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We take the established inductively coupled plasma (ICP) wind tunnel as a research object to investigate the thermal
protection system of re-entry vehicles. A 1.2-MW high power ICP wind tunnel is studied through numerical simulation and
experimental validation. The distribution characteristics and interaction mechanism of the flow field and electromagnetic
field of the ICP wind tunnel are investigated using the multi-field coupling method of flow, electromagnetic, chemical, and
thermodynamic field. The accuracy of the numerical simulation is validated by comparing the experimental results with the
simulation results. Thereafter, the wind tunnel pressure, air velocity, electron density, Joule heating rate, Lorentz force, and
electric field intensity obtained using the simulation are analyzed and discussed. The results indicate that for the 1.2-MW
ICP wind tunnel, the maximum values of temperature, pressure, electron number density, and other parameters are observed
during coil heating. The influence of the radial Lorentz force on the momentum transfer is stronger than that of the axial
Lorentz force. The electron number density at the central axis and the amplitude and position of the Joule heating rate are
affected by the radial Lorentz force. Moreover, the plasma in the wind tunnel is constantly in the subsonic flow state, and a
strong eddy flow is easily generated at the inlet of the wind tunnel.

Keywords: inductively coupled plasma, multiphysics field, coupling mechanism, simulation and experiment
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1. Introduction
Reconnaissance satellites, manned spacecrafts, and space

shuttles should return to the ground in time after they have
completed their orbital missions. However, because of their
high speed flight, they encounter severe aerodynamic heating
problems when they re-enter the dense atmosphere. Accord-
ingly, a perfect thermal protection system is required to ensure
the safety of the spacecraft and astronauts. To improve the
thermal protection system of re-entry vehicles, an inductively
coupled plasma (ICP) wind tunnel is built on the ground for
investigating the thermal protection materials for these vehi-
cles.

The ICP wind tunnel can provide flawless long-term sta-
ble operation of a high enthalpy plasma jet and accurately sim-
ulate the flight environment of re-entry aircraft. It is, therefore,
a piece of ideal equipment for investigating the plasma sheath
of hypersonic aircraft. The ICP wind tunnel is mainly com-
posed of an intake part, a high frequency discharge part, and
a test part. The structural diagram of an ICP wind tunnel is
shown in Fig. 1. The high frequency discharge part is mainly
comprised of the high frequency power supply, induction coil,
and quartz tube. The electrified induction coil is wound around
the high temperature resistant quartz tube. After the working

gas enters the quartz tube from the air inlet, it is rapidly heated
in the induction coil area to form a high temperature high en-
thalpy induction coupling plasma. The plasma produced in
the quartz tube (also called the plasma torch) usually contin-
ues to flow forward into the large test chamber. In this cham-
ber, the ICP can be used to test the aerodynamic performance
of the aircraft, develop thermal protection materials[1] and in-
vestigate communication blackouts and electromagnetic wave
transmissions.[2]

The ICP has been widely utilized in aerospace, materi-
als, chemical industry, and other fields since the 1960s and
1970s. Presently, with rapid industrial development, many re-
searchers have performed experiments and numerical simula-
tions on ICPs.[1–5] In an experimental research, Moon et al.[4]

measured the plasma density and coil voltage in ICP by using
floating and high voltage probes, respectively, and studied the
influence of coil turns on the ICP. They found that the plasma
density increased with the number of coil turns because of the
enhancement of inductive coupling. Moreover, the coil volt-
age was affected by both the plasma density and the coil. Their
research can considerably aid the design of future ICP sources.
Kim et al.[5] performed experiments on a CO2 ICP that had a
pressure of 100 mTorr (1 Torr = 1.33322×102 Pa) and power
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of 13.56 MHz. Electron energy distribution functions were
measured using a Langmuir probe, and other plasma param-
eters, such as electron number density and electron tempera-
ture, were also obtained. According to the electrostatic probe
technology, Pan et al.[6] developed an electrostatic probe di-
agnosis system suitable for the test environment of a high fre-
quency plasma wind tunnel. This system was employed to
diagnose the flow field parameters of the ICP wind tunnel. Fu-
jita et al.[7] measured the temperature parameters of plasma in
an ICP wind tunnel by means of a radiation spectrum.

induction coil

gas inlet

gas tanks
power supply test chamber

test piece

heat exchanger

Fig. 1. Structural diagram of inductively coupled plasma wind tunnel.

