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The computer code ARCFLO4, used to solve segmented arc-heater flows, is improved to consider argon gas
injected into the electrode chambers and air injected from the constrictor wall. The additional species continuity
equation for argon gas including the diffusion term is solved with the original governing equations for total working
gas. Also, a numerical wall boundary condition, wherein air is injected from small gaps between constrictor disks, is
applied to predict heat flux more realistically. This code is used to simulate flows at the Panel Test Facility, the
Aerodynamic Heating Facility, and the Interaction Heating Facility of the NASA Ames Research Center. The
computations show that the argon ratio changes dramatically in the arc heater, and it strongly influences the
distribution of the thermodynamic and transport properties of the flow. At the upstream region of the constrictor,
the arc column is broad and the radiation increases. In addition, a periodic distribution of conductive heat flux on the
constrictor wall occurs along the axial direction due to gas injected from gaps between the constrictor disks. The
average heat flux on the disk is higher than the previous result that considered working gas with a fixed argon ratio.
Finally, through comparison between computation and experiment, it is confirmed that the proposed computation
effectively predicts the total heat flux on the arc heater.

Nomenclature

= mass fraction of argon gas

mass fraction of species

specific heat of species at constant pressure, J/kg - K
effective diffusion coefficient of argon gas, m?/s
multicomponent diffusion coefficient, m?/s

= effective binary diffusion coefficient, m?/s

voltage gradient, V/m

total internal enthalpy, J/kg

total enthalpy, J/kg

= mass-averaged enthalpy, J/kg

centerline enthalpy, J/kg

current, A

current density, A/m?

Boltzmann constant, 1.380622 x 1072 J/K

length of constrictor, m

molecular weight of species i, kg/kg - mole

total number of species

number density of species i, m™
= pressure, Pa

conductive heat flux, W/m?
radiative heat flux, W/m?
universal gas constant, 8314.3 J/kg - mole - K
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= temperature, K
axial velocity, m/s
voltage, V

radial velocity, m/s
axial coordinate, m
radial coordinate, m
arc-heater efficiency
density, kg/m?
stress tensor, N/m?

VDS RS <N
1 | I | |

o
£
|

1. Introduction

N ARC-JET wind tunnel generates the flow environment that a

vehicle experiences when traversing the atmosphere of a planet.
Itis primarily used to test heat shield materials and thermal protection
system components for planetary entry vehicles and hypersonic
flight vehicles. An arc heater is a key device for this type of wind
tunnel, which produces high enthalpy flow directly by arc heating.
Among several types of arc heaters, segmented arc heaters are widely
used because they produce stable flow under a wide range of
operating conditions. A segmented arc heater consists of an anode
chamber, a constrictor tube, a cathode chamber, and a nozzle, as
shown in Fig. 1. A test gas is injected through the wall of the
constrictor, and a shield gas is injected from the wall of the electrode
chambers. An arc spans between the two electrodes and heats the
core gas in the constrictor. The surrounding gas is heated by radiation
emitted from the core gas and by turbulent mixing. Finally, the high-
temperature gas exits through the nozzle into the test section.

We numerically evaluated the flow physics in an arc heater and
designed a new arc heater with enhanced efficiency. Historically,
many numerical investigations have been carried out with this
purpose. In the 1970s, Nicolet et al. [1] developed the ARCFLO code
based on the work of Watson and Pegot [2]. However, the
applicability of the ARCFLO code was quite restrictive in the actual
design or development of arc heaters because it employed the space
marching technique, which requires knowledge of upstream
conditions in advance. Therefore, to overcome this shortcoming,
Kim et al. [3] developed a time-marching code, ARCFLO2, that
retained the two-band radiation model and the algebraic turbulence
model from the ARCFLO code. With this code, flows of some arc
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Fig. 1 Schematic drawing of segmented arc heater.

heaters were simulated successfully only with given conditions of
current and mass flow rate. Subsequently, Sakai and Olejniczak [4,5]
and Sakai [6] tried to improve the numerical modeling of ARCFLO
and ARCFLO2. They developed a new three-band radiation model
that was quite consistent with a detailed line-by-line calculation; this
code was named ARCFLO3. However, ARCFLO3 and ARCFLO2
did not always provide acceptable accuracy for the various arc
heaters because of inaccurate prediction of turbulence phenomenon.
Leeetal. [7-10] developed an improved numerical code, ARCFLO4,
that can be applied to the various arc heaters under arbitrary operating
conditions. Instead of a conventional algebraic turbulence model, a
two-equation turbulence model that is able to express the convective
physics of turbulence and does not explicitly demand a mixing length
was adopted. Also, the three-band radiation model of ARCFLO3, for
which the performance and numerical accuracy were already proven
by Sakai and Olejniczak [5], was used. It was observed that the k-¢
turbulence model [11] combined with the three-band radiation model
provided the most accurate solutions, especially for arc-heater
operational data, over a diverse range of operating conditions.

