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The existing computer code to solve the airflow in a segmented constrictor-type arc-heated wind tunnel named

ARCFLO4 is improved to accept an air–argon mixture as the working gas. The new version of the code is used to

calculate the flows in the Aerodynamic Heating Facility of NASAAmes Research Center where argon concentration

is relatively high. The calculation shows that argon tends to increase the diameter of the arc column, increase

ionization fraction, decrease thermal efficiency of the arc heater, and push the ratio of the centerline-to-average

enthalpy toward unity. The calculated operating characteristics of the arc heater agree well with the experimental

data and the results of the calculations made by Sakai using a similar code developed earlier, ARCFLO3.

Nomenclature

Cp;i = specific heat of species at constant pressure
c = speed of light
E = voltage gradient
H = total enthalpy
Ha = mass-averaged enthalpy
h = specific enthalpy or Planck constant
I = current
j = current density
k = Boltzmann constant
_m = mass flow rate
NA = Avogadro’s number
p = pressure
qc = conductive heat flux
qn = radiative heat flux at frequency band
qR = radiative heat flux
q� = radiative heat flux at frequency
R = radius of the constrictor or universal gas constant
r = radial coordinate
T = temperature
u = axial velocity
V = voltage
x = axial coordinate
y = radial coordinate
� = angle in cross-sectional plane from radial direction to

projected line of sight
� = arc-heater efficiency
� = angle between the ray and the outward normal to the

cylindrical surface
� = radiation frequency
� = density

� = electrical conductivity
� = solid angle

I. Introduction

A NARCheater is a device that produces high enthalpy flow for a
long time and is usually used to study aerodynamic heating in

ground tests. Among several types of arc heaters, the segmented type
arc heaters can produce a stable flow under wide range conditions,
which is an essential requirement for ground experiments. Generally,
the flow in a segmented type arc heater is a complex plasma flow,
which is heated directly by the arc. The flow experiences a strong
energy transfer from its core to the surrounding gas mainly by
radiation and turbulent mixing. Many numerical and experimental
investigations have been carried out to elucidate the flow physics.

The present paper is also one of theoretical and numerical efforts to
investigate the flow physics in an arc heater. Historically, Nicolet
et al. [1] developed the ARCFLO code based on the work ofWaston
and Pegot [2]. It adopts a two-band radiation model that accounts for
self-absorption and a Cebeci–Smith [3] algebraic turbulence model.
This code can reasonably predict the overall operating characteristics
of existing arc heaters. However, the applicability of the ARCFLO
code was quite restrictive in the step of the actual design or
development of the arc heaters because it employed the space
marching technique, which requires upstream conditions in advance.
Therefore, to overcome this shortcoming, Kim et al. [4] developed a
time marching code, ARCFLO2, which solves the time-dependent
Navier–Stokes equations. They retained the two-band radiation
model and Cebeci–Smith algebraic turbulence model from the
ARCFLO code. All the properties were computed successfully only
with the geometry of the arc heater and the given operating
conditions, that is, the current and the mass flow rate. Subsequently,
Sakai and Olejniczak [5–8] also tried to improve ARCFLO2. They
developed a new three-band radiation model, which was consistent
with a detailed line-by-line calculation; this code is named
ARCFLO3. However, ARCFLO3 as well as ARCFLO2 does not
always produce acceptable numerical accuracy for the various arc
heaters over a wide range of operating conditions. Recently, the
authors [9–11] developed an improved numerical code, ARCFLO4,
which can be applied to the various arc heaters under arbitrary
operating conditions. Instead of a conventional algebraic turbulence
model, we adopted a two-equation turbulencemodel, which is able to
express the convective physics of turbulence and does not explicitly
demand a mixing length. Also, the three-band radiation model of
ARCFLO3, whose performance and numerical accuracy were
proven by Sakai and Olejniczak [6], was used. It was observed that
the k–" turbulence model [12] combined with the three-band
radiation model provided very good solutions over diverse operating
conditions.
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However, in some regions, especially under the lowmassflow rate
condition of the Aerodynamic Heating Facility (AHF), the accuracy
of mass-averaged enthalpy was not satisfactory. Particularly, a
qualitatively different trend was observed between experiments and
ARCFLO4 in the case of the mass-averaged enthalpy. Among the
several possibilities for this difference in the trend, the negligence of
argon injection from the electrode region was suspected as the
primary reason.Generally, a small amount of argon gas, for example,
about 0:03 kg=s in the AHF [13] and 0:04 kg=s in the Interaction
Heating Facility (IHF) [13] at the NASA Ames Research Center, is
injected from the electrode region to ensure that sufficient ionization
is maintained near the surface of the electrodes. However, this was
ignored in our previous studies [9–11] because the mass flow rate of
air was large enough in most test cases. Accordingly, it is probable
that solutions were affected by the small amount of argon gas when
the mass flow rate of air was below 0:1 kg=s, that is, when the order
of the mass flow rate of air became comparable to that of argon.