Regarding the numerical studies of the ICPs, Ivanov and
Zverev[8] numerically studied the influence of hydrogen on
the parameters of plasma in the ICP torch with considering
chemical reactions of Ar with H2. They found that as the
hydrogen percentage increases over 10% at a constant total
Ar+H2 mass flow rate, the electrical conductivity of plasma
increases slightly, but the enthalpy of plasma increases sig-
nificantly due to high value of the dissociation energy of hy-
drogen molecules. Degrez et al.[9] also numerically studied
the air ICP under a local thermodynamic equilibrium and a
chemical non-equilibrium. They provided the calculation re-
sults of the streamline, temperature, and chemical concentra-
tion field in the air ICP torch. Alavi and Mostaghimi[10] nu-
merically and experimentally studied a novel ICP torch which
possesses a conical nozzle. The inductive coil were wound
around the conical nozzle rather than around the conventional
quartz tube. They found that the new torch has higher power
density, better plasma stability, and better resistance against
extinguishing factors than the traditional torch. Nam et al.[11]

conducted a numerical analysis of the power distribution and
heat flow characteristics of Ar–N2 ICP with nitrogen content
of 0 mol%–50 mol% at a plasma power level of 50 kW. They
obtained relevant data, such as heat loss and load resistance.
They also employed numerical simulation and equivalent cir-
cuit analysis to optimize the design and analysis of a high
power ICP torch system with a vacuum tube oscillator. Lu
and Feng[12] investigated the effects of the operating param-
eters on the ICP properties by a non-equilibrium magneto-
hydrodynamic model. Their numerical model can aid in deter-
mining the optimal conditions for producing the ideal plasma.
Sun et al.[13,14] studied ICP plasma characteristics by using
two-dimensional self-consistent fluid model. It was found that

the spatial distribution of plasma characteristics was controlled
by changing the bias power of single frequency bias or high
frequency bias power ratio of double frequency offset. The
plasma density and ion species ratio were adjusted by chang-
ing bias voltage and pulse frequency. Gao et al.[15] found that
different RF bias voltage has different effect on plasma char-
acteristics: in the low RF voltage range, the electron num-
ber density decreases and the effective electron temperature
increases; in the high RF voltage range the electron number
density increases and the effective electronic temperature de-
creases.

In addition, with the rapid development of commercial
softwares such as ANSYS, COMSOL, etc., many research
groups prefer to simulate the ICP using these as simulation
tools. For example, Zhu et al.[16] used the ANSYS FLU-
ENT software to simulate a two-dimensional ICP torch and
derived the electromagnetic field distribution, temperature dis-
tribution, and velocity distribution in the torch. Chen et al.[17]

employed the ANSYS FLUENT software to calculate the tem-
perature of pure argon thermal plasma and the flow field dis-
tribution in the plasma generator device. They found that the
temperature distribution and flow field distribution can be con-
trolled by changing the corresponding device structure and
working frequency. Zhao[18] established a fluid model of ar-
gon ICP by using the COMSOL software. It was observed that
the temperature of the argon ICP changed non-monotonically
with power. To explain this phenomenon, a new equation
for the average electron energy was proposed. Lei et al.[19]

employed the COMSOL software to simulate the ICP dis-
charge and studied the influences of different coil designs and
gas compositions on the discharge characteristics of a two-
dimensional ICP. The best discharge characteristic is consid-
ered to be afforded by a 20-mm coil gap, with the first coil
positioned 130 mm away from the top of the device, and the
best discharge mode is considered to be argon discharge mode.
This numerical model is a typical ICP discharge, and its results
are important for further experimental studies.

Although the above-mentioned research groups have con-
ducted in-depth research on the numerical simulation of ICP,
the majority of their simulation results have not been validated
experimentally. Moreover, most of researches focused on low
power (1 kW–50 kW) ICP wind tunnels. There is a lack of de-
tailed studies to reveal the flow characteristics and the multi-
physics coupling mechanism of the high power (such as a 1.2-
MW class) ICP wind tunnel. For example, on the one hand,
for a low power ICP wind tunnel,[20–23] its coil current, work-
ing pressure, plasma density are usually small;[20–22] hence,
its electromagnetic field is small,[22,23] and the coupling ef-
fect between the electromagnetic field and the flow field is
also relatively weak. One the other hand, for a high power
ICP wind tunnel,[24,25] its working parameters such as the in-
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put power, operating pressure and the discharge frequency are
quite different from those for a low power ICP wind tunnel.
Its plasma density, electric-field intensity, plasma tempera-
ture, and heat flux are all higher than those of the low power
one.[26,27] Thus, for the high power ICP wind tunnel, the cou-
pling effects among the electromagnetic, flow, chemical, and
thermodynamic fields are much stronger and more complex.
Therefore, further researches on the high power ICP wind tun-
nel should be conducted to make clear such complex coupling
effects. While so far there has been few such work available.

