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The flowfields in segmented constrictor-type arc heaters are simulated using a new Navier–Stokes code named

ARCFLO3. The validity of the radiation and turbulencemodeling employed in ARCFLO3 is assessed by comparing

the calculated results with the existing experimental data obtained in the 20 and 60 MW arcjet facilities at NASA

Ames Research Center. Comparison is made between the calculated and the measured data for arc voltage, heater

efficiency,mass-averaged enthalpy, chamber pressure, heat flux atwall, and total enthalpy in the centerline region of

an arcjet flow. The results show a good agreement for the 60 MW facility but a relatively poor agreement for the

20 MW facility. A possible reason for the discrepancy is given.

Nomenclature

Ath = throat area, m2

D = constrictor diameter, m
H = total enthalpy, J=kg
I = electrical current, A
L = constrictor length, m
_m = mass flow rate, kg=s
P = heater power, MW
pch = chamber pressure, atm
q = heat flux, W=cm2

R = constrictor radius, m
r = radial distance, m
T = temperature, K
u = velocity in x-direction, m=s
V = voltage, V
x = axial distance, m
� = heater efficiency
�� = absorption coefficient at given wavelength including

stimulated emission, cm�1

� = kinematic viscosity, m2=s
� = density, kg=m3

� = electrical conductivity, mho=m

Subscripts

av = mass average
cl = centerline
rad = radiation
t = turbulent

I. Introduction

S EGMENTED constrictor-type arc heaters are used to produce
the high-enthalpy flow conditions encountered during the

atmospheric entries of space vehicles. The constricted-type arc
heater consists of an upstream electrode (anode) chamber, constrictor
section, and downstream electrode (cathode) chamber. A schematic
diagram of a typical facility is shown in Fig. 1. Flow conditions are
adjusted by varying the two control parameters: arc electrical current
and test gas mass flow rate. The test gas is injected mainly from the
constrictor section and partly from two electrode chambers. The gas

is heated by an electric discharge through the arc heater, and is
expanded through a nozzle to a test section. In high-power level arc
heaters such as the 20MWAerodynamicHeating Facility (AHF), the
20 MW Panel Test Facility (PTF) or the 60 MW Interaction Heating
Facility (IHF) at NASA Ames Research Center (See Table 1 for
operational capabilities) [1], strong radiative and Joule heating
occur, and the flow is turbulent in the constrictor.

It is desirable to be able to predict the arc heater flowfield for
understanding of the arcjet freestream, design of a new arc heater, or
improvement of a heater efficiency. An arc heater flowfield code
named ARCFLO had been developed in the 1970s to calculate the
constrictor flowfield [2]. The code incorporates a two-band gray-gas
radiationmodel and an eddy-viscosity turbulencemodel. Recently, a
newCFDcode namedARCFLO2 that solves theflow from the anode
through the nozzle throat has been developed by Kim et al. [3]. The
primary objective of [3] was to convert the spatial marching in the
previous ARCFLO into time-marching. More recently, the
computational algorithms in ARCFLO2 has been improved by the
present author and his associates [4] to minimize the numerical
instability occurring in simulating high heating conditions. In this
latest version, named ARCFLO3, the physical models such as
radiation, transport properties, or turbulence are retained from the
original ARCFLO code.

In [4], those physical models were shown to be inadequate for
accurate predictions of the operational characteristic parameters such
as arc voltage, heater thermal efficiency, mass-averaged enthalpy,
and chamber pressure forAHF. The present study is a continuation of
the previous work [4], and aims to improve the ARCFLO3 code. In
this paper, attention is on modifications of the radiation model to be
consistent with detailed radiation calculations and the turbulence
model. Using both original andmodified physical models, computed
heat fluxes are compared with the measurement in the PTF arc heater
[5] to show the validity of the improved model. The improved
ARCFLO3 code is applied to calculate voltage, heater efficiency,
mass-averaged enthalpy, chamber pressure and the enthalpy in the
centerline region of the arcjetflow for typicalAHF and IHFoperating
conditions. The results are compared with the data from a series of
arcjet tests in the AHF [6,7] and the IHF [8].†

The present work shows that a good agreement is obtained
between the experiment and calculation for the IHF arc heater
conditions, but a poor agreement for the AHF arc heater conditions.
A possible cause of the disagreement is offered.