The present study focused on the influence of the air–argon
mixture on the behavior and the accuracy of the solution. To analyze
the flows of the air–argon mixture, the thermodynamic and transport
properties of the air–argon mixture were calculated under the
assumption of the thermal equilibrium condition. Then, the
properties were applied to the 20-MW AHF at the NASA Ames
Research Center, combined with the Joule heating model of
ARCFLO, the k–" turbulence model, and the three-band radiation
model. This paper is organized as follows: Sec. I is the Introduction;
Sec. II briefly describes the numerical and physical modeling such as
numerical approaches, equilibrium composition, thermodynamic
and transport properties, a Joule heating model, a radiation model,
and a turbulence model. In the results section, Sec. III, the AHF
operation is simulated to verify the performance of the proposed
numerical models, and the role of the argon gas is investigated.
Finally, concluding remarks are presented in Sec. IV.

II. Numerical Modeling

A. Numerical Approaches

Figure 1 shows a segmented constrictor-type arc heater. It consists
of an anode chamber, a constrictor, a cathode chamber, and a nozzle.
Most of the test gases are injected through the wall of the constrictor
and exited through the nozzle into the test section. In the constrictor,
the arc spans between the two electrodes. The core gas is heated by
arc’s Joule heating. The surrounding gas is heated by radiation
emitted from the core gas and by turbulent mixing. Heat energy

arriving at the constrictor wall is removed by the coolingwater which
circulates through the constrictor disks.

Based on our previous studies [9–11], the governing equations are
the time-dependent axisymmetric Navier–Stokes equations, which
include Joule heating by arc, radiation, and turbulence. The
governing equations are then discretized by the finite volume
method. The inviscid flux is given by theAUSMPW� [14] scheme.
The viscous flux is calculated through a central difference scheme.
The inviscid term is handled implicitly by applying the lower–upper
symmetric Gauss–Seidel (LU-SGS) [15] method. The axisymmetric
source, Joule heating, and the viscous term are calculated explicitly.

The computational grid which is scaled up to 10 times in the radial
direction is shown in Fig. 2. The AHF arc heater has a constrictor
diameter of 0.06m and length of 2.3 m. The nozzle throat diameter is
0.038 m. The dimensions of the constrictor and nozzle throat were
directly obtained from [6]. The geometry of the electrode chambers
which was not explicitly described in [6] was obtained by digitizing
the points of the scanned grid images. For the convergence of
solution,L2 norms of density variations, k��k, were reduced to 10�5
for all the calculations [9].

In reality, argon and air are injected separately in a segmented arc
heater [13]. Air is introduced from the entire wall of the constrictor
section and a small amount of argon, for instance 0:03 kg=s in the
AHF, is injected from the anode and the cathode. On the other hand,
the injection gas was treated as a perfect mixture in ARCFLO4 for
simplicity and the mixture injection was distributed uniformly over
the side wall of the constrictor as shown in Fig. 2. The wall
temperature wasfixed at 1100K and thewall densitywas determined
by the equilibrium relation between the wall temperature and
pressure [4]. The outlet condition was extrapolated from the value of
the inner computational domain because the region after the nozzle
throat was supersonic.

B. Equilibrium Composition

In the previous works [9–11], it was assumed that the working gas
mostly consisted of air. However, a small amount of argon is injected
from the electrodes to ensure that sufficient ionization is maintained
near the surface of the electrodes. Thus, realistic working gas should
be an air–argon mixture. To obtain the thermodynamic and transport
properties of theworking gas, equilibrium composition of the species
is essential.

Chemical equilibrium is usually described by either of the two
equivalent formulations, equilibrium constant or minimization of
free energy. In this study, the minimization of free energy

Fig. 1 A schematic drawing of a segmented arc heater.

Fig. 2 Grid system of the Aerodynamic Heating Facility arc heater (96 � 50 mesh).
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formulation [16] was used because each species can be treated
independently without specifying a set of reactions a priori.