A main purpose of this study is to improve the accuracy of heat flux
prediction using the recent ARCFLO4 code. To design a new
segmented arc heater, it is very important to know the heat flux on the
interior wall of the arc heater and to predict the operational data.
Accurate prediction of the heat flux contributes to the determination
of a detailed arc-heater configuration and the size of a cooling
system. Taunk et al. [12] measured interior wall heat flux using a
calorimeter and simulated the flows using the ARCFLO code. Sakai
and Olejniczak [4,5] also computed flows under the same flow
conditions using the ARCFLO3 code and compared the computa-
tional data with Taunk et al.’s [12] experimental data. The ARCFLO3
code could effectively predict the total heat flux at the downstream
region of the arc heater, but it considerably underestimated the flux at
the upstream region. The computation using the previous ARCFLO4
code also underestimated the heat flux at the upstream region,
although the computation for the operational data agreed very well
with the experimental results. Among several possibilities for this
underestimation, the assumption of a fixed argon ratio in the flow was
suspected as the primary reason. In the experiments, a small amount
of argon was injected into the anode chamber, flowed along the
stream in the constrictor, and was gradually mixed with air injected
from the constrictor wall. Thus, in reality, the ratio of argon to the
total working gas was changeable along the stream in the arc heater.
However, until now, all previous computations treated the working
gas as a mixture with the fixed argon ratio or pure air. In a previous
study [10], Lee et al. confirmed that as the fixed argon ratio in the
working gas increased, the arc column (i.e., the high-temperature
region around the core) became thicker. Thus, radiation was
enhanced toward the wall. Realistically, it is certain that the argon
ratio stayed very high from the anode to the upstream region of the
constrictor. Therefore, if a realistic argon ratio is considered in the
computations, the total heat flux becomes higher at the upstream
region of the arc heater.

To apply these observations on the actual argon ratio to flow
simulations, the continuity equation of argon gas with the diffusion
term was solved. Also, the thermodynamic and transport properties
of the mixture including Ar and Art were computed under the
assumption of thermal equilibrium. These numerical approaches
were used to simulate flows of the Panel Test Facility (PTF), the
Aerodynamic Heating Facility (AHF), and the Interaction Heating
Facility (IHF) at the NASA Ames Research Center [13].

This remainder of the paper is organized as follows. Section II
briefly describes our numerical and physical modeling, including the
governing equations and boundary conditions. In Sec. III, we
describe how PTF, AHF, and IHF flows were simulated to verify the
performance of the proposed numerical approaches, and the role of
the argon gas is investigated. Concluding remarks are presented in
Sec. IV.

II. Numerical Modeling
A. Governing Equations

Generally, the flow in a segmented arc heater is a complex plasma
flow that is heated directly by an arc. The temperature of the core gas
in the constrictor is higher than 10,000 K. Thus, the flow includes
many ions and electrons as well as atoms and molecules. Because of
high-temperature flow around the core, the radiation transfers a
significant amount of heat energy from the core gas to the
surrounding gas. Also, the turbulent mixing lets the heat energy
move from one region to another region. At the constrictor wall,
some heat energy is removed by cooling water circulating through
the constrictor disks.

Based on the physics of arc-heated flows, the governing equations
are the time-dependent axisymmetric Navier—Stokes equations that
include joule heating by arc, radiation, and turbulence, as shown in
Eqgs. (1-3). Even though nonequilibrium effect cannot be neglected
at the core of arc, it may be restricted within the core in the type of
segmented constrictor, because pressure is high in constrictor and the
fluctuation of arc is much smaller in space and time than other types
of arc heater. Thus, the working gas in a constrictor was assumed to
be in a chemical equilibrium state [1-6]. In addition, to reflect the
separated injection of air and argon, it was treated as a mixture of air
and argon in the present paper, and the continuity equation of argon
gas with a diffusion term was added to the governing equations.