In the present study, a 1.2-MW high power ICP wind tun-
nel is studied as a research object. Furthermore, the coupling
mechanisms of the electromagnetic field, flow field, chemical
field, and thermal field of the wind tunnel are explored and dis-
cussed by combining numerical simulation with experimental
validation. The electron number density, temperature, pres-
sure, electric field intensity, Lorentz force, and other important
parameters are discussed and investigated through numerical
simulation. The plasma parameters under different working
conditions are compared with each other to reveal the distri-
bution characteristics of the flow field, electromagnetic field,
chemical field, and thermal field of the high power wind tun-
nel. The accuracy of the numerical simulation is verified by
comparing the simulation results with experimental data.[24]

In the following sections, the computational grid, oper-
ating conditions, control equations, numerical solution meth-
ods, and boundary conditions of the high power ICP wind tun-
nel are presented. Thereafter, by analyzing the distribution of
flow field parameters (e.g., temperature, electron density, and
pressure) and electromagnetic field parameters (e.g., electric
field intensity and Lorentz force) of the ICP wind tunnel un-
der two different power values, the interaction and influence
mechanism between the flow field and electromagnetic field
in the high power ICP wind tunnel are determined. Finally,
the accuracy of the research results is verified by comparing
the experimental results with the numerical results.

2. Research methods
The research object of this study is an ICP wind tunnel

with a power of up to 1.2 MW. The plasma torch is made of
a quartz tube with an inner diameter and a wall thickness of
80 mm and 3 mm, respectively; six electrified coils are wound
around this tube. As shown in Fig. 2, the calculation domain
of the electromagnetic field is −100 mm ≤ x ≤ 570 mm and
0 mm≤ y≤ 450 mm, with each interval consisting of 161×97
grid nodes; the ICP torch consists of 111×41 grid nodes. The
whole flow field grids including the vacuum chamber are com-
posed of 329×41 nodes as shown in Fig. 3.

To calculate the electromagnetic field near the coil and
air velocity at the air inlet accurately, the calculation grid is en-
crypted in both the area of the induction coil and the area of in-

let. In this study, it is assumed that the plasma is steady, electri-
cally quasineutral and two-dimensionally axisymmetric. The
fluid micro-element is in a thermochemical non-equilibrium
state. In the simulation calculation, the Lorentz force and in-
duced magnetic field generated by the plasma are considered.
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Fig. 2. Computational mesh of electromagnetic-field and ICP torch.
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Fig. 3. Computational mesh of the whole flow field.

Usually, the plasma discharge is ignited by an appropri-
ate argon injection and thereafter, gradually replaced by an air
mixture (16 g/s standard dust-free atmospheric air) until sta-
ble working conditions are reached. To measure the tempera-
ture of plasma particles, spectrum analyzers are located at 195,
320, and 445 mm away from the plasma torch outlet. For the
simulation study, two typical working conditions: cases 1 and
2 for the 1.2-MW ICP wind tunnel are selected. The specific
working conditions are listed in Table 1. The influences of dif-
ferent working conditions on the plasma temperature, velocity,
pressure, electron density, electric field intensity, and other pa-
rameters are compared to demonstrate the flow field and elec-
tromagnetic field distribution characteristics of the high power
ICP wind tunnel. These comparisons are based on the multi-
field coupling solutions of the flow field, electromagnetic field,
thermodynamic field, and chemical field.
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Table 1. Working conditions of computational cases.

Cases
Input power Pressure Inflow mass

Working gas
Frequency of

Pel (kW) p (Pa) flow rate m (g/s) current f (MHz)

1 160 15000 16

air 0.42 200 15000 16
3 160 10000 16
4 200 10000 16

2.1. Governing equations

The vector form of the system of non-equilibrium mag-
netohydrodynamic equations is as follows:

∂𝑄

∂ t
+

∂𝐹

∂x j
=

∂𝐹𝜐

∂x j
+𝑊 . (1)

The gas temperature consists of the translational temper-
ature (Ttr), rotational temperature (Trot), vibration temperature
(Tvib), and electronic temperature (Te). The conservation vec-
tor 𝑄, flux vectors 𝐹 and 𝐹𝜐 , and source term vector 𝑊 in
Eq. (1) are expressed as follows:

𝑄=



ρ

ρui
E
ρs

Erot
Evib
Ee


, 𝐹 =



ρu j
ρuiu j +δi j p
(E + p)u j

ρsu j
Erotu j
Evibu j
Eeu j


,

𝐹𝜐 =



0
τi j

q j +ρ
ns
∑

s=1
hsDs

∂Xs

∂x j
+uiτi j

ρDs
∂Xs

∂x j

qrot, j +ρ ∑
s=M

erot,sDs
∂Xs

∂x j

qvib, j +ρ ∑
s=M

evib,sDs
∂Xs

∂x j

qe, j +ρheDe
∂Xe

∂x j
− peu j



,

𝑊 =



0
FLi +Gi

Sjoule
ω̇s

Sint,rot
Sint,vib

Sjoule +Sint, e


, (2)

where δi, j, FLi, Sjoule, Sint, ∆h0
s , and Θvib,s denote the Kro-

necker function, Lorentz force, Joule heating efficiency, inter-
nal energy exchange rate, component formation enthalpy, and
vibration characteristic temperature, respectively; subscript s
represents the chemical species; M is the molecular number;
ω̇s is the mass generation rate of substance s and is the source
term of the mass conservation equation of the particle at line