Before obtaining the thermodynamic and transport properties of
the air–argon mixture, equilibrium composition of air was computed
and then compared with the data of [17] to verify the accuracy of the
computed results. The present equilibriumcompositionwas obtained
with a 9-species airmodel (N2,O2, N,O,NO,N

�,O�,NO�, and e�),
whereas the result of [17] was based on an 11-species air model (N2,
O2, N, O, NO, N

�, O�, NO�, N��, O��, and e�). As shown in
Fig. 3, the present 9-species air model yields species mole fractions
very similar to that obtained from the 11-species air model. It is
known that the small concentrations of N�� and O�� do not affect
the equilibrium thermodynamic properties significantly for the
temperature range less than 15,000 K.

C. Thermodynamic Properties

Using the composition data obtained by the Gibbs free energy
minimization, density, enthalpy, and specific heat of the mixture are
directly calculated by

�� p

RT

PNS
j�1 njMjPNS
j�1 nj

(1)

h�
PNS

j�1 njH
�
jPNS

j�1 nj
(2)

Cp �
@h

@T

����
p�const

(3)

where NS is the total number of chemical species.Mj and nj are the
molecular weight and number density of species j, respectively.
Also,H�j , which is the standard-state molar enthalpy for specific j at
temperature T, is defined as follows:

H�j �Hc � a1�T � Ts� �
a2
2

�
T2 � T2

s

�
� a3

�
1

T
� 1

Ts

�
(4)

whereTs is called the split temperature, 3000K.Also,Hc, a1, a2, and
a3 can be obtained from the Joint Army–Navy–Air Force (JANAF)
thermodynamic data [18].

Before obtaining the thermodynamic properties for the air–argon
mixture, thermodynamic properties of air were computed for
pressures of 1 and 10 atm to compare with the data of [19], which
were based on the curve fit model obtained from the 11-species air
model. As shown in Fig. 4, the present 9-species air model provides
thermodynamic properties very similar to those obtained from the
11-species air model of [19] for temperatures up to about 12,000 K.
In this study, the temperature of interest seldom exceeded 12,000 K.

D. Transport Properties

To calculate transport properties such as viscosity, electrical
conductivity, and thermal conductivity, the approximate formula-
tions of [20,21] were used instead of the complete kinetic theory
expressions in [22]. They require the data on the collision integral,

which is classified into the momentum transfer cross section ���1;1�ij

and the viscosity cross section ���2;2�ij , between all the couples of

species in arc-heater flows. In this study, most collision cross
sections including the air species were obtained from [23,24].
However, for the ionized species, the effective Coulomb cross
section [20,21] was used and the formulas are as follows:

���2;2�ee � 1:29Qc � 1016 �for electrons� (5)

���2;2�II � 1:36Z4Qc � 1016 �for ions� (6)

���1;1�ee � ���1;1�II � 0:795Z4Qc � 1016

�for electrons and ions�
(7)

where Z� 1 for single ionized species and

Qc �
e4

�kT�2 ln � (8)

The shielding parameter � is defined as

��
�
9�kT�3
4�e6ne

� 16�kT�2

e4n2=3e

�
1=2

�
�
2:09 � 10�2

�
T4

1012pe

�

� 1:52

�
T4

1012pe

�
2=3
�
1=2

(9)

where T is the temperature in Kelvin, pe � nekT is the electron
pressure in atmosphere, and e� 4:8 � 10�10 esu (electrostatic unit
of charge) is the electron charge.

By using the data on the compositions and the collision integrals,
transport properties can be calculated.

Fig. 3 Equilibrium composition of air (p� 1 atm).
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1) Viscosity:

��
XNS
i�1

� Mi

NA
niPNS

j�1 nj�
�2�
ij

�
(10)

2) Electrical conductivity:

� � e2

kT

nePNS
j�1;j≠e nj�

�1�
ij

(11)

3) Thermal conductivity:

	� 	tr � 	int � 	re (12)

where the translational thermal conductivity is

	tr �
15

4
k
XNS
i�1

�
niPNS

j�1 aijnj�
�2�
ij

�
(13)

and the internal thermal conductivity is

	int � k
XNS
i�1

� �Cp;i
R
� 5

2
	niPNS

j�1 nj�
�1�
ij

�
(14)

and the reaction thermal conductivity is

	re � k
XNIR

l�1

��hl
RT
�2PNS

l�1
al;i
xi

PNS
j�1�al;inj � al;jni��

�1�
ij

(15)

NIR is the total number of independent reactions in the system and
al;i represents the stoichiometric coefficient of the component Ai in
the lth chemical reaction written in the balance form:

XNS
i�0

al;iAi � 0 (16)