The argon gas included both neutral and ionized argon, and the
thermodynamic and transport properties of mixing gas were
calculated by considering 11 species, including Ar and Ar™ (N,, O,,
Ar, N, O, NO, Art, N*t, OF, NO*, and e™). In Eq. (2), the total
density p for the working gas means the sum of densities for air and
argon. The density of air p,;, was calculated by subtracting argon gas
density p,, from the total working gas density p:
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are translational, internal, and diffusion components, respectively
[10].

Numerically, the governing equations were then discretized using
the finite volume method. The inviscid flux was given by the
AUSMPW+ scheme [14,15]. The viscous flux was calculated
through a central difference scheme. The inviscid term was handled
implicitly by applying the lower—upper symmetric Gauss—Seidel
method [16]. The axisymmetric source, the joule heating, and the
viscous term were calculated explicitly. The computational grid,
which is scaled up to 10 times in the radial direction, is shown in
Fig. 2. A grid with 289 x 80 cells that has 200 cell points along the
surface of the constrictor was usually used, but a grid with 531 x 80
cells that has 400 cell points along the surface of the constrictor was
used for detailed computations of the heat flux. With these grids, L,
norms of density variations ||Ap| were reduced to 107> for all
calculations. The difference in computed operational data between
these two grids under the same flow condition is less than 0.5%.

B. Boundary Conditions

In all previous computations [1-10], the working gas was treated
as a pure-air or a mixture-with-fixed-argon-ratio case, although an
argon gas was injected separately in the case of a real segmented arc
heater. In this study, to increase the reality of gas injection, air was
supplied from the wall of the constrictor, and argon was injected from
the upstream surface of the anode chamber and the wall of the
cathode chamber. Furthermore, the air was injected through small
gaps regularly spaced along the constrictor wall in the case of a real
segmented arc heater. Thus, the inner surface between starting and
end points of the constrictor was divided into a gap and a wall surface
for a more realistic boundary condition, as shown in Fig. 3. The ratio
of the gap area to the total constrictor wall area was chosen to be 20%

Constrictor
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Air injection on entire wall surface
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a) Wall boundary condition for previous computations

Injection wall

Noninjection wall
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b) Wall boundary condition for present computations

Fig. 3 Descriptions of wall boundary conditions for test gas injection.

after grid convergence tests were performed. The details are
explained at Sec. III.

The wall density was determined by the equilibrium relation
between the wall temperature and pressure. The outlet condition was
extrapolated from the value of the inner computational domain since
the region after the nozzle throat was supersonic. The values of the
properties on the symmetric axis were obtained from the symmetric
condition.

C. Equilibrium Composition, Thermodynamic Properties, and
Transport Properties

To obtain the thermodynamic and transport properties of a
mixture, information of the equilibrium composition and the
individual species properties are essential. The concentrations of the
individual species were obtained from the Gibbs free-energy-
minimization calculation procedure [17], which can treat each
species independently without specifying a set of reactions a priori.
The present calculations were based on an 11-species model
including Ar and Ar™ (N,, O,, Ar, N, O, NO, Art, N*, O*, NO™,
and e™). The individual species properties were obtained from the
recent NASA John H. Glenn Research Center at Lewis Field
thermodynamic database [18] for a temperature range up to
20,000 K. Thus, the accuracy of computations for the composition of
ions and electrons was improved above 10,000 K compared with our
previous computations that used the old Joint Army—Navy—Air Force
(JANAF) thermodynamic database. With the individual species
composition and properties, the thermodynamic properties for the
11-species air—argon mixture model were simply calculated [10,19].
Transport properties of a mixture were computed using the
approximate formulations in [19,20] instead of the complete kinetic
theory expressions (i.e., the Chapman—Enskog formula) in [21].
They required the data on the collision integral, which is classified
into the momentum transfer cross section JTQ,(-}’I) and the viscosity
cross section anf-'z) . Most collision cross sections including the air
species were obtained from [22,23]. However, for the ionized
species, the effective Coulomb cross section [19,20] was used.

