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Abstract

Turbulent plasma flow in large-scale arc heater
such as NASA 60 MW Interaction Heating Fa-
cility was numerically investigated and the dis-
tribution of the arc-heated flow-field proper-
ties were successfully obtained. The turbu-
lent flow-field was described by the Reynolds-
Averaged Navier-Stokes equations with a multi-
temperature model, tightly coupled with the elec-
tric field and the radiation-field calculations.
In addition, an accurate and low-cost radiation
model and a low-Reynolds number two-equation
turbulence model were introduced into the flow-
field simulation. It was quantitatively clarified
that radiation and turbulence phenomena are very
important mechanisms to transfer heat and mo-
mentum from high-temperature core region to
cold gas region near the wall. To validate the
present numerical model, the numerical solutions
were compared with the experimental data, e.g.,
arc voltage, mass-averaged enthalpy, chamber
pressure and heat efficiency. It was indicated that
the present flow-field simulation model showed
good agreement over various operating condi-
tions of the facilities.

1 Introduction

An arc-heated wind tunnel is very useful for
ground-based experiments of the planet-entry en-
vironment. Its applications include the perfor-
mance test of a thermal protection system (TPS)
and the development of an ablator. To perform
such an experiment with high quality, it is indis-

pensable to understand the correct physical prop-
erties of the free jet discharged from the nozzle
exit. In an arc heater, however, the flow field is
very complicated due to complex phenomena of
the heating process in the constrictor as well as
the strong thermochemical nonequilibrium in the
nozzle [1]. Therefore, it is extremely difficult to
measure all the properties of the free jet simulta-
neously. On the other hand, with remarkable de-
velopment of high-performance computers, nu-
merical predictions have now become powerful
tools for investigating the details of such complex
flow fields.

Several efforts have focused on identifying
the arc-heated flow properties such as enthalpy,
temperature, velocity and species concentration
by use of computational fluid dynamics (CFD)
[2–7]. For accurate prediction of the flow-
property distributions in an arc-heated flow sim-
ulation, it is important to correctly calculate the
heating process in the constrictor section and the
expansion phenomena in the nozzle section. In
order to model the heating-section on the con-
strictor correctly, it is preferable to calculate the
flow field coupled with the electric field calcula-
tion. Additionally, accurate treatment of the ra-
diation heat transport is also important. At the
same time, since the expansion flow in the nozzle
section excites rotationally and vibrationally, and
strong thermal nonequilibrium appears, it is de-
sirable to separate the rotational and vibrational
temperatures from the translational temperature.

Recently, detailed computations of
segmented-type arc heaters such as NASA’s
20 MW Aerodynamic Heating Facility (AHF)
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and 60 MW Interaction Heating Facility (IHF)
have been performed using a modern nu-
merical method. The simulation codes are
respectively named ARCFLO2, ARCFLO3 and
ARCFLO4 [8–12]. In those analysis models, an
axisymmetric two-dimensional flow field was
assumed which included the heating section with
a turbulence model and a radiation model. A
one-temperature or a two-temperature model was
adopted for the thermophysical model. On the
other hand, the authors [13–15] have performed
numerical simulations for the flow field in a
20 kW constrictor-type arc-heated wind tunnel
of Kyushu University (KU). This arc-heated
wind tunnel has slight differences in the heating
section compared to the segmented-type ones.
In their previous works [13–15], it has been
indicated that there appears an arc column,
which has a very high-temperature and a fully-
dissociated/ionized flow region in the constrictor
section. In Ref [16], it has been reported that the
heat transfer by the radiation plays an important
role in this region.

For 20 kW KU that is relatively small size,
turbulence behavior is not significant because of
small Reynolds number. In such a small arc-
heated wind tunnel, radiation becomes more im-
portant as well as molecular heat transfer. On the
other hand, as a facility becomes larger, turbu-
lent heat transfer becomes more important com-
pared with molecular heat transfer. In such a
large facility, turbulence and radiation play dom-
inant role in heat-transfer process from the high-
temperature core region to the cold gas region
near the wall. Thus, it is very important to cor-
rectly model the effects of turbulence and radia-
tion in the heating section, in addition to accurate
reproduction of thermochemical nonequilibrium
in the expansion section.