In the previous equations,

�
�1�
ij �

8

3

�
2MiMj

�RT�Mi �Mj�

�
1=2

���1;1�ij (17)

�
�2�
ij �

16

5

�
2MiMj

�RT�Mi �Mj�

�
1=2

���2;2�ij (18)

�ij � 1�
�1 � Mi

Mj
	�0:45–2:54 Mi

Mj
	

�1� �Mi

Mj
�	2

(19)

To verify the accuracy of the calculation, the transport properties
of the air were compared with the data of several references. In
Fig. 5a, the present calculated viscosity is compared with the
calculation of Gupta et al. [17], Murphy [25], Bacri and Raffanel
[26], Elchinger et al. [27], and Yos [21]. The present result is similar
to Gupta et al.’s because the same kinetic equation was used.
Figure 5b shows the thermal conductivity. The present calculated
thermal conductivity was compared with the experimental values of
Devoto et al. [28] and Asinovsky et al. [29], and the calculations of
Gupta et al. [17], Murphy [25], Bacri and Raffanel [26], Elchinger
et al. [27], and Yos [21]. The present result agreed reasonably with
the experimental data at temperatures up to 8000K andwas similar to
Gupta et al.’s. The thermal conductivity insignificantly affects the
arc-heater flows because most heat energy is transferred by radiation
and turbulent mixing. In Fig. 5c, electrical conductivity, one of the
important parameters for calculating Joule heating in the arc-heater
flows, is shown. In the figure, the present result is compared with the
experimental values of Asinovsky et al. [29] and Schreiber et al. [30],
calculations of Murphy [25] and Capitelli et al. [31], and results ofFig. 4 Comparison of thermodynamic properties.
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ARCFLO2 and ARCFLO3. The difference between the various
calculations was due to the selection of the collision integral for the
different species and due to the different kinetic equations used for
calculating electrical conductivity.

E. Joule Heating Modeling

Ideally, the Joule heating by arc should be obtained by solving the
Maxwell equations. However, if the current distribution is known, it
can be simply calculated by Ohm’s law. Because the constrictor wall
was insulated electrically, the current in the constrictor was constant.
Under the assumption that the voltage gradient was independent of
the radius of the constrictor, the Joule heating can be simplified as
follows.

Ohm’s law for a cylindrical column is

j�x; y� � ��x; y� 
 E�x� (20)

E�x� � j�x; y�
��x; y� �

R
R
0 2�yj�x; y� dyR
R
0 2�y��x; y� dy�

IR
R
0 2�y��x; y� dy (21)

where

I �
Z
R

0

2�yj�x; y� dy� const (22)

from Kirchhoff’s law of the conservation of current.
Finally, the Joule heating is given by

j�x; y� 
 E�x� � I2��x; y�
�
R
R
0 2�y��x; y� dy	2 (23)

Figure 6 shows the current distribution along the axial direction.

F. Radiation Modeling

For high temperature flow, radiation is an important heat transfer
mode together with thermal convection. The radiative heat flux is
calculated by the radiative transfer equation of Eq. (24):

� 1

�	�

dI�
ds
� I� � B� (24)

where I� is the radiative intensity along the ray, s. The absorption
coefficient 	�, which was obtained from experiment, is a function of
frequency, temperature, and pressure. The Planck function B� is
written as follows:

B� �
2h

c2
�3

eh�=kT � 1
(25)

When the radiative intensity at a given point is calculated for all
directions, the radiantflux per unit frequency expressed in cylindrical

Fig. 5 Comparison of transport properties. Fig. 6 The current distribution in the arc heater.
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coordinates can be calculated as (see Fig. 7)

q��r� �
Z
�

I��r� cos � d� (26)

The details can be found in [1]. Then the total radiant flux,
integrated over all frequencies, is calculated as

qR�r� �
Z 1
0

q��r� d� (27)

In a discrete form, Eq. (27) becomes

qR�r� �
X
n

qn�r� (28)

To obtain accurate radiation, the line-by-line calculation [32] is the
most desirable method. However, the computation cost for such a
calculation is formidable. Thus, Sakai et al. developed a new three-
bandmodel that can compute radiative transport equations 400 times
faster than the detailed line-by-line calculation without compromis-
ing accuracy [6]. In this model, three absorption coefficients, defined
at a givenwavelength, are functions of pressure and temperature over
the pressure range of 1–10 atm and the temperature range of 1000–
15,000 K. In the present study, we adopted the three-band radiation
model [6] to describe the radiative flow physics in the arc heaters
accurately. Concerning the influence of argon atoms on a radiative
flux, argon atoms are counted as air atoms because the radiation
power emitted by argon is similar to that from oxygen and nitrogen
atoms at the same enthalpy [33].