II. Physical and Numerical Modeling

A. Radiation Modeling

1. Brief Review of Earlier Works

Previously,Milos [9] computed the radiative heatfluxes at thewall
in a constrictor region by using both a two-band model and a
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detailed-spectral radiation code, NEQAIR [10]. The comparison
showed that the two-band model overestimated the wall radiative
heatflux by a factor of 2 as compared toNEQAIR [9]. Taunk et al. [5]
measured the total heatflux from the constrictor region of the PTF arc
heater. The PTF arcjet facility has a constrictor diameter of 6 cm and
length of 2.4 m. A semi-elliptic nozzle was used for the
measurement. As shown in Table 1, the main dimensions and power
level of the PTF arc heater are almost the same as those of the AHF
arc heater. Therefore, the constrictor heating environment for the
PTF is expected to be similar to that for the AHF. Calculations were
made using the original ARCFLO code and compared with those
data [5]. The results showed that the calculation overestimated the
measured heat flux in the upstream region and underestimated in the
downstream region [5].

In our previous work [4], calculations were made for the different
arc heater operating conditions at the mass flow rates ranging from
0.05 to 0:4 kg=s and the electrical currents from 1100 to 2200A. The
computed voltage between the electrodes, mass-averaged enthalpy,
and chamber pressure were compared with a set of experimental data
[6] obtained in the AHF. The results showed a discrepancy between
experiment and calculations [4].

Radiation modeling will strongly affect computed flow properties
because of the high temperature in the arc heater. Assuming that the
high-fidelity NEQAIR prediction is more accurate, these results
suggest that one possible cause of the discrepancy shown in our
previous work [4] may be the inaccuracy of the two-band radiation
model.

In the present study, the radiative transfer equation in cylindrical
coordinates is solved and radiation is calculated in a fully coupled
manner with the flow equations. Because the computing time of the
line-by-line method is 600 times greater compared to the two-band
model, a radiation model with less computing time is desirable for
radiation coupled CFD calculations. Attempts have been made to
improve the accuracy of the two-band model [9,11]. However, the
modified two-band model [9] did not show improvement in the
accuracy of the radiative heat flux distribution, and the radiation
model developed in the author’s past work [11] required a large
computing time in the use of the radiation coupled CFD calculation
[12]. Therefore, we establish a new method to develop a radiation
model compatible with a detailed-spectral radiation model.

2. New Three-Band Radiation Model

In this study, a new method is devised based on the Planck–
Rosseland–Gray (PRG) model [13]. In the PRG model, an
absorption coefficient at a given wavelength and at a given point in a
flowfield is classified into one of the Planck, Rosseland, or gray-gas
groups based on a local optical depth. In each group, the Planck,
Rosseland, or gray-gas approximation [14] is assumed to be valid.

The radiative heat fluxes are computed in each group by using
wavelength-mean values defined for each group, and the total
radiative heat flux is given by a sum of each radiative heat flux. Most
of the lines above 2000 Å are classified into the Planck group, and
most of the lines below 2000 Å are classified into the Rosseland or
gray group.

In the PRGmodel, the specific selection criteria used to determine
into which group a specific wavelength is placed are not known a
priori [11,13]. In the new radiation model, the absorption coefficient
is classified a priori into one of the three groups: 1) �� > a cm�1 and
� < 2000Å; 2) �� < a cm�1 and � < 2000Å; 3) � > 2000Å, where
a is a user specified value. In each group, wavelength-mean
absorption coefficients are determined by using the so-called escape
factor concept. The escape factor � is defined as the probability that a
photon emitted at a point will not be absorbed after traveling a
distance d by

��
R1
0 E� exp����d� d�R1

0 E� d�
(1)

where E� and �� denote an emission coefficient and an absorption
coefficient at a given �, respectively.