The present paper is concerned with the ef-
fects of heat transfers by radiation and turbu-
lence in large-scale arc-heated flow simulation.
In the present study, a sophisticated radiation-
model equation was coupled with the flow-field
and electric-field equations. In order to pre-
dict the effect of turbulence properly, we in-
troduced a representative low-Reynolds-number

two-equation turbulence model, which was pro-
posed by Abe et al. [17] (AKNk-ε). Moreover,
for detailed simulation of the expansion flow in
the nozzle section, it was also needed to treat the
rotational temperature separately from the trans-
lational temperature. Thus, the presented flow-
field was described by the Navier-Stokes equa-
tions with a multi-temperature model, includ-
ing translational (Ttr), rotational (Trot), vibrational
(Tvib) and electron (Te) temperatures, to deal with
the thermal nonequilibrium more properly.

2 Mathematical Formulation

Figure 1 shows a schematic view of a segmented-
type arc heater such as 60 MW IHF. This arc
heater is composed of constrictor, throat, nozzle
section and two electrode chambers. The test gas
such as argon, nitrogen and air is injected from
holes on the constrictor wall. For 60 MW IHF,
length and diameter of the constrictor section are
about 3900 mm and 80 mm, respectively. The
throat diameter is 60 mm. The nozzle geome-
try of 60 MW IHF is conical with half angle of
10 deg and the nozzle-exit diameter is 152 mm.
An arc discharge is generated on the cathode and
attaches to the anode surface. The test gas in-
jected into the constrictor in subsonic condition is
heated by the arc discharge and expands through
the nozzle. Then the high-enthalpy flow is ex-
hausted to the vacuum chamber in the tunnel sys-
tem.

Arc discharge
Test gas

NozzleConstrictor Throat

Anode Cathode

Fig. 1 Schematic view of a segmented-type arc
heater
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2.1 Governing Equations

In this study, the following assumptions were in-
troduced. I) The flow is turbulent, steady, con-
tinuum and axisymmetric. II) Air is employed as
test gas. III) The flow field is in thermochemical
nonequilibrium and the temperature is separated
into translational (Ttr), rotational (Trot), vibra-
tional (Tvib) and electron (Te) temperatures. How-
ever, the electronic-excitation energy mode and
the electron energy are assumed to equilibrate
(the electronic-excitation temperature:Tex = Te).
IV) Lorentz force, Hall current and ion slip can be
neglected because the arc current is too small to
induce an effective magnetic field. V) Radiation
is considered.

The flow field was described by the
Reynolds-Averaged Navier-Stokes (RANS)
equations with a multi-temperature model and
the equation of state. The RANS equations
were composed of total mass, momentum, total
energy, species mass, vibration energy, rotation
energy and electron energy conservations. The
equation system can be written in vector form as
follows:

∂Q
∂t

+
∂F
∂x j

=
∂Fv

∂x j
+

∂Frad

∂x j
+W. (1)

The conservative vector is expressed asQ =
[ρ, ρui , E, ρs, Erot, Evib, Ee]. Furthermore,F,
Fv andFrad show the vectors of inviscid, viscous
and radiation terms, respectively. Finally,W de-
notes the vector of source term. The equation of
state can be expressed as

p = ∑
s̸=e

ρsRsTtr +ρeReTe = ρR̂Ttr + pe. (2)

The electric-field equation was derived from
the Maxwell equations and a generalized form of
Ohm’s law:

∇ · (σ∇φ) = ∇ ·
(

σ
ene

∇pe

)
, (3)

whereσ represents the electric conductivity and
ne is the number density of electrons. The
current-density vector was calculated by the elec-
tric potential and the electron pressure:

j = σ
(
−∇φ+

σ
ene

∇pe

)
. (4)

The Joule-heating rateSjoule can thus be given by

Sjoule =
j2

σ
. (5)

2.2 Transport Properties

Transport properties, such as viscosity, thermal
conductivity and binary diffusion coefficients for
a mixture gas were evaluated by Yos’ formula,
which is based on the first Chapman-Enskog ap-
proximation. The collision cross sections were
given by Gupta’s works [18]. The diffusion co-
efficients were expressed by the formula of Cur-
tiss and Hirschfelder [19]. Ambipolar diffusion
was assumed for charged species asDa

s = (1+
Te/Ttr)Ds, whereDs is the effective diffusion co-
efficient of the ionic species.

2.3 Thermochemical Nonequilibrium

As for chemical reactions in high-temperature
air, it was assumed that the test gas consisted
of 11 chemical species (N2, O2, NO, N+

2 , O+
2 ,

NO+, N, O, N+, O+ and e−) and 49 reactions.
The chemical reaction rate was determined with
an Arrhenius type form. The reaction rate co-
efficients were obtained from Park’s work [20].
Moreover, the backward reaction rate was eval-
uated from the corresponding equilibrium con-
stant. The equilibrium constants, being func-
tions of only temperature, were calculated by the
curve-fit formula in Ref. [21].