Cathode Nozzle

0 50 100

X, cm

150 200

250

Fig. 2 Grid system of AHF arc heater (289 x 80 mesh).
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To solve the continuity equation for the argon gas, the effective
binary diffusion coefficient D, is needed. The formula is as follows:

1—n;
Dim =g (4)
Z_l/'vil‘j;éi n;/D;;
D;; is an ordinary binary diffusion coefficient computed as
follows:
kT
Dij=— (%)
pAij
with
o _8[ 2M:M; 72 o (6)
Y 3|aRT(M; + M) Y

In the preceding computation, the continuity equation for argon
gas does not distinguish between neutral argon and ionized argon.
Also, we assumed that a spatial gradient of effective binary diffusion
was smaller than that of species mass fraction. Thus, the diffusion
coefficient for argon gas was derived by merging two species
continuity equations for neutral argon and ionized argon as follows:

_ DamCar + DartmCart

D
Ar
Car + CArt

0

where the mass fractions of neutral argon and ionized argon were
computed, based on their equilibrium composition, which was
computed by minimization of the Gibbs free energy formulation
[17].

D. Models for Joule Heating, Radiation, and Turbulence

In theory, Joule heating by arc could be obtained by solving
Maxwell’s equations. However, if the current distribution is known,
the calculation can be simplified using Ohm’s law. The constrictor
wall of the segmented arc heater is insulated electrically; thus, the
current in the constrictor is constant. Concerning the electrical
conductivity, it is obtained by a curve-fitted function of pressure and
temperature. The details were referred to a previous study by Lee
et al. [10]. For high-temperature flow, radiation is an important heat
transfer mode together with thermal conduction. The radiative heat
flux was calculated by integrating the radiative intensity over all
directions and several discrete ranges of frequency in cylindrical
coordinates. We adopted the three-band radiation model [5]
developed by Sakai and Olejniczak. Using this model, we could
compute a radiative transport equation 400 times faster than by using

a detailed line-by-line calculation [24], without compromising
accuracy. Turbulence is regarded as a key phenomenon in segmented
arc-heater flows. We adopted the k-¢ turbulence model to describe
turbulent flow physics in the arc heaters. In previous studies [7-10],
the k-¢ [11], k-w [25], and k-w shear stress transport [26] two-
equation turbulence models that can express the convective flow
physics of turbulence and do not explicitly require the mixing length
were tested. It was observed that the k-¢ turbulence model combined
with the three-band radiation model was the most appropriate
approach to analyzing segmented arc-heater flows.

III. Results
A. Effect of Separated Injection of Argon

Operational experience with the arc heater has shown that argon
injected into electrode chambers reduces electrode wear and
contributes to the prevention of arcing between constrictor disks and
electrode rings. Because of the separated injection of argon and air,
the argon ratio of a working gas changes gradually in an arc heater,
and it affects the thermodynamic characteristics. To understand the
flow physics within an arc heater accurately, we investigated the
influence of argon on the arc-heated flows.

Numerical flow analysis of the AHF was performed to investigate
the effect of argon. The AHF is operated with a 20 MW segmented
arc heater that produces a pressure range of 1 to 9 atm and an enthalpy
level of 1 to 33 MJ/kg. The constrictor diameter and length are 0.06
and 2.3 m, respectively, and the nozzle throat diameter is 0.038 m.
For this computation, the operating current was 1600 A and the mass
flow rate of the working gas was 0.10 kg/s. Air at 0.07 kg/s was
injected through the constrictor wall, and argon at 0.015 kg/s was
injected into anode and cathode chambers, respectively.

Figures 4 and 5 show the streamline and the distribution of the
density ratio of argon to the total working gas in the AHF arc heater.
The argon at 0.015 kg/s, which was injected from the upstream
surface of the anode chamber, filled the anode chamber and flowed
downstream, mainly along the core of the constrictor. Air at
0.07 kg/s, which was injected from the wall of constrictor, flowed
along the surface of the constrictor, was pushed toward the core by
the newly injected air, and was mixed with the argon around the core.
Also, argon at 0.015 kg/s was injected from the wall of the cathode
chamber and flowed along the wall of the cathode chamber and the
nozzle. For a detailed description, Fig. 6 shows the density ratio of
argon to the total working gas along the radial direction at several
cross sections of the arc heater. Figure 6a shows the density ratio
distribution at the middle section of the anode chamber. It was
confirmed that all gas in the anode chamber was argon. Figure 6b
shows the density ratio distribution at the beginning, the middle, and

ot

50 100

150 200 250

X, cm
Fig. 4 Streamline in AHF arc heater.