4 in 𝑊 , Xs, and Ds are the mole fraction and diffusion coeffi-
cient of s, respectively; ui (or u j) and x j represent the velocity
and tensor in the rectangular coordinate system, respectively;
τi j and q j are the stress tensor and the heat flux vector, respec-
tively, and expressed as

τi j = µ

(
∂ui

∂x j
+

∂u j

∂xi
− 2

3
∂uk

∂xk
δi j

)
, (3)

q j = qtr,j +qrot, j +qvib, j +qe, j

= λtr
∂Ttr

∂x j
+λrot

∂Trot

∂x j
+λvib

∂Tvib

∂x j
+λe

∂Te

∂x j
. (4)

The high temperature gas pressure (p) is calculated from
the gas state equation as follows:

p =
ns−1

∑
s 6=e

ρsRsTtr +ρeReTe = ρR̂Ttr + pe. (5)

The total internal energy (E) of the gas is defined as fol-
lows:

E = Etr +Erot +Evib +Ee +
ns

∑
s=1

ρs∆h0
s

+
1
2

ρuiui +
3
2

ρk. (6)

The translational energy (Etr), rotational energy (Erot), vi-
bration energy (Evib), and electronic internal energy (Ee) of gas
particle are calculated by the corresponding equations given in
the work of Yu et al.[22]

The gas viscosity µ , and translational λtr, vibrational
λvib, rotational thermal conductivity λrot in the above equa-
tions are all computed from Yos’ formulas.[28,29] The diffu-
sion coefficient Ds is calculated from the formula of Curtiss
and Hirschfelder.[30] The conductivity of plasma σ and the
electron thermal conductivity λe are evaluated from the third-
order Sonine polynomials of air.[31–33]

The Joule heating rate Sjoule, and the axial and radial
Lorenz force, i.e., FLx and FLy can be calculated from the fol-
lowing equations, respectively:

Sjoule =
1
2

σ
(
E2

R +E2
I
)
. (7)

FLx =
σ

2ω

(
EI

∂ER

∂x
−ER

∂EI

∂x

)
, (8)

FLy =−
σ

2ω

(
ER

∂EI

∂y
−EI

∂ER

∂y

)
. (9)

Here, Eθ = ER + iEI. ER and EI are the real and
imaginary part of the electric field intensity, respectively.
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They are obtained by solving the magnetic vector-potential
equations[22] at each time step.

In addition, in Eq. (2), the rotational energy exchange rate
(Sint,rot), vibration energy exchange rate (Sint,vib), and electron
energy exchange rate (Sint,e) are calculated from the following
equations:

Sint,rot = QT−R−QR−V−QR−e +Qrot
D , (10)

Sint,vib = QT−V +QR−V +Qe−V +Qvib
D , (11)

Sint,e = QT−e +QR−e−Qe−V +Qe
D +Qe

I , (12)

where QT−R is the translation energy–rotation energy ex-
change rate; QR−V is the rotation energy–vibration energy ex-
change rate; QR−e is the rotation energy–electron energy ex-
change rate; QT−V is the translation energy–vibration energy
exchange rate; Qe−V is the electron energy–vibration energy
exchange rate; QT−e is the translation energy–electron energy
exchange rate; Qrot

D , Qvib
D , Qe

D, and Qe
I are the energy losses of

air molecules because of the dissociation reaction and ionisa-
tion reaction.

In order to reproduce the chemical reactions of air plas-
mas, the chemical kinetic model, which includes 11 species
(N2, O2, NO, N+

2 , O+
2 , NO+, N, O, N+, O+, e−) and 54 chem-

ical reactions,[34] is employed in the present study. The for-
ward and backward reaction rate are calculated from the Ar-
rhenius formula.[35] Finally, the mass production rate of an air
component, s, due to a chemical reaction, r (Here ‘s’ denotes
one of species in 11 air species, ‘r’ refers to one of chemical
reactions in 49 air chemical reactions) can be calculated from
the following formula:

ω̇s = Ms

nr

∑
r=1

(
ν

b,r
s −ν

f ,r
s

)
×

[
k f ,r

ns

∏
j=1

(
ρ j

M j

)ν j,r

− kb,r

ns

∏
j=1

(
ρ j

M j

)ν ′j,r
]
. (13)

Here, ν
b,r
s andν

f ,r
s are the stoichiometric coefficient of

components before and after the r chemical reaction, respec-
tively; Ms represents the molar mass of substance s; s and
j are the subscripts representing the component numbers of
chemical species. The mass production rate of species s, i.e.,
ω̇s acts as a mass source term in the mass conservation equa-
tion of chemical species in the fourth row of the source term
𝑊 in Eq. (2). It participates in iterative computations of the
non-equilibrium magnetohydrodynamic equations mentioned
above, and updates solutions at each time step.