G. Turbulence Modeling

Turbulence is regarded as one of the key phenomena in arc-heater
flows [9]. For its modeling, algebraic turbulence models have been
widely used wherein the turbulent fluctuating quantities are
correlated to the mean flow quantities by algebraic relations. In the
previous studies [9–11], we tested k–" [12], k–! [34], and k–! shear
stress transport (SST) [35] two-equation turbulence models which
can express the convective flow physics of turbulence and do not
explicitly demand the mixing length. And it was observed that the
k–" turbulence model combined with the three-band radiation model
was the most appropriate in analyzing arc-heater flows. Also, it was
shown that the influence of turbulence on the heat transfer
mechanism is as much as or bigger than that of radiation. It was

confirmed that an accurate turbulence model is one of the key
requisites for a reliable prediction of arc-heater performance [9]. In
accordance with [9], we adopted the k–" turbulence model for the
description of the turbulent flow physics in arc heaters.

III. Results

Computations for AHF at the NASA Ames Research Center were
carried out. TheAHF is operatedwith a 20MWconstricted arc heater
which produces a pressure range of 1–9 atm and an enthalpy level of
1–33 MJ=kg. Recently, Hightower et al. [36] carried out a series of
arc-jet tests in the AHF using the energy balance method. Sakai and
Olejniczak [6] computed those flows using ARCFLO3 and
compared the results with Hightower’s experimental data.

A. Comparison of Operational Data

In the present study, computational and experimental results were
compared for theAHFarc heater in a similarmanner to Sakai’s study.
The basic operational data such as the voltage between electrodes,
the mass-averaged enthalpy at the nozzle throat, pressure in the
cathode chamber, and the arc-heater efficiency were compared with
the experimental data. The mass-averaged enthalpy and efficiency
are defined as follows.

Mass-averaged enthalpy (J/kg):

Ha�x� �
R
R
0 2�y��x; y�u�x; y�H�x; y� dyR

R
0 2�y��x; y�u�x; y� dy (29)

Efficiency (%):

�� power absorbed by flow

power input
� 100 �

�
1 � qR � qc

I 
 V

�
(30)

In the previous studies [9–11], the working gas was air. And, its
thermodynamic and transport properties were calculated by using the
curve fitted data [17,19] which are widely used because of their
convenience. However, in the present study, thermodynamic and
transport properties were obtained by the new procedure. To validate
the present procedure, the airflow in the AHF arc heater was
calculated for I � 1600 A. As shown in Figs. 8, most of the
computed data agree well with the experimental data except for
pressure. In Fig. 8c, although the computed pressure agrees well with
the experimental data at a highmassflow rate, the difference between
the experimental data and the computation becomes larger as the
mass flow rate decreases. It reaches about 35% at the mass flow rate
of 0:07 kg=s.We conjecture that the uncertainty of experimental data
mainly accounts for the large difference at the low mass flow rate.
Physically, as the mass flow rate approaches zero, the pressure in the
constrictor should also approach zero. However, in Fig. 8c, the
experimental data approach about �0:23 atm while the computed
pressure approaches zero. Because the pressure slops of experi-
mental data and computational results are similar to each other, it is
reasonable to consider the shift-down effect in the experimental data.
Then, the difference between experiment and simulation reduces to
10% at the mass flow rate of 0:07 kg=s. When compared with the
previous curve fit model, the present model shows similar results to
the previous curve fit model except for the voltage plot. The
difference between calculated voltages originates from the model of
electrical conductivity because there is little difference between
thermodynamic properties and transport properties except the
electrical conductivity.

Actually, the working gas is an air–argon mixture. The mass flow
rate of argon injected in the anode and cathode is 0:015 kg=s,
respectively. The present study simply considered these gases as air
mixtures including argon of 0:03 kg=s in the same way as in Sakai’s
study. Table 1 shows the ratio of argon to the mixture for AHF.
Figure 9 shows the comparison between the present mixture case and
previous air case. In Fig. 9a, the computed voltage agrees very well
with the experimental data. They approach closer to the experimental
data as the ratio of argon increases. In Fig. 9b, the computed mass-
averaged enthalpy shows a different trend from the previous air case

Fig. 7 A cylindrical geometry and coordinate system.
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at low mass flow rate and follows the tendency of Sakai’s results
which considered argon effects. In Fig. 9c, the computed pressure
agrees well with the experimental data. In Fig. 9d, the computed
efficiency is predicted fairly well at low mass flow rate but seems to
somewhat deviate from the experimental data compared with the
air case.