Ratio of argon to total gas
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Fig. 5 Distribution of ratio of argon to total working gas in AHF arc heater.
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Fig. 6 Distributions of density ratio of argon to total working gas at cross sections of AHF arc heater.

the end sections of the constrictor. In the beginning section, some air
began to be mixed with the argon near the wall by the diffusion
phenomenon. After the middle section, the gases mixed rapidly and
the argon ratio became nearly 30%, except near the wall. As the gas
flowed downstream, the argon ratio decreased because air was
injected continuously from the constrictor wall; finally, the ratio
became about 17.6% at the end section of the constrictor. Figure 6¢
shows the density ratio distribution at the middle section of the
cathode chamber. The argon ratio increased near the wall because the
newly injected argon pushed away the air—argon mixture from
the wall, and it was simultaneously mixed with it. Figure 6d shows
the density ratio distribution at the nozzle throat. We confirmed that
the air and argon were fully mixed at the nozzle throat; thus, the value
of the argon ratio was approximately constant.

The enthalpy of argon is much smaller than that of air at the same
temperature because the specific heat of argon is lower than that of air.
Since the argonratio is changeable in an arc heater, it is certain that the
enthalpy distribution is very different from previous studies [10] that
dealt with arc-heated flows with a fixed argon ratio. Figure 7 shows a
total enthalpy distribution along the radial direction at the beginning,
the middle, and the end cross sections of the constrictor, and the
nozzle throat under the same flow condition. The present mixture-

with-changeable-argon-ratio case is compared with the previous
mixture-with-fixed-argon-ratio case and pure-air case. For the
mixture-with-fixed-argon-ratio case, the argon ratio is 30%. In
Fig. 7a, the enthalpy for the present computation was the lowest at the
beginning region of the constrictor because the argon ratio was very
high, as shown in Fig. 6b. As the gas flowed downstream, the amount
of air in the flow increased; thus, the enthalpy became higher and
approached the enthalpy value for the mixture-with-fixed-argon-
ratio case, as shown in Fig. 7b. Here, the average value of the argon
ratio is equal to the fixed value (30%) of the mixture-with-fixed-
argon-ratio case. In Fig. 7c, the computed enthalpy at the end region
of the constrictor is higher than that of mixture-with-fixed-argon-
ratio case, because the argon ratio is smaller than that of the mixture-
with-fixed-argon-ratio case. As the working gas passed through the
cathode chamber, the enthalpy decreased, because new argon gas was
injected from the wall of the cathode chamber and arc heating also
decreased. After the nozzle throat, both enthalpy distributions were
similar, as shown in Fig. 7d, because each average argon ratio was
equal to 30%. However, the computed enthalpy for the pure-air case
was higher than for the other two cases where argon was considered.

Similar to enthalpy, the temperature distribution was quite
different from the previous computational results [10]. Figure 8
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Fig. 7 Enthalpy distributions at cross sections of AHF arc heater.

shows a temperature distribution along the radial direction. At the
beginning region of the constrictor, the temperature for the present
computation is still higher than 10,000 K around the core, as shown
in Fig. 8a, although its enthalpy is much lower than others, as shown
in Fig. 7a. The figure also shows that the thickness of the arc column
for the present computation is large compared with the previous
cases. The thickness of the arc column became larger as the argon
ratio increased. After the middle region of the constrictor, the
temperature distribution from the present computation became
similar to that of the mixture-with-fixed-argon-ratio case, as shown in
Figs. 8b and 8c, and the temperatures were higher than those of the
pure-air case around the core. Finally, all the temperature
distributions became very similar at the nozzle throat, as shown in
Fig. 8d.