We considered the energy transfer between
each of the internal energy modes; translation-
rotation (T-R) [22], translation-vibration (T-
V) [23, 24], translation-electron (T-e) [25–27],
rotation-vibration (R-V) [22], rotation-electron
(R-e) [28,29] and vibration-electron (V-e) [30].

2.4 Turbulence Model

In the present study, AKNk-ε model developed
by Abe et al. [17] was introduced. We can write
the turbulence transport equations regarding the
turbulent kinetic energy (k) and its dissipation
rate (ε) as

∂ρk
∂t

+
∂ρkuj

∂x j
=

∂
∂x j

{(
µ+

µt

σk

)
∂k
∂x j

}
+Pk−ρε, (6)
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∂ρε
∂t

+
∂

∂x j

(
ρεu j

)
=

∂
∂x j

{(
µ+

µt

σε

)
∂ε
∂x j

}
+ Cε1 fε1

ε
k

Pk−Cε2 fε2ρ
ε2

k
, (7)

wherePk is the production term. The turbulent
viscosity can be obtained from

µt = Cµ fµρ
k2

ε
. (8)

In Eqs (6)∼ (8),Cµ, σk, σε, Cε1 andCε2 are the
model constants andfµ, fε1 and fε2 denote the
model functions. The turbulent heat conductivity
was evaluated using the turbulent Prandtl number
Prt and the specific heat at constant pressureCp

by

λt =
Cpµt

Prt
. (9)

In the present study,Prt was set to 0.9.

2.5 Radiative Transport Equation

We introduced two assumptions into the present
radiation calculation as follows; I) Effects of
scattering were neglected. II) The radiation field
was independent of time. Here, considering a ray
emitting an infinitesimal element at a given posi-
tion from a point in the one-dimensional coordi-
nate, “s”, the radiative transport equation can be
expressed as

cosθ
dIλ
ds

= κλ(Bλ − Iλ), (10)

whereIλ, κλ andBλ represent the radiation prop-
erties at a given wavelength,λ, referred to as
intensity, absorption coefficient and blackbody
function, respectively. Note that the absorption
coefficient, κλ, includes the induced emission.
Moreover,θ shows the angle between the ray and
thescoordinate. The radiative heat flux at a given
wavelength emitted to the infinitesimal element
was evaluated over the entire solid angle,

qrad
λ =

Z

IλcosθdΩ. (11)

Integrating Eq. (11) over all wavelengths, the to-
tal radiative heat flux can be obtained as

qrad =
Z

qrad
λ dλ. (12)

3 Numerical Procedure

3.1 General

The governing equations were transformed to the
generalized coordinate system and solved using
a finite volume approach. All the flow proper-
ties were set at the center of a control volume. In
the flow field equations, the inviscid fluxes were
evaluated using the AUSMDV scheme [31] and
all the viscous terms were calculated with the
second-order central difference method. The spa-
cial accuracy was thus basically kept to the sec-
ond order.

The time integration was performed using
an implicit time-marching method. The gov-
erning equation system was transferred into the
delta form and the solution was updated at each
time step. When we dealt with the thermo-
chemical nonequilibrium flow, we needed to in-
troduce a robust and effective time-integration
scheme to overcome the stiffness caused by a
large time-scale difference between the chemi-
cal reactions and the fluid motion that leaded to
a severe restriction of the CFL condition. We
employed the Lower-Upper Symmetric Gauss
Seidel (LU-SGS) method [32] coupled with the
point-implicit method [33].

The electric-field equations were discretized
by the finite volume formulation and the numer-
ical flux was evaluated by the second-order cen-
tral difference method. The GMRES method [34]
was used as the matrix solver for the electric-field
equations and sufficient convergence was reached
at each time step.

3.2 Boundary Conditions

At the inlet of 60 MW facility, the flow was
injected in a subsonic condition, and the static
pressure was extrapolated from the interior grid
points. The other flow properties were calculated
by the specified total temperature and the mass-
flow rate. At the nozzle exit, the flow was super-
sonic for most part, except for the boundary layer
near the nozzle wall. In the supersonic region,
all the flow properties were determined from the
zeroth extrapolation. At the electrode walls, non-
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slip condition for velocity and non-catalytic con-
dition for mass concentration were imposed. Fur-
thermore, no pressure gradients normal to the
wall were assumed. The wall temperature,Tw,
was determined by a radiative equilibrium equa-
tion; εσT4

w = qconv
w +qrad

w , whereε = 0.3 andσ =
5.67×10−8 W/K4m2 are the emissivity and the
Stefan-Boltzmann constant, respectively. Here,
qw represents the heat flux injected into the anode
wall. Along the symmetric axis, an axisymmetric
condition was imposed.