2.2. Iterative computational methods

To iteratively solve the governing equations mentioned
above, the flow field equations are discretized by the finite-

volume method. The viscous term is calculated by the second-
order center difference method. To compute the inviscid
fluxes of the flow field equations at the cell interfaces, the
simple low dissipation advection upwind[36] (SLAU) splitting
method, which is a parameter-free and simple compressible
numerical flux function of the AUSM family method, is used.
The monotonic upstream-centered scheme for conservation
law (MUSCL).[37,38] is adopted to avoid computational oscil-
lations and spurious solutions in the region of high gradients.
In the presently-used MUSCL, the physical properties at the
cell interface are determined by linearly interpolating proper-
ties between neighboring cells. Thus, the accuracy of the in-
viscid numerical flux is kept to the second order. To overcome
the numerical stiffness for a chemical nonequilibrium plasma,
the point-implicit method[39] is utilized in this study. In ad-
dition, the point-implicit lower and upper symmetric Gauss–
Seidel (LU-SGS) method[40] is used to update the solutions of
the flow field results at each time step.

The finite-difference method is adopted to discretize the
magnetic vector-potential equations to figure out the distribu-
tions of the electric field intensities ER and EI. The second-
order, central-difference method is used to evaluate their nu-
merical flux. The sub-relaxation iterative method is used to
solve the discretized electromagnetic-field equations stably.
The relaxation factor is set to be 0.5. When the relative error
of the magnetic-vector potential between n and n+ 1 steps is
less than 10−5, the calculation is considered to be converged.

In this study, the local time stepping scheme is adopted to
update the flow field results. When the residual of the mass,
the momentum and the energy conservative equation are less
than 10−5, 10−5, and 10−3, respectively, then the simulation
is thought to be converged. In the present study, because the
chemical nonequilibrium process of the chemical reaction of
air is considered and modeled in the simulation, the residual of
the energy conservative equation can hardly reach 10−5. Thus,
when the residual of the energy conservative equation reaches
10−3 and the flow parameters such as the temperature, veloc-
ity and pressure are no more changed after 1.2 million itera-
tive computational steps, then we think the simulation is con-
verged. In addition, all the equations and models mentioned
above are programmed by the computer language Fortran 90
by ourselves. The computational mesh of the ICP wind tunnel
is divided by Gridgen V15. All simulations are carried out by
using the Tianhe-2 Supercomputer.

2.3. Boundary conditions

The working gas is injected into the quartz tube; the
mass flow rate and initial gas temperature are m = 16 g/s and
T0 = 300 K, respectively. At the exit of the ICP wind tun-
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nel laboratory, the working pressure is set to be a fixed value,
and other flow properties are evaluated through the linear in-
terpolation of adjacent internal grid points. For the central
axis, the axisymmetric boundary condition (Qi, j = Qi, j+1) is
adopted, where Q denotes the conservation variable. For the
magnetic vector-potential equations, the outer boundary of the
electromagnetic field calculation area is set to be x = −10,
x = 570, and y = 450 mm. The electric field intensities ER

and EI are set to be zero at these outer boundaries: Ei,0 = Ei,1.
It is assumed that there is no slippage nor catalytic effect nor
pressure gradient on the wall of the plasma torch. The wall
temperature is determined using the heat conduction equation,
∂Tw/∂n = q j max, where q j max is the heat flux density at the
inner wall. For the wall in the test room, a constant wall tem-
perature boundary condition is adopted, i.e., Tw = 300 K.