Based on Figs. 68, the change in argon ratio affected temperature
and, especially, the total enthalpy. This phenomenon is due to the
lower specific heat of argon gas. Generally, the joule heating energy
is the greatest at the core of an arc, decreases slightly toward the edge
of the arc column, and then decreases rapidly. On the other hand, the
intensity of radiative heat flux increases from the core, and then it
starts to decrease after passing the edge of the arc column: that is,

there is a strong cooling mechanism inside the arc column by the
radiation. Thus, the net heat energy to be gained by the flow, which is
the joule heating energy minus the energy loss by radiation, is the
largest at the edge of the arc column. As a result, the net heat energy
strongly lifts up the temperature at the edge, which makes the
temperature distribution flat in the arc column. Compared to a pure-
air flow, the temperature of air—argon mixture can increase very
easily, and it reaches the ionization temperature quickly because of
the lower specific heat of argon. For this reason, the ionization of the
argon flow is more active at the edge, which makes the arc column of
air—argon gas thicker than that of air at the same energy.

Concerning operational data, the usage of present mixture model
of changeable argon ratios did not make a noticeable difference from
the result by the mixture model of the fixed argon ratio, since the
region of the high argon ratio is confined at the region of the anode
and the beginning of the constrictor.

B. Effect of Air Injection from Gaps

The constrictor tube consists of many disks approximately 1 cmin
length, and the test gas is injected from the small gap between two
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Fig. 8 Temperature distributions at cross sections of AHF arc heater.

disks. Thus, we divided the entire constrictor wall into the injection
part between disks and the noninjection part on the disk to model the
gas injection realistically. Figure 3a shows the wall boundary where
the air was injected evenly through the entire surface of the
constrictor wall, which was used in the previous studies [7-10].
Figure 3b shows the wall boundary where the air was injected
through small gaps spaced out regularly on the constrictor wall,
which was used in the present study.

To determine the appropriate gap size, convergence tests for gap
size were performed. The interval between constrictor disks (i.e., a
gap size) is several millimeters, and a large number of grid points
along the surface of the constrictor are needed to consider the real size
of gap in the numerical simulations. Therefore, for reduction of the
computation time, proper lengths of a disk and a gap should be
determined. The grid convergence tests were performed by using
200, 400, and 800 cell points along the surface of the constrictor, and
the heat flux on disks of each case were almost same. On the other
hand, the heat flux value was shown to depend on the ratio of the gas
injection area to the total constrictor wall area.

Figure 9 shows total heat flux in terms of the ratios of the gas
injection area on a disk placed around 213 cm from the starting point
of the constrictor. In the figure, the average heat flux values on the
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Fig. 9 Comparison of total heat flux on a disk of the downstream
constrictor for the AHF arc heater.
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disk converged, as the ratio of the gas injection area was less than
20%. Figure 10 shows the operational data in terms of the gas
injection area ratio. The operational data did not change significantly
with the gas injection area ratio, because the increase in heat flux on a
disk is balanced by the loss of heat flux on a gap; that is, the total wall
heat flux did not change significantly. Thus, 20% gas injection area
ratio is thought to be reasonable to predict total heat flux on a disk as
well as operational data.

Figure 11 shows the computational result for the heat flux on the
AHEF constrictor wall under a current of 1600 A and a mass flow rate
of 0.1 kg/s. For these computations, a grid with 400 cell points along
the surface of the constrictor was used, and the gas injection area was
20% of the total constrictor wall area. In the figure, the conductive
heat flux for gas injection from the entire surface of the constrictor
changed gradually along the surface of the constrictor. On the other
hand, the conductive heat flux for gas injection from small gaps
changed periodically, and there was a large difference in heat flux
between the minimum and maximum values in a period, as shown in
Fig. 11b. Itis certain that this phenomenon is due to the difference of
gas injection velocities normal to the surface on a disk and a gap.
There is a strong injection velocity on a gap, but there is no velocity
on a disk. Because the gas injection velocity makes the thermal
boundary thicker, the conductive heat flux became lower on the gap.
In contrast, the conductive heat flux became higher on the disk. As
shown in Fig. 11a, about 16% of the conductive heat flux was
increased. Since the heat flux to the disk is more important for the
design of cooling system than the average heat flux, this kind of
boundary condition is meaningful.

C. Comparison Between Computations and Experiments
1. Total Heat Flux Prediction for Panel Test Facility

Flow computation of the PTF was carried out. The total heat flux,
which is the sum of conductive flux and radiative flux on the
constrictor wall, was compared with experiment data. Taunk et al.
[12] measured the total heat flux transferred to the wall from the flow
with the calorimeter at two different positions: 25 and 213 cm from
the starting point of the constrictor. They also compared these values
with the results from the ARCFLO code. Sakai and Olejniczak [5]
computed these flows using the ARCFLO3 code and compared the
results with Taunk et al.’s experimental data [12]. In our study,
computational and experimental results were compared in the same
manner as Taunk et al.’s study.