Assuming a wavelength-mean absorption coefficient exists over a
certain range, Eq. (1) can be transformed to

��� log���
d

(2)

To obtain the wavelength-mean blackbody (Planck) function, the
total specific intensity of radiation, I, is calculated by

I �
Z 1

0

I� d��
Z 1

0

B��1 � exp����d�� d� (3)

whereB� denotes the blackbody function at a given�. In the gray-gas
approximation, Eq. (3) becomes

I � B�1� exp���d�� (4)

Therefore, by using the �, d, and I given by Eqs. (2) and (4), the
wavelength-mean blackbody function B is given by

B� I

1� exp���d� (5)

For a detailed-spectral radiation model, the most recent version of
the NEQAIR code [15]‡ is used. The line-by-line method in the
NEQAIR code is used to calculate the absorption coefficient of
equilibrium air. ABoltzmann distribution of the internal states for air
specieswas used because the gas is assumed to be in equilibrium. The
wavelength regions from 650 to 40,000 Å were divided into five
regions and 250,000 wavelength points were used. Compared to a
result using 900,000 wavelength points, the radiative heat flux
reaching to the wall differs by only about 2.5%.

The absorption coefficient criterion a and the characteristic length
d are empirically determined to reproduce the radiative heat flux
distribution calculated by the line-by-line method for the range of
pressures and temperatures occurring in the constrictor region
considered in the present study. Two sets of parameters are obtained.
For the first set, a is 5 cm�1, d1 � d2 � 2 cm for T > 10; 000 K,
d1 � d2 � 3 cm for T < 10; 000 K and d3 � 20 cm. For the second
set, a is 5 cm�1, d1 � d2 � 2 cm for T > 11; 500 K, d1 � d2 �
10 cm for T < 11; 500 K and d3 � 20 cm. The second set is used
only for the case of the IHF conditions at I � 6000 A, and all other
cases are calculated by the first set. A lookup table of thewavelength-
mean values of absorption coefficients and Planck function for the
CFD code has been prepared as a function of pressure and
temperature over the pressure ranges from 1 to 10 atm and the
temperature ranges from 1000 to 15,000 K.

Table 1 Arcjet facilities at NASA Ames Research Center

Facility P, MW I, A _m, kg=s D, m L, m Ath, m2

PTF 20 600–2200 0.05–0.3 0.06 2.4 0.0010
AHF 20 600–2200 0.05–0.4 0.06 2.3 0.0011
IHF 60 2000–6000 0.2–0.7 0.08 3.9 0.0028
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Fig. 1 Schematic diagram of an arcjet facility.
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To calculate a radiative heat flux distribution in the radial
direction, temperature and pressure profiles are computed by the
ARCFLO3 code for the typical case of a mass flow rate of 0:25 kg=s
and an electrical current of 2000 A. Figure 2 shows the radial
radiative heat flux distributions at the constrictor exit for the line-by-
line, the two-band and the new three-band radiation models. The
temperature distribution is shown in Fig. 3. The pressure is nearly
constant at 5.9 atm. Near the centerline (r� 0), radiative heat flux
values calculated by the line-by-linemodel become higher than those
obtained by the two-band model. Because the absorption predicted
by the two-band model is weak near the wall region, the radiative
heat flux reaching the wall calculated by the two-band model is
higher than that obtained by the line-by-line model by a factor of 2.

It can be seen also from Fig. 2 that the difference of the radiative
heatflux in the core region is 12%and the difference at thewall is less
than 1% between the line-by-line and the new three-band radiation
models. The three-band model reduces the computing time of the
line-by-line model by a factor of 400.

B. Transport Properties

Air, or a mixture of air and argon, is used as the test gas. A set of
collision integrals given by the Gupta et al. [16] is used for the
collisions including air species. The collision integrals for Ar-N, Ar-
O, Ar-N2, Ar-O2, Ar-NO, and Ar-Ar are evaluated through a
combination rule [17]. For Ar-Ar�, Ar-e�, the values given by
Devoto [18] are used.