No currents were allowed to pass though the
inlet and the nozzle exit. An equipotential con-
dition was set at the electrode wall, whereV = 0
at the cathode surface andV = Vo at the anode
surface. By using the input currentI , the total
currentIn in the flow field, and the arc voltageVn

at thenth step, the arc voltageVn+1 at (n+ 1)th
time step can be given as

Vn+1 = Vn +∆Vn, ∆Vn = ω
(

I
In −1

)
Vn,

(13)
whereω represents a relaxation coefficient.

3.3 Calculation conditions

In the present calculation, the input parameters
of 60 MW IHF are the arc current (I ) and the
mass-flow rate ( ˙m). The computational condition
of I = 6000 A andṁ = 380 g/sec is defined as
‘the baseline case.’ The computational domain
and grids for 60 MW IHF are shown in Fig. 2.

4 Results and Discussion

Figure 3 illustrates the translational tempera-
ture and axial velocity contours for the baseline
case. In the present model, the one-temperature
model was utilized in the heating section (the
electrode chambers and constrictor), whereas the
four-temperature model was adopted in the noz-
zle section. This assumption was originally intro-
duced in order to decrease a numerical stiffness.
However, since there expected to be frequent col-
lisions between species and the flow field is close
to thermally equilibrium in the heating section,
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Fig. 2 Computational domain and grids for 60
MW IHF

it is thought that the assumption has less influ-
ence on the present flow-field prediction. A high-
temperature region is formed around the center
axis in the constrictor and the translational tem-
perature reaches a maximum value of 11320 K.
A cold gas region appears near the wall and tem-
perature gradient in the radial direction becomes
large. It seems that the plasma flow is rapidly
cooled with expansion passing through the throat
and nozzle sections. The flow injected from the
constrictor wall is accelerated tou ∼ 500 m/sec
through the constrictor and the cathode chamber.
The Mach number is still lower than unity and
the plasma flow is subsonic in the heating sec-
tion, although the Mach number distribution is
not shown here. It is seen that the arc-heated flow
is rapidly accelerated, which leads to choke at the
throat exit. Then, the axial velocity approaches
to a maximum value of 5240 m/sec on the center
axis at the nozzle exit.

The distributions of the mole fractions along
the center axis for the baseline case are illustrated
in Fig. 4. Throughout the flow field, atomic nitro-
gen and oxygen are dominant chemical species
caused by the dissociation reactions. Moreover,
it seems that small amount of the electrons and
the ion species such as ionized-atomic nitrogen
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and oxygen are also contained in the arc column
in the heating section. The electrons are primary
careers of the electric current in the arc column
from the anode to the cathode. In the nozzle sec-
tion, the recombination reaction of atomic nitro-
gen occurs very slowly and the expansion flow
results in being totally frozen.
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60 MW IHF
Translational temperature contours
max: 11320 K

Test gas: Air
Mass flow rate: 380 g/sec
Total current: 6000 A

60 MW IHF
Axial velocity contours
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300020001000
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4000 5000

Fig. 3 Contours of translational temperature
(above) and axial velocity (below) in 60 MW IHF
for the baseline case
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Fig. 4 Axial profile of mole fractions along the
center axis in 60 MW IHF for the baseline case

We investigate effects of turbulence in the fa-
cilities, in addition to the radiation heat transfer.

Firstly, the viscosity-ratio contours for the base-
line case are illustrated in Fig. 5. In the present
study, the viscosity ratio is defined as the ratio of
the turbulence viscosity divided by the molecular
viscosity (µt/µ). It is indicated that the viscos-
ity ratio is large in the cathode chamber in spite
of the lower velocity. Reynolds number of the
plasma flow in 60 MW IHF is generally larger
than that of the other arc-heating facilities, be-
cause the scale is larger and the flow maintains
higher density in the heating section due to large
amount of mass-flow rate. This fact is the rea-
son why turbulence is strong, though the flow-
velocity magnitude is relatively lower. The large
viscosity ratio distributes near the wall in the
cathode chamber and the throat section, which
reaches a maximum value of 278 near the throat
inlet. It is clarified that the effects of turbulence
in 60 MW IHF are more a great deal dominant.