The PTF is operated with the 20 MW segmented arc heater that
produces a pressure range of 1 to 9 atm and an enthalpy level of 7 to
35 MJ/kg. The PTF arc heater has a constrictor diameter of 0.06 m
and a length of 2.4 m. A semielliptical nozzle was used in Taunk
et al.’s experiment [12]. Instead, a conical nozzle with the same
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nozzle throat area was used in this study. The nozzle throat diameter
was 0.035 m. There can be a small difference between the computed
pressure and the realistic pressure due to a change in the config-
uration of the nozzle throat. However, differences in other thermody-
namic properties, such as enthalpy and temperature, due to a change
in the nozzle throat area are very small compared with the pressure
difference [27].

Currents of 1500, 2000, and 2300 A were considered. In Taunk
et al.’s experiment [12], argon at 0.0064 kg/s was injected from the
upstream surface of the anode chamber. Figure 12 shows a
comparison between experiment and computation of total heat flux
on the constrictor wall at a current of 2300 A. The data are plotted in
terms of cathode chamber pressures. In the figure, the computation
using the ARCFLO code overestimated the total heat flux with too
much error at the upstream location 25 cm from the starting point of
the constrictor, but it fairly accurately predicted total heat flux at the
downstream location 213 cm from the starting point of the
constrictor. The ARCFLO3 computation underestimated the total
heat flux with an average error of 24% at the upstream location, and it
accurately predicted total heat flux with an n average error of 5% at
the downstream location. On the other hand, our computation using
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Fig. 12 Comparisons of total heat flux at current of 2300 A for PTF arc
heater.

the ARCFLO4 code is in good agreement with the experiment at both
locations of the constrictor. The average error is 6% at the upstream
location and 3% at the downstream location. Figure 13 shows the
comparison of total heat flux at a current of 2000 A. The ARCFLO
computation overestimated the total heat flux with significant error at
the upstream location, and it deviated from the experiment data at the
downstream location as the pressure increased. The ARCFLO3 code
computation underestimated the total heat flux with an average error
of 16% at the upstream location, but it accurately predicted the total
heat flux at the downstream location. Similar to the results for a
current of 2300 A, our ARCFLO4 code computation is in good
agreement with the experiment at both locations of the constrictor.
The average error is about 9% at the upstream location. Figure 14
shows the comparison of total heat flux for a current of 1500 A. The
ARCFLO3 code computation underestimated with an average error
of 33% at the upstream location, but it considerably overestimated
the total heat flux at the downstream location when the mass flow was
high. The computation using the ARCFLO4 code accurately
predicted the total heat flux with an average error of 11% at the
upstream location, but it predicted the total heat flux higher at the
downstream location.
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Fig. 13 Comparisons of total heat flux at current of 2000 A for PTF arc
heater.
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At 1500 A, neither the ARCFLO3 code nor the ARCFLO4 code
could predict the total heat flux at the downstream location. To
determine the reason, measurements and computations were
examined. Figure 15 shows all the measured and computed values for
the total heat flux at the downstream location of the constrictor. The
measurement values at a current of 800 A were added to compare the
behavior of the total heat flux over a broad range of current
conditions. The lines that pass through most of the measured and
computed values at the same current were approximately straight.
Using these lines, we found the tendency of the total heat flux for the
computation as the current varied. The computed total heat flux was
approximately proportional to the current at the same pressure. In
contrast, it was not easy to find the tendency of the total heat flux for
the measurement. The gradients of the lines for 800 and 1500 A are
similar. However, they suddenly change for currents of 2000 and
2300 A. For currents of less than 1500 A, more detailed information
on the experimental condition is needed.

Based on Figs. 12-14, our computation accurately predicts the
total heat flux at the upstream location of the constrictor. From
Fig. 11a, most of the total heat flux is generated by radiation at the
upstream location [7,10]. Thus, our computation predicts radiation
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Fig. 15 Tendency of measured and computed heat flux on the
downstream constrictor wall of the PTF arc heater.

accurately by considering a realistic argon ratio, and the distributions
of thermodynamic properties are more realistic than those in the
previous computations [7-10].