One of the important parameters to calculate the Joule heating in
the arc heater flowfield is electrical conductivity. In the original
ARCFLO code, the electrical conductivity was determined by the
collision integrals���1;1� for all collision pairs including electron. At

temperatures above 12,000 K, which occur at the centerline in the
constrictor, the electrical conductivity can be improved by
improving the collision integrals for electron-atom pairs. The
collision integral data for e-O and e-N collisions given byGupta et al.
were based on the experimental data of total cross sections [16]. For
the calculation of the electrical conductivity, we need themomentum
cross sections for these collisions.

In our previous work [19], the collision integrals ���1;1� and
���2;2� for e-N and e-O collisions were calculated using the
momentum cross sections obtained from the theoretical differential
cross sections given by Thomas and Nesbet [20–22] and Blaha and
Davis [23]. We assume that ���1;1� � ���2;2�. These collision
integrals are used in the present study. As was shown in our previous
work [19], the calculations using themodified collision integrals give
a better comparison of the heat fluxes with the measurement,
although the effect of the modified collision integrals were small.

C. Turbulence Modeling

Two eddy-viscosity models for turbulent flow are used in the
present study. One is the so-called two-layer model used in the
original ARCFLO model and another is the Baldwin–Lomax model
[24]. The parameter in the outer layer used in the original ARCFLO
model was chosen as to be compatible with the two-band radiation
model used. Because the present three-band radiation model gives
different emission and absorption characteristics from the two-band
radiationmodel, aswas shown in the preceding section, themodeling
of convective heat transfer in the ARCFLO3 code may need to be
changed.

Calculation has shown that the impact of the turbulence model on
the calculated results such as arc voltage, chamber pressure, thermal
efficiency, and mass-averaged enthalpy, is not so large in the present
calculations. But, the Baldwin–Lomax turbulence model gives a
better comparison of the enthalpy in the centerline of the arcjet flow
with measurement, as will be shown later.

1. Original ARCFLO model

In the eddy-viscosity model in the original ARCFLO code [2], the
mixing length is defined differently in the inner near wall region
where a wall model is valid, and in the outer core region where the
mixing length is assumed to be proportional to the tube radius [2]:

li � Ky

�
1� exp

��yu	

26�w

��
(6)

lo � 0:075R (7)

where y denotes a distance from the wall, u	 denotes wall friction
velocity and the subscripts i and o denote inner and outer region,
respectively. The eddy viscosity in the inner region and the outer
region is given, respectively, by


i;o � �l2i;o

����dudy
���� (8)

2. Baldwin–Lomax Model

In the Baldwin–Lomax model [24], the mixing length in the inner
region, li, is given by Eq. (6). The eddy viscosity in the inner region
becomes


i � �l2i j!j (9)

The eddy viscosity in the outer region is


o � ��CcpFwakeFKleb (10)

where �� 0:0168 and Ccp � 1:6. The outer function, Fwake is given
by

Fwake � ymaxFmax (11)

Fig. 2 Comparison of radiative heat flux distribution at constrictor exit

between different radiation models.
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Fig. 3 Temperature distribution at the constrictor exit.
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whereFmax �max�yj!jD�. The Klebanoff intermittency function is

FKleb �
�
1� 5:5

�
CKleby

ymax

�
6
��1

(12)

The turbulent Prandtl number, Prt, is used to calculate the
turbulent thermal conductivity. In this study, Prt is set to a constant
value of 0.9, which is widely used for many of high-temperature
turbulent flow calculations.

Calculations were carried out for a given mass flow rate and
electrical current using the original ARCFLO and Baldwin–Lomax
turbulence models to compare the axial velocity and the temperature
distributions in the radial direction [25]. From the calculations, it was
found out that the eddy viscosities in the outer region calculated by
the Baldwin–Lomax model were higher than those by the original
ARCFLOmodel. As a result, the momentum and energy transport in
the radial direction calculated by the Baldwin–Lomaxmodel became
slightly stronger compared to that by the original ARCFLOmodel. It
was shown that near the centerline, the axial velocity and temperature
values calculated by the Baldwin–Lomax model were lower than
those obtained by the original ARCFLOmodel by about 10% for the
axial velocity and about 5% for the temperature, respectively. On the
other hand, near the wall region, the axial velocity and temperature
values calculated by the Baldwin–Lomaxmodel are lower than those
by the original ARCFLO model.