3. Results and discussion
3.1. Numerical results

In this subsection, we will show the simulated results of
flow, electromagnetic, and chemical fields, respectively. As is
well known, when the input power is different, the flow prop-
erties such as the pressure, temperature, velocity also change
and may demonstrate different physical results. So in order
to make clear this issue for the high power ICPWT, we take
case 1 and case 2 listed in Table 1 as baseline cases to show
the flow field differences under the different input power con-
ditions. The simulated results of these two cases will be dis-
cussed comparatively below.
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Figures 4 and 5 show the distributions of the axial and ra-
dial Lorentz forces in the plasma torches for case 1 and case 2,
respectively. First, it can be observed that the maximum axial
and radial Lorentz force position are under the third coil and
fourth coil, respectively. The axial Lorentz forces in both cases

are positive and negative, whereas the radial Lorentz forces
are both always negative. The radial Lorentz force direction is
from the wall to the central axis. Second, the maximum val-
ues of the radial Lorentz force are 2.23 and 3.05 times greater
than the maximum values of the axial Lorentz force for case
1 and case 2, respectively. This proves that the radial mo-
mentum transfer of the plasma is stronger than the axial mo-
mentum transfer. Finally, because the greater the input power,
the greater the electric field intensity and Lorentz force are.
Hence, the Lorentz force for case 2 is greater than that for
case 1.
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Fig. 5. Distribution of axial Lorentz force (upper half) and radial Lorentz
force (lower half) for case 2.

Figures 6 and 7 show the distribution diagrams of the
electronic number density and imaginary part of the electric-
field intensity in the plasma torch for case 1 and case 2, respec-
tively. The electronic number density and electric field inten-
sity considerably vary in the plasma torch, and their maximum
value positions are under the third and fourth coil, respectively.
The upper half of the figure shows that the electron number
density is maximum at the central axis and minimum at the
wall. This is because the radial Lorentz force is negative, and
its direction points from the wall to the central axis. The elec-
trons are gathered at the central axis under the action of the
radial Lorentz force. The maximum electron number densities
for cases 1 and 2 are 1.01×1022 m−3 and 9.05×1021 m−3, re-
spectively. The lower half for each of the figures shows that
the maximum negative electric-field intensity is on the plasma
torch wall and gradually decreases away from the wall. The
maximum electric-field intensity in case 2 is greater than that
in case 1. This is because a negative electric field is generated
by the current of the external induction coil; it is maximum
near the wall and minimum near the central axis. The posi-
tive electric field generated by the plasma is the largest near
the central axis; it can offset part of the negative electric field.
The electric field intensity in case 2 is greater than that in case
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1, because the input power of the coil in case 2 is greater than
that in case 1.

-1600

-400

0.5 4.1 7.7

-1600 -1000 -400EI (V/m)

-200

-100

0

100

200

y
 (

m
m

)

0 100 200 300 400 500
x (mm)

min:max=-1743.9:26.9

ne(max)=1.01T1022 m-3

T1020

ne (1021 m-3)

EI

ne

Fig. 6. Distribution of electron number density (upper half) and imaginary
part of electric-field intensity (lower half) for case 1.

ne(max)=9.05T1021 m-3

-1600

-400

0 100 200 300 400 500
x (mm)

-200

-100

0

100

200

y
 (

m
m

)

-1600 -1000 -400EI (V/m)

min:max=-2059.8:36.3

EI

0.5 4.1 7.7ne (1021 m-3)

ne

.T1021

Fig. 7. Distribution of electron number density (upper half) and imaginary
part of electric-field (lower half) for case 2.

Figures 8 and 9 show the distribution of the Joule heat-
ing rate and radial Lorentz force in the plasma torch for case
1 and case 2, respectively. The electromagnetic field and flow
field of the wind tunnel are coupled and connected through the
Joule heating rate and Lorentz force. First, it is observed that
the distribution shape of the Joule heating rate is similar to
that of radial Lorentz force, and the maximum value positions
of Joule heating rate are also below the third and fourth coil.
This proves that the position of the Joule heating phenomenon
is mainly governed by the radial Lorentz force. Second, ac-
cording to the formula, the Joule heating rate is directly pro-
portional to the electric field intensity. Figures 6 and 7 show
that the maximum electric field intensity is close to the wall,
whereas the maximum Joule heating rate is not on the wall but
approximately 40 mm away from the wall. This is because a
cooling device is used for the wall of the plasma torch, thereby