Based on the results in Fig. 9, however, we cannot say for certain
that the accuracy of the computation is always improved with the
consideration of argon gas. The reason seems to originate from the
excessive consideration of the argon effect. In reality, the argon gas
injected from the cathode may have little influence on the flow in the
constrictor. The ratio of argon in the constrictor is mainly determined

by the amount of argon from the anode. Thus, it is more reasonable to
consider the argon gas, about 0:015 kg=s in the AHF, injected from
the anode only. Table 2 shows the ratio of the argon injected from the
anode only to the mixture, and Fig. 10 shows the results for this case.
The voltage agrees very well with the experimental data. Especially,
the behavior of the mass-averaged enthalpy is remarkable. It agrees
very well with experiment. Pressure also agrees well with the
experimental data and is less dependent on chemical composition.
Efficiency is improved although some deviation from the experi-
mental data is still observed.

B. Argon Effect: Calculation with Fixed Current

Operational experience of the arc heater has shown that argon
injected into the electrodes reduces electrode wear and contributes to
the prevention of arcing between the constrictor disks and electrode
rings. Thus, a small amount of argon is always injected in the anode
and cathode. To understand the arc-heater flow physics more
accurately, it is essential to investigate the influence of the argon gas
on arc-heater flows.

1. Temperature and Specific Heat

Temperature plays an important role in determining the rate and
the extent of chemical reactions and it is strongly affected by the

Fig. 8 Comparison between air models.

Table 1 Ratio of argon injected from electrodes to

mixture

Mass flow rate of working gases Ratio of argon to mixture

0:05 kg=s 60%
0:10 kg=s 30%
0:15 kg=s 20%
0:25 kg=s 12%
0:35 kg=s 8.57%
0:45 kg=s 6.67%
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thermodynamic characteristics of the working gas in an arc heater.
Argon, which is one of the working gases, has neither rotational nor
vibrational energy because it is a monatomic gas. Also, it does not
have chemical energy except for ionization energy, because it is a
noble gas which does not react with most other gases. Thus, argon
requires smaller heat energy than air to rise to the same temperature.
In an arc heater, the temperature of the air–argon mixture can be
raised more easily than that of the air with the same Joule heating
energy of the arc. Figure 11a shows the specific heat of the air–argon
mixture in terms of temperature. In the figure, it is shown that the
specific heat of the air–argon mixture is lower than that of the air at
the same temperature because of the dissociations of N2 and O2 and

ionizations of N, O, and Ar. Figure 11b shows the distribution of
specific heat along the radial direction at the middle section of the
constrictor at the current of 1600 A and the mass flow rate of
0:05 kg=s. It shows that specific heat is low when the argon ratio is
high. The three convex curves near the wall surface, in the middle,
and at the core are related to the dissociations of O2 and N2 and
ionizations of N, O, and Ar, respectively. Figure 12 shows the
distribution of temperature at the same cross section. The figure
shows that temperature becomes higher on the whole and the
thickness of the arc column increases as the ratio of argon increases.
Also, the temperature distribution around the core becomes flat
because of the significant amount of heat energy transferred from the
core by the radiation. Figure 13 shows the distribution of the radiant
heat flux at the middle cross section of the constrictor. The positive
slope of heat flux means heat emission. In the core region, heat
emission by radiation is very high and the flow acts like a highly
conductive flow from the core to the edge of the arc column. As a
result, it makes the temperature distribution flat.

2. Electron Mole Fraction and Electrical Conductivity

The electrons in a plasma acceleratemore quickly in response to an
electric field than the heavier positive ions due to their lower mass,
and hence, carry the bulk of the current. Thus, they behave as an

Fig. 9 Comparison between air and mixture cases.

Table 2 Ratio of argon injected from only anode to mixture

Mass flow rate of working gases Ratio of argon to mixture

0:05 kg=s 30%
0:10 kg=s 15%
0:15 kg=s 10%
0:25 kg=s 6%
0:35 kg=s 4.29%
0:45 kg=s 3.33%
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electrical conductor. The conductivity is highly dependent on the
concentration of electrons and is strongly affected by the
temperature. Figures 14 and 15 show the distributions of the
electron mole fraction and electrical conductivity along the radial
direction at the middle section of the constrictor at the current of
1600 A andmass flow rate of 0:05 kg=s, respectively. As the ratio of
argon increases, it is shown that the value of electron mole fraction
becomes higher and therefore, the electrical conductivity becomes
higher on the whole. This, in turn, means that more electrons flow
through theworking gas and the thickness of the arc column becomes
larger. On the other hand, electron mole fraction and electrical
conductivity are seen to be slightly lower than those of the air around
the core. This is due to the lower ionization rate at the same
temperature and the largermolarweight of argon than those of the air.