D. Other Computational Modeling

The axisymmetric viscous flow is assumed to be in
thermochemical equilibrium, because the pressure is typically larger
than or the order of 1 atm. Mass, momentum, and energy
conservation equations are discretized using a finite-volumemethod.
Joule heating and radiative source terms are included in the right-
hand side of the energy equation. Solutions are obtained by
numerically integrating the equations in time to steady state.
Computed flow properties are second-order accurate in space.

In the arc heaters analyzed in the present study, gas is introduced
from the entire length of the constrictor section, the upstream end of
the anode chamber, and the cathode chamber. Amixture of argon and
air introduced from the walls of the constrictor and the two electrode
chambers duplicates the experimental mixture, as was done in our
previous work [4]. The value of the mass flow rate from both the
anode and cathode chambers is taken as 0:03 kg=s for the AHF and
0:04 kg=s for the IHF, respectively. The remainder of the mass flow
rate is injected from the constrictor wall. In a series of IHF
experiments considered in the present study, additional air was
injected downstream of the cathode chamber and the additional air
flow rate was taken to be nominally 0:04 kg=s. A small variation of
the additional air flow rate is not expected to affect computed
solutions.

The thermochemical state of the injection gas is unknown. In our
previous study [19], the temperature of the injection gaswas assumed
to be same as the wall temperature, and it was set to be either 500 or
1000 K. In reality, however, the injection gas temperature is
determined by the details of the flow path from the high-pressure
reservoir to the arc heater, and the injection gas temperature is likely
to be less than 1000 K. Thus, the temperature of the injection gas is
taken to be 300 K and the temperature of the wall to be 1000 K in the
present study. However, it should be noted that the computed heat
flux values at wall were little changed by the wall and injection gas
temperatures assumed [19].A no-slip boundary condition is imposed
at the wall.

The computational procedure in the anode chamber is retained
from thework by the present author and his associates [4,19]. In those
works, the radius of the anode chamber was taken to be the same as
that of the constrictor, although the anode assembly has an inside
diameter that is 1.8 times greater than the constrictor. In addition, a
constant electrical current distribution is assumed therein. The
primary purpose to develop the ARCFLO3 code is to calculate the
flow properties in the downstream region of the arc heater. The

simplified representation of the anode chamber did not affect theflow
properties at the downstream locations [4].

The exact distribution of currents in the cathode chamber is not
known verywell. Two electrical current distributions are tested in the
cathode region: one is held constant up to the middle of the cathode,
and another is decreased linearly in the cathode as was done in the
work of Kim et al. [3]. Calculations are made for the case of
I � 2000 A by using two current distributions. The results show that
the difference of the computed operational characteristic parameters
is less than 1% between the two representations of the current
distribution in the cathode. Thus, the contribution to the current
distributions tested is believed to be negligibly small. In the present
study, the constant current distribution is used in the cathode region,
just for simplicity. The current distribution in the constrictor is
assumed to be constant, which was done in the original ARCFLO
code [2].

E. Computational Grid

The AHF arcjet facility has a constrictor diameter of 6 cm and
length of 2.3 m. The nozzle throat diameter is 3.8 cm. The
computational grid for the AHF facility is shown in Fig. 4a. The
radial direction r is magnified by a factor of 10. The entrance of the
constrictor is set to be x� 0. The grid extends just downstream of the
throat to ensure supersonic flow at the exit.

Similarly, the computational grid for the IHF arcjet facility is
shown in Fig. 4b. The IHF facility has a constrictor diameter of 8 cm,
length of 3.9 m and a nozzle throat diameter of 6.03 cm.