2. Operational Data and Centerline Enthalpy for Interaction
Heating Facility

The IHF is operated with a 60 MW segmented arc heater that
produces a pressure range of 1 to 9 atm and an enthalpy level of 7 to
47 MJ/kg. The constrictor diameter and length are 0.08 and 3.9 m,
respectively, and the nozzle throat diameter is 0.0603 m. Recently,
Hightower et al. [28] carried out a series of arc-jet tests in the IHF, and
Sakai and Olejniczak [5] computed those flows using ARCFLO3. In
Hightower’s experiment [28], argon at 0.04 kg/s was injected into
both electrode chambers, and additional air was also injected from
the rear part of the cathode chamber. In Sakai and Olejniczak’s
computation [3], the additional air was assumed to be a mixture of
air—argon with the same argon ratio as the main working gas, and it
was taken nominally to be 0.04 kg/s.

In our computation, the argon ratio of the injecting gas was
controlled. Thus, the additional air injected into the cathode chamber
was directly considered. The pure air at 0.04 kg/s was injected
between the end of the cathode electrode and the entrance of
the nozzle. In addition, argon at 0.02 kg/s was injected from the
upstream surface of the anode chamber and the rest surface of the
cathode chamber. Figure 16 shows the change in operational data
plotted in terms of mass flow rates. We compared the additional air
case with the nonadditional air case to investigate the effect of the
additional air on an arc-heated flow. All our computations agreed
with the experiment. In Fig. 16a, there is no significant difference in
voltage between the additional air case and the nonadditional air
case. In Fig. 16b, the mass-averaged enthalpy for the additional air
case is lower than that for the nonadditional air case. The working gas
mixed with the additional air was not heated by the arc, because the
additional air was injected after the cathode. In Fig. 16¢, as might be
expected, the computed pressure for the nonadditional air case was
underestimated slightly. Finally, Fig. 16d shows that the difference in
efficiencies between the additional air case and the nonadditional air
case was very small. Based on our computations, we confirmed that
additional air decreased the mass-averaged enthalpy without
changing the voltage and the efficiency.

The ratio of centerline enthalpy to average enthalpy is a very
important physical parameter, because actual arc-jet experiments
were carried out around the core region. Figure 17 shows this ratio at
the nozzle throat for the IHF arc heater. The figure shows that these
ratios are between 1.31 and 1.21 when additional air is not injected at
the downstream location of the cathode chamber, and they are
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between 1.48 and 1.26 when the air is injected additionally at the
downstream location of the cathode chamber. We confirmed that the
ratio of centerline enthalpy to average enthalpy depends on the mass
flow rate more than the current.

IV. Conclusions

The ARCFLO4 code was improved to simulate the flow of argon
injected into electrode chambers simultaneously and air injected
from the constrictor wall. The continuity equation of argon gas with a
diffusion term was added to the original time-dependent axisym-
metric Navier—Stokes equations, because the ratio of argon gas to the
total working gas was changeable along the streamline in the arc
heater. Thermodynamic and transport properties were calculated by
considering 11 species including Ar and Ar* (N,, O,, Ar, N, O, NO,
Art, N*, OF, NO*, and e~) under the assumption of thermal
equilibrium. Flow analysis of the 20 MW PTF, 20 MW AHF, and
60 MW IHF at the NASA Ames Research Center was conducted. The
results show that the argon gas ratio changed dramatically as the
gases flowed from the anode chamber to the nozzle throat, especially
when the argon ratio was very high in the anode chamber and the
beginning region of the constrictor. Compared with the previous
studies that dealt with arc-heated flows with a fixed argon ratio, the
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changeable argon ratio showed different distributions of the
thermodynamic and transport properties in the arc heater. The
enthalpy was much lower at the upstream region of the constrictor,
because the argon ratio was very high and the specific heat of argon
was much lower than air. Also, the upstream flow had a broad arc
column where the temperature distribution remained high. This
broad distribution of high temperature enhanced the radiation
transferred to the wall. In addition, because of the distinction between
the air-injected area and the disk area, a periodic distribution of
conductive heat flux is observed. The total heat flux on a disk is about
16% higher than the averaged total heat flux, which is meaningful for
the design of a new arc heater.

Finally, through comparison between computations and the
experiments, it was confirmed that the computations accurately
predict the total heat flux on the constrictor wall.
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