Next, we compare the predicted heat trans-
fers by radiation and turbulence and discuss their
contributions to the flow fields. Figures 6 and 7
depict radial profiles of the heat fluxes and the
translational temperature for the baseline case at
the constrictor exit (x=−450 mm) and the throat
inlet (x = 0 mm), respectively. It is indicated
that both turbulence and radiation are significant
mechanisms of heat transfer from the core flow to
the cold gas at the constrictor exit. On the other
hand, the radiation transport far becomes low at
the throat inlet, while the heat transfer is almost
borne by the turbulence.
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Viscosity ratio contours
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Mass flow rate: 380 g/sec
Total current: 6000 A

270
270

210

Fig. 5 Viscosity ratio contours in 60 MW IHF
for the baseline case

We compare the computational results with
the corresponding experimental data [35], i.e.,
the arc voltage, the mass-averaged enthalpy at
the nozzle exit, the chamber pressure at the con-
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Fig. 6 Radial profiles of heat fluxes and tempera-
ture at the constrictor exit (x=−450 mm) for the
baseline case of 60 MW IHF
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Fig. 7 Radial profiles of heat fluxes and tempera-
ture at the throat inlet (x= 0 mm) for the baseline
case of 60 MW IHF

strictor exit and the heat efficiency. The mass-
averaged enthalpy at the nozzle exit was evalu-
ated by using the energy-balance method. In the
present study, the mass-averaged enthalpyhav is

determined using the following expression:

hav =
Z R

0
ρuhrdr/

Z R

0
ρurdr. (14)

In addition, the predicted heat-efficiencyη is de-
fined with the heat fluxes, the arc voltage and
the current as follows:η = 1−

(
qconv+qrad

)
/IV ,

whereqconv andqrad represent the convective and
radiative heat fluxes on the wall, respectively.

Figures 8, 9, 10 and 11 show the compar-
isons of the arc voltage, the mass-averaged en-
thalpy, the chamber pressure and the heat effi-
ciency, respectively. The data are plotted against
the mass-flow rate for two electric current condi-
tions (I = 3000 and 6000 A). The predicted volt-
age tends to increase with the mass-flow rate and
is maintained virtually constant for two electric
current conditions. There exist underestimations
of about 500− 1000 V in the arc voltage pre-
diction. On the other hand, the other properties
predicted, i.e., the mass-averaged enthalpy, the
chamber pressure and the heat efficiency, agree
well those of the experimental data not only qual-
itatively but also quantitatively under various op-
erating conditions.

In general, radiation transport plays an impor-
tant role in arc-heated flow simulation. Addition-
ally, as a facility scale becomes large, the flow
field in the facility is highly affected by turbu-
lence transport. Hence, it is significant to intro-
duce a proper turbulence model as well as a ra-
diation model in order to accurately predict arc-
heated flow properties.

5 Conclusions

Numerical simulations of plasma flows in the
NASA 60 MW IHF were successfully per-
formed for various input-current and mass-flow
rate conditions, coupled with the electric-field
and radiative-field calculations tightly. The
flow field in the arc-heating facilities were as-
sumed to be in thermochemical nonequilibrium.
To express thermal nonequilibrium properly, a
four-temperature model was introduced into the
present analysis model, which separates tem-
perature into translational, rotational, vibrational
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and electron ones, and detailed internal energy-
exchange models were utilized. In addition, the
effects of radiation and turbulence transports in
the arc-heated flow fields were investigated with
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Fig. 11 Comparison of heat efficiency for 60
MW IHF

the three-band radiation model and AKN model
which is one of the low-Reynolds numberk− ε
models.

Fundamental features of high-enthalpy flows
in the large-scale facilities, e.g., the arc column
and the supersonic expansion, could be repro-
duced and detailed distributions of the flow-field
properties were obtained. In the nozzle section, it
was elucidated that less recombination reactions
occur in the nozzle sections of the 60 MW facil-
ity and the expansion flow is close to be chem-
ically frozen. Heat transfers by radiation and
turbulence in the large-scale facilities were in-
vestigated in detail and those transport phenom-
ena were quantitatively clarified. Radiation in
the constrictor section where there exists high-
temperature gas plays a key role to carry energy
from the arc column to the cold gas and the walls.
Furthermore, it is elucidated that the turbulence
also gave influence on the momentum and heat
transfer processes in the heating section of the
large-scale arc-heated wind tunnel.

In order to validate the present numerical
model, the computed data were compared with
those of the corresponding experiments, i.e.,
the arc voltage, the mass-averaged enthalpy, the
chamber pressure and the heat efficiency. Quan-
titative agreements with the experimental data
were shown for the various calculation condi-
tions. However, the predicted arc voltage tended
to be less in several hundreds compared with the
measured ones.
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