reducing the Joule heating rate. The power in case 2 is greater
than that in case 1. According to the proportional relationship
between power and electric field intensity, the greater the elec-
tric power, the greater the electric field intensity and the Joule
heating rate are. The maximum Joule heating rate in cases 1
and 2 are 7.0×107 W/m3 and 8.2×107 W/m3, respectively.
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Figures 10 and 11 show the streamline and velocity dis-
tribution in the entire flow field for case 1 and case 2, respec-
tively; it can be observed that the maximum velocity in case 1
and case 2 are 110 m/s and 129 m/s, respectively. The max-
imum plasma flow velocity is found to be at the torch outlet.
The maximum of flow velocity is on the central axis, and its
minimum is on the test chamber wall. In the plasma torch, a
strong vortex can be observed from the gas inlet to the sec-
ond coils in Fig. 11. Such one or two recirculation flows are
frequently found in the ICP simulations.[22,26,41] It has been
reported that this vortex results mainly from the effect of the
Lorentz force and the negative pressure gradient[22] generated
in the coil region (see Figs. 12 and 14 below). On the one
hand, the radial and axial component of the Lorentz force can
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affect corresponding momentum transfer of charged species
significantly for a plasma flow. The strong radial Lorentz force
strengthens the pinch effect, which can narrow the radial elec-
trical channel of electrons and squeeze the plasma flow in the
radial direction in the coil region.[22] On the other hand, both
the negative axial Lorentz force and the negative pressure gra-
dient beneath the inductive coils act as resistive forces to pre-
vent the plasma flow from moving forward smoothly. As a re-
sult, some of the plasma elements move backwards and form
a vortex near the center axis in the coil region.
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In addition, near the wall of the test chamber, there are
several notable vortexes. Their formation and intensity are af-
fected mainly by the pressure characteristics of the spacious
vacuum chamber. First, due to the high speed plasma flowing
along the center axis from the torch outlet to the test cham-
ber outlet, it will results in pressure differences between the
chamber wall and the outer boundary of the plasma column
in the spacious test chamber. The local pressure difference

in a spacious chamber easily results in recirculation flow in
the chamber. While such recirculation flows near the chamber
wall hardly affect the flow properties of the plasma column
near the center axis due to the far distance.

To check the correctness of the velocity simulated in
our study, we consult several relevant references.[12,25,42] Ap-
proximate values of the simulated velocity are found for
the high power ICPs.[25,42] For example, Vasil’evskii and
Kolesnikov[25] simulated an air ICP flow under similar work-
ing conditions: the nominal input power P = 90 kW, f =

0.44 MHz, p = 10 kPa, m = 2.8 g/s. Their simulated maxi-
mum velocity at the torch exit is about 150 m/s.[25] Although
their input power is lower than P = 160 kW in our case 1,
their working pressure and mass flow rate are also lower than
p= 15 kPa, m= 16 g/s in case 1, respectively. Lu and Feng[12]

has reported that the plasma velocity decreases as the pres-
sure and the mass flow rate increase. Thus, for case 1 the
simulated maximum velocity (110 m/s) has the same order
of magnitude as the one (150 m/s) reported by Vasil’evskii
and Kolesnikov.[25] Thus, the maximum plasma velocities ob-
tained in our simulations are reasonable.

Figures 12–14 show the distributions of the static pres-
sure for case 1 and case 2. The maximum pressure positions
are both below the third and fourth coil. The maximum pres-
sures for cases 1 and 2 are 15027.9 Pa and 15076.7 Pa, respec-
tively; thus, the maximum pressure for case 2 is greater than
that for case 1. From Fig. 14 it follows that the pressure varia-
tion trends of these two cases are similar along the center axis,
Along the positive direction of the x axis, the pressure value
under the induction coil first increases and then decreases until
the pressure value tend to be an identical constant of approxi-
mately 1.5×104 Pa in the test chamber for these two compu-
tational cases. However, for these two cases, their maximum
pressure drops in the whole flow field are 27.9 Pa and 76.7 Pa,
respectively. They are both small.
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Figure 15 shows the radial distributions of mole fractions
for air chemical species at the coil center x = 225 mm for case
1. As can be seen from the figure, the atomic N and O are the
dominant chemical species before y≤ 40 mm. It indicates that
in the vicinity of the central axis, after a series of dissociation
and ionization reactions, nitrogen molecules decompose into

atomic nitrogen N and ionic nitrogen N+, oxygen molecules
also decompose into oxygen atomic O and ionic oxygen O+.
The mole fractions of electrons e− and ionic N+ are about 0.1,
and almost the same. That is to say, the negative charge of
electrons just offsets the positive charge of ionic atomic nitro-
gen, so the simulated plasma flow is electrically quasi-neutral.
With the increase of the distance from the central axis, the
mole fractions of species N+

2 , O+, N+, e−, NO+ decrease fast
after y≥ 15 mm. Molecular nitrogen becomes the main chem-
ical species after y≥ 40 mm.

3.2. Experimental validation of simulated results

To validate the correctness of the numerical methods and
the simulated results presented in this study, the quantitative
comparisons between the simulated and the measured temper-
atures are performed. Four simulations listed in Table 1 are
carried out according to the corresponding experimental study
in the 1.2-MW ICP wind tunnel for comparison.