3. Voltage Gradient and Joule Heating

The total amount of Joule heating is the powerwhich is supplied to
the arc heater. Generally, Joule heating is closely related to the
voltage gradient and electrical conductivity. Figures 15 and 16 show
the electrical conductivity and Joule heating at the middle section of
the constrictor at a current of 1600A andmassflow rate of 0:05 kg=s.
In Fig. 15, as the ratio of argon increases, the overall value of
electrical conductivity becomes higher although the highest value

becomes lower, and thus, the magnitude of the voltage gradient
becomes lower. It can be said that electrons flow more easily to
the cathode. Therefore, Joule heating becomes smaller, as shown
in Fig. 16. As a result, the flow enthalpy of the mixture is main-
tained low.

4. Arc-Heater Efficiency

Efficiency of the arc heater is an important factor in predictingflow
enthalpy. Figure 17 shows the total Joule heating and total heat
energy loss in terms of the ratio of argon. Heat energy loss by thermal
conduction decreases according to the decrease of Joule heating as
the ratio of argon increases. However, heat energy loss by radiation
increases because the arc column becomes thicker and the higher
temperature region is located closer to the wall. As a result, the total
heat energy loss decreases more slowly than the total Joule heating
and the arc-heater efficiency becomes relatively lower as the ratio of
argon increases. Figure 18 shows this phenomenon more clearly.
Figure 18a shows the distributions of Joule heating and total heat
energy loss along the axial direction. The heat energy obtained from
Joule heating decreases more than the total energy loss as the ratio of
argon increases. Figure 18b shows that the heat energy loss by
thermal conduction decreases, whereas the heat energy loss by
radiation increases as the ratio of argon increases.

Fig. 10 Comparison between mixing types.
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Fig. 11 Specific heat of air–argon mixture.

Fig. 12 Temperature distribution at the middle of the constrictor.

Fig. 13 Radiant heat flux distribution at the middle of the constrictor.

Fig. 14 Electron mole fraction distribution at the middle of the

constrictor.

Fig. 15 Electrical conductivity distribution at the middle of the

constrictor.
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5. Enthalpy

Enthalpy is one of the most important parameters as well as the
total pressure in the ground test. From the results of Joule heating and
efficiency, it can be deduced that the flow enthalpy decreases as the
ratio of argon increases. Figure 19 shows the distribution of the total
enthalpy along the radial direction at the middle section of the
constrictor at a current of 1600 A and a mass flow rate of 0:05 kg=s.
In the figure, it is confirmed that the total enthalpy decreases as the
ratio of argon to the air–argon mixture increases. In the viewpoint of
the ratio of centerline enthalpy to mass-averaged enthalpy, the ratio
becomes lower and closer to unity. From the distribution of the
enthalpy, theflat region around the core is wider, that is, the thickness
of the arc column is larger as the ratio of argon increases. As a result,
the difference between centerline enthalpy and mass-averaged
enthalpy is reduced and the ratio is between 1.08 and 1.12.
Concerning this issue, Sakai insisted that the ratio varied from 1.3 to
1.5 using the ARCFLO3 code [8]. A sharp difference between
ARCFLO4 andARCFL3 is the turbulencemodel. ARCFLO3 adopts
an algebraic turbulence model, whereas ARCFLO4 adopts a two-
equation turbulence model. The two-equation turbulence model
produces stronger turbulent flow in the core region. Thus the heat
energy transfer toward the wall becomes larger and the centerline-to-
average enthalpy ratio becomes lower [9]. So far, it is not clear which
is right, ARCFLO3 or ARCFLO4, because both of the computed

Fig. 16 Joule heating distribution at the middle of the constrictor.

Fig. 17 Total Joule heating and heat energy loss.

Fig. 18 Joule heating and heat energy loss along axial direction.

Fig. 19 Total enthalpy distribution at the middle of the constrictor.
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results were within the error bar of the experimental data. Therefore,
it is necessary to study the centerline-to-average enthalpy ratio in
detail. Roughly, we may consider the two points for the accurate
prediction of the centerline-to-average enthalpy ratio. One is that
thermodynamic and transport models should be improved at high
temperatures over 10,000 K. Especially, the conductivity of the
present code should be improved. It is somewhat different from the
experimental data and other models at high temperature over
10,000 K (see Fig. 5). The other is that the turbulent flow at high
temperature should be improved because the viscosity is so high at
high temperatures that the transition to turbulent flow is delayed.
However, the standard k–" model cannot consider the influence of
high temperature.

