz+a2+r2—2arsin0)5_ (22 +a?+r? —2arsing)
% 1 |- z . (A.8)
_(22+a2+r2—2arsin9)5_ (22+a2+r2—2arsin9)5
and then, the equations for B, , B, are arrived
. :—yolag.z[ sin&do A9)
r 1 .
oz -z (22 +a +r? —2arsing)
—pla 9 2 do
B, = - . A.10
2r  0Oa I ! (A.10)

(22 +a2 +r? —2arsing)

NN

In order to verify the derived equations, take the position (r, z) = (0, 0) as an example

I
(B, =0and B, =% were known) . Indeed,

T

—ula 8 % do —yola(—lj 11,
B = - | ==_"" =0
00~ on aaj,, a 2z 2a (A11)

2

a.2
Thus, the derivation process is thought to be no mistake.

(2) Magnetic vector potential A

Second, the analytic form of vector potential Ais derived here according to the
relation B =V x A. Here Because axisymmetric assumption was used in this study, so
the only interest is in tangential component of the vector potential A,. There are two

- oA
methods that A, can be derived as the curl of A yields two equations: —a—; =B, and

19
ror
transformed into analytical form. The procedure is as following. Set

rA,)=B,. The former is chosen here. Then, the equation of B, is primarily
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. dar and :9+7r/2 (A12)
2° +(a+r) 2
3 .
_—yolagj- 1-2sin“ ¢ 2
' 27 820 2 2 2 Y
22 +(a+r) [1-— ~sin’
2 +(a+r)
,uola 2—4sin’ @
_ d (A.13)
Confit (a+r) 52'[\/1 msin?
Note that:
D=1-msin’p=sinp="—, (A.14)

m

J— J— 1 2
2—4sin2go:2_4(1 (1 :115'” ¢)j:2_%+%(1—msin2(p). (A.15)

Rearrangement Eq. (A.13) with Eqgs. (A.14) and (A.15) to obtain
4

kil o 4
Hyla 0 7 m 4\/7.2
B, = — +—+1=—msin“ ¢ [de
21y 2% +(a+r) 52! yl-msin’p M
Hola 0 (2 4j2 do +4Ew/1 msin®
= —|2-— || ———=+— - pde
2my2% +(a+r) % m b[\/l—msinz(p m'([

,uola aﬁ KZ % jK E(m)] (A.16)

27;,/2 + a+r

where
2 2
K(m):jd—‘/’, E(m)= [ J1-msin® pdg. (A.17)
0y1—msin® ¢ 0
K(m) and E(m) are the complete elliptic integral of the first and second kinds. With
oA,
this result, go back to the differential equation _E = B, to find the analytical form of

A, . Finally, analytical form of the magnetic vector potential in a Cartesian coordinate
can be expressed as:

ol 27zw/z_2 i0(|:+ ry [(2—%)K(m)+% E(m)] A
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where m= 4ar > » Which is defined zero at the center axis. Suppose
2> +(a+r)
4Rr
k=+/m= ———  then Eq. (A.18) becomes:
z° +(R+r)
Mol a|(2 2
=" = ==k |K(k)—=E(k)|, A.19
° on rKk j()k()} (A-19)

where K

O=[ oy SOt

K(k) and E(k) are the complete elliptic integrals of the first and second kinds.
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B. 1 Jacobian Matrix of Inviscid Term

The inviscid Jacobian matrices A and B that are mentioned in Egs. (3.128) and (3.130)
are derived as follows. Primarily, the conservative vector Q and numerical fluxes F, G
are rewritten here as:

P pu P
m pu® +p puv
n puv pL>+p
E (E+pl (E+pl
u
Q=] F=| A | = A (B.1)
Prs pu JoRY
E"Ot Erotu ErotU
EVib EVIbu EVIbU
= . Eu | | Ew
where m= pu and n= pVv. The Jacobian matrices A and B can be evaluated by:
A= ﬁ (B.2)
aQ
5.5 (B.3)
oQ

Here, each element of A and B is evaluated as a partial derivative of F and G with
respect to Q. For example, the fourth column and the first row of A is derived by:

O(E+pu 0
HELEN _ 2 (e -+ pm/ o] = u(p, ) (B.4)
P op
Therefore, the Jacobian matrices A and B can be given by:
i 0 1 0 0 o - 0 0 0 0 ]
—u+p, 2u+p, P, Pe P, " Pn Pe, Pe,  Pe
—uv v u 0 o - 0 0 0 0
—u(p,—h) h+up, up, u(l+pe) up, - Up, UPg  UPg, UPg
A —up,/p ol p 0 0 u - 0 0 0 0
—-uplp  plp O 0 0 u 0 0 0
-uE,/p E,lp O 0 0 0 u 0 0
-uE,,/p Eulp O 0 0 0 0 u 0
| —UE,/p E./p O 0 0 0 0 0 u |
(B.5)
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0 0 1 0 o - 0 0 0 0
—uv v u 0 o - 0 0 0 0
_UZ + pp pm 2L)+ pn pE ppl T ppns pEmz pEvib pEe
- U( pp - h) Upm h + l)pn U(1+ pE) z)ppl o Uppns l)pEl’Ot l)pE\/ib UpEE
5 - —vp, l p 0 ol p 0 v - 0 0 0 0
—vpslp 0 plp 0 0 v 0 0 0
-VE,./p 0 E,lp 0 0 0 v 0 0
-VvE,/p 0 Eglp 0 0 0 0 v 0
| —uE /p 0 E./lp 0 0 0 0 0 v |
(B.6)
where the partial derivatives of pressure e.g., p,,, Dm, Py, are expressed as:
q2
pn=—(7-Du, (B.8)
P, =-(7-Do, (B.9)
pe =(7-1), (B.10)
. pP—-p
~(7-Dah? + =2, (s=e)
p, = y-1 : (B.11)
0, (s=e)
P, =—(7-1), (B.12)
pe, =—(7-1), (B.13)
Pe, =—(7-1), (B.14)

From Egs. (B.5) and (B.6), the Jacobian matrix P= kA+k, B can be expressed by

0 Ky ky 0 0 0 0 0 0
Ky Py —uu —ku(peg -1 kyu_kapE Ky Pe Ky Pp Ky P pu Ky Pe,, Ky Pe,;, Ky PE,
kyp, U kw-kyupe U-kyo(pe-1)  Kkype  kyp, - kyp, KyPe, KyPe, KyPe,
(p,-hU  kyh—-uUpg kyh—ovUpe UR+pe) Up, -+ Up,  Upg, Upg, Upg
5 -Up, /I p kyor ! p kyou! p 0 U 0 0 0 0
_Upns //3 kxpns /p I(ypns /,0 0 0 U 0 0 0
-UE,/p Ky Erot I P kyEmt /p 0 0 0 U 0 0
_UEVib /p kX Evib /p ky EVib /p 0 0 0 0 U 0
-UE,/p K.E./p kyEe /p 0 0 0 0 0 U
(B.15)
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where U =k u+k,v, (k. k,)= (y,,—x,) for A and (k,k,)= (-y,, x.) for B.

B. 2 Jacobian Matrix of Source Term

In the present study, the Jacobian matrix with regard to the thermochemical source
term H = oW /6Q in Eqg. (3.126) can be expressed as follows:

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
A 0 0 0 0 0O - 0
H=l0d, o0, oo, o0&, 00,  0a | (B.16)
op  om on OE  0Op, 0P
Od, 00, 0w O, O,  Od
| 0p om on OB Op Prs |

Each element of H can be obtained by differentiating the mass production rate @, with

respect to each conservative variable. For example, the differential equation dw,/0Q,
for species s can be expressed as:

aa') nr
S:I\/li (Vs’r_vsr)
aq Mt
oT, ' oT,
><[ 5| Vl,r +i Sr+ er f.r I—f’,— _{5| Vl,r _'_i b,r
o T, T ) 0q o T, o

X(Sr +T0r - Ai,r /ZP + A3,r + AA,rZP + A‘SrZPZJ}Lbr]u

b,r

0,1=1-.-,4

g = : (B.17)
L1=4+1---,4+ns

For the charge exchange reaction (r=49) in Table 2.3, the following equations are used:

aa') nr
> = Ivli (Vs'r —Ver
oQ ; ' '
oT, ! oT,
PISTNPA APEARE.
v Ter T, ) oq o Ty, oq

>{sr +_|_‘9r +5B,,Z5 +4B, 75 +3B,, 22 +2B,,Z, + BS,r]}Lb,r] :

b,r

8|_

{0, =1, 4
(B.18)

L1=4+1--,4+ns

where Z, =10°/T,, and Z; =In(10° /T, ). Then, partial derivatives of the temperature,
for example, the translational temperature T, are given by:
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Ly
Ay _2 (B.19)
op  pC,
oT
v Y (B.20)
am G,
M __ v (B.21)
an L,
Ay 1 (B.22)
E L,
oT C, T, +4h, (s%0)
S es T (s #
- L <, . (B.23)
Ps 0, (s=e)

For the ionization reactions such as r=17, 37, 38 in Table 2.3, partial derivatives of the
electron temperature dT,/dQ; will be used instead of dT../dQ;. Since the electron
energy equation is solved separately from other equations, for simplicity a local thermal
equilibrium is assumed here. dT,/0Q; is set to be identical with dT},./0dQ, to obtain the
Jacobian matrix source term in a ionization reaction.
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