First, following the spectroscopic experimental study of
Cipullo et al.,[24] the air inductive plasma jet produced by
the 1.2-MW ICPWT is investigated. Intrusive and nonintru-
sive measurement technique are combined to characterize the
plasma flow at a broad range of pressure and input power. The
high speed camera imaging technique is used to study the flow
features of the plasma, and a frequency-spatial-domain elabo-
ration procedure is adopted to analyze the measured data. In
the experiment, the high speed camera imaging is performed
by using a complementary metal–oxide–semiconductor cam-
era to ensure the complete visualization of the plasma flow
field. Three spectrometers are used to observe the plasma at
three different distances from the torch inlet (x1 = 665 mm,
x2 = 790 mm, x3 = 915 mm) along the central axis. The tem-
peratures at these three positions are estimated by fitting the
measured spectrum with the theoretical spectra.

Second, the simulated and measured temperatures are
compared at these three positions for cases 1 and 3 (P =

160 kW), and cases 2 and 4 (P = 200 kW), respectively, in
Figs. 16 and 17. In these two figures, the curves and the sym-
bols denote the numerical and experimental results, respec-
tively. Additionally, because the error range for cases 1 and 3
is not obtained in the experimental study,[24] none of the error
bars of the experimental points are depicted in Fig. 16.

Third, as shown in Fig. 16, it can be observed that the
temperature value sharply increases to a maximum and then
slightly decreases in the plasma torch. Due to the strong ex-
ternal electromagnetic field generated by the electrified coil,
the working gas entering from the inlet is heated rapidly by
the electrified coil. So the gas temperature rises rapidly in the
coil region. The simulated maximum temperatures for cases 1
and 3 are 10514 K and 10693 K, respectively. In addition,
the measured (red circle and blue delta) and the simulated
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(curves) temperatures in Fig. 16 decrease with the increase
of the torch outlet distance due to the interaction between the
plasma and its surrounding cold gas. In the vacuum chamber,
the simulated temperatures accord well with the temperatures
measured at the three positions. For example, at the position
x3 = 915 mm, the experimental and numerical temperatures
for case 1 are 6108 K and 5941 K, respectively. The relative
error between them is 2.7%.
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Fig. 16. Comparison between simulated and the measured temperatures
along center axis for cases 1 and 3 (P = 160 kW).

Additionally, as can be seen in Fig. 16, the simulated tem-
peratures show a slightly increasing tendency near the cham-
ber outlet and in a region of 800 mm ≤ x ≤ 880 mm for case
1 (p = 15 kPa) and case 3 (p = 10 kPa), respectively. This
abrupt temperature fluctuation might be caused by uncertain-
ties of chemical reactions of air in the simulation, because sim-
ilar abrupt temperature increment and fluctuation were also
found in the arc-heated air plasma simulation.[43] However,
the fluctuation of the temperature simulated in our study is
about 200 K. The relative error of the simulated temperature
caused by this fluctuation is within 3.5%. So the effect of this
temperature fluctuation might be ignorable. To make clear the
definite reasons for this temperature fluctuation, this issue will
be studied further in the future.
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Finally, as shown in Fig. 17, generally the simulated and
measured temperatures also accord well with each other in the
test chamber. Although a few deviations can be seen at the po-
sition x3 = 915 mm for the 10-kPa case (blue curve and blue
symbol delta), the maximum relative error is 6.8%, because
the measured and the simulated temperatures are 6465 K and
6024 K respectively. In summary, the maximum relative errors
between the simulated and measured results for cases 1–4 are
all within 6.8%, and thus indicating that the numerical meth-
ods and results presented in this study are reliable and suitable.

4. Conclusions

In this study, the basic flow and electromagnetic proper-
ties of a 1.2-MW high power ICP wind tunnel, such as its dis-
tribution of the temperature, pressure, electronic density, elec-
tric field intensity, Lorentz force, Joule heating rate, etc., are
obtained by solving the multiphysics coupling fluid dynamic
equations. The simulated temperatures are compared with the
experimentally measured ones, and they accord well with each
other. So the numerical methods used in this study are reliable
and suitable.

Through the present study, it is also found that the max-
imum values of the temperature, pressure, electric field inten-
sity, Lorentz force, Joule heating rate, and speed are all gen-
erated near the center of the induction coil. The temperature
increases to the maximum value in the plasma torch, and then
decreases with the increase in the distance from the torch out-
let. The pressure value is kept basically the same in the test
chamber, but slightly changes in the plasma torch. The change
trend of the pressure is similar to that of the translational tem-
perature. In addition, it is also observed that the maximum
value of the radial Lorentz force is practically twice or thrice
bigger than that that of the axial the Lorentz force. As a re-
sult, the momentum transfer in the radial direction is stronger.
Moreover, the movement of electrons is also strongly affected
by the radial Lorentz force pointing to the central axis. The
electron number density and positive electric field intensity
generated by the electron are largest at the central axis. Con-
sequently, the negative electric-field intensity generated by the
coil current is partially offset by the positive electric field in-
tensity generated by electrons. At the entrance of the torch
and near the wall of the test chamber, it is found that the eddy
flows are easily produced.
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