C. Argon Effect: Calculation with Fixed Input Power

In the previous section, when the input current is fixed for the
comparison with experimental data, the power decreases as the ratio
of argon increases (see Table 3). Thus, the flow enthalpy decreases
due to the lower power as well as higher radiation energy loss. For a
more simplified comparison, we calculated the fixed input power
cases. Figures 20–24 show the distributions of thermodynamic and
electrical properties along the radial direction at themiddle section of
the constrictor. All present tendencies are similar to the cases where
the current is fixed. Each tendency becomes more evident than the
fixed current cases. Comparing the cases inwhich the ratio of argon is
60%, the temperature around the core is higher and the thickness of
the arc column is larger according to the increase of the current. Also,
the electron mole fraction, electrical conductivity, and Joule heating
are higher. However, voltages are seen to be similar among the cases
although the current is much different as shown in Fig. 25. It can be
deduced that if a current is increased to supply more power to a flow,
most of the additional energy contributes to the ionization of the flow
at the edge of the arc column and to the increase of the mole fraction
of the electrons for balancing the increased current.

Figure 26 shows the efficiency in terms of the argon ratio. The
efficiency is reduced as the power and the ratio of argon increase, that
is, as the arc column becomes thicker and the heat energy loss by the
radiation increases. The thickness of the arc column is one of the
important factors for predicting efficiency, which is finally used to
predict the mass-averaged enthalpy. In addition, the thickness of the
arc column directly influences the ratio of the centerline enthalpy to
the mass-averaged enthalpy. In the present study, the effect of argon
gas on the thickness of the arc columnwas observed. However, there

Table 3 Operational data

70% air 40% air
Operational data 100% air 30% argon 60% argon

Fixed power Fixed current Fixed power Fixed current

Current 1365 A 1600 A 1600 A 1900 A 1600 A
Voltage 1618 V 1578 V 1373 V 1157 V 1172 V
Power 2.195 MW 2.525 MW 2.197 MW 2.198 MW 1.876 MW
Mass-averaged enthalpy 15:06 MJ=kg 15:97 MJ=kg 13:83 MJ=kg 9:99 MJ=kg 10:07 MJ=kg
Chamber pressure 1.068 atm 1.104 atm 1.066 atm 0.942 atm 0.978 atm
Heater efficiency 34.73% 32.82% 30.53% 23.09% 25.92%

Fig. 20 Temperature distribution at the middle of the constrictor.

Fig. 21 Electron mole fraction distribution at the middle of the

constrictor.

Fig. 22 Electrical conductivity distribution at the middle of the

constrictor.
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is another important factor that determines the thickness of the arc
column. In reality, the electromagnetic force is generated when the
current flows along the constrictor and it plays a role in the decrease
of the thickness of the arc column. Therefore, it seems that the arc
column was predicted a little thicker than real physics in the present
calculation and efficiency became lower accordingly. For more
accurate predictions of efficiency and the ratio of centerline enthalpy
to mass-averaged enthalpy, the electromagnetic force should be
considered and our future work will consider this effect.

IV. Conclusions

The ARCFLO4 code was improved to simulate the air–argon
mixture flows. The thermodynamic and transport properties of the
air–argonmixture were calculated under the assumption of a thermal
equilibrium condition. The equilibrium composition was calculated
by the minimization of the Gibbs’ free energy. The thermodynamic
properties were obtained directly from the equilibrium composition
and species thermochemical properties. The calculation of the
transport properties was based on the approximation of the
Chapman–Enskog formula. The calculated thermodynamic and
transport properties were used to investigate the effect of the argon
gas on the arc-heater flows. With the present code, the flow analysis
of the 20-MW Aerodynamic Heating Facility at the NASA Ames
Research Center was conducted. Through comparisons between the
air model and the air–argon mixture model, it was observed that the
thermodynamic and electrical characteristics of argon affect the arc-
heater flows strongly at low mass flow rates, and thus, its effects
should be taken into account. Also, it was confirmed that as the ratio
of argon increased, the specific heat became lower, the thickness of
the arc column became larger, and electrons flowed more easily
accordingly. In addition, the arc-heater efficiency decreased mainly
due to the increase of the heat energy loss by radiation and thus, the
total enthalpy reduced.
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