For the PTF arc heater calculations, theAHF computational grid is
used because the primary objective for the PTF calculations is to
compare the wall heat flux in the constrictor and because, as is shown
in Table 1, the PTF constrictor has the same diameter and nearly the
same length as that of the AHF except for the nozzle geometry.
Although the size of the nozzle throat should affect the upstream
chamber pressure, there was a small difference of the chamber
pressure between the measurement and calculation.

Calculations were carried out for typical AHF and IHF arc heater
conditions using double the number of grid points in the radial
direction. The computed operational characteristic values change by
about 1%. The refinement in the axial grid resolution changed the
computed solutions less than that in the radial direction. These results
suggest that grid refinement would not change the overall features of
the computed solutions.

III. Results

A. Comparison with PTF Heat Flux Data

Taunk et al. [5] measured the total (convective and radiative) heat
flux values at two different locations in the PTF arc heater for several
different chamber pressures and electrical currents. Calculations are
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carried out for the electrical current values of I � 1500, 2000 and
2300 A.

Figure 5 compares the total heat flux values between the
experiment and calculations plotted against mass flow rate for the
case of I � 2000 A. The heat flux values are given both at an
upstream location of about x=L� 11%, and at a downstream
location of about x=L� 93%, whereL denotes the constrictor length
and equals 2.3 m. The computed heat fluxes are obtained by using
two different sets of physical models: the one with the two-band
radiation model and the original ARCFLO turbulence model
(designated as “original”), and another with the three-band radiation
and the Baldwin–Lomax turbulence models (designated as
“modified”). Between the two sets, the turbulence model used is
different. The impact of the turbulence models on the computed heat
fluxes is relatively less comparing with that of the radiation model,
though the results are not shown. It should be noted that the present
result is valid only in comparison between the original ARCFLO and
the Baldwin–Lomax turbulence models.

From Fig. 5, at the upstream location of x=L� 11%, the
calculated results by the modified method are closer to the
experimental data than the original method. Though not shown here,
the calculated radiative heat flux is more than 90% of the total heat
flux at this upstream location. The calculation by the modified
method underestimates the experimental data, with a relative error of
8–17%. The heat flux values calculated by the original method are
50–100% higher than the measurements.

A similar comparison ismade in Fig. 5 at a downstream location of
x=L� 93%. It is seen that the original method predicts heat fluxes
higher than the modified method. The difference between the two
methods is relatively smaller than at the upstream location. This
result is because, in the downstream location, the radiative heat flux
calculated by the original method is still a factor of 2 higher than that
calculated by the modified method, but the convective heat flux
calculated by the modified method is higher than that calculated by
the original method. The modified method gives a good agreement
with the measurement.

In Figs. 6 and 7, similar comparisons are shown for the cases of
I � 1500 and 2300 A, respectively. For the upstream location, one
can see that the original method predicts higher heat fluxes than the
modified method, in the same way as with the I � 2000 A case. The
computed heat flux using the modified method approaches the
measured value, but still underestimates it by about 30%. From the
downstream results, it is seen that the calculation by the original
method moderately overestimates the measured heat fluxes. The
calculation using the modified method roughly agrees with the
measurement, although the modified method tends to slightly
overestimate the measurement.

Generally, a fair agreement is seen between the measurement and
the calculation using the modified method. In the upstream region,
the range of the relative error of 17–130% by the original method is

reduced by that of �6 to �40% by the modified method. In the
downstream region, the range of 8–28% by the original method is
reduced by that of �1 to 19% by the modified method.

B. Comparison with AHF Data

Recently, a series of arcjet tests were performed in theAHF facility
to obtain the mass-averaged enthalpy using the energy balance
method [6]. The AHF arcjet was operated over a wide range of mass
flow rate and electrical current conditions. Experimental measure-
ments were made of arc current, voltage between electrodes, heater
efficiency, chamber pressure, and mass flow rate [6]. Results are
presented for the cases of I � 1600 and 2000 A. Computations are
performed at five mass flow rates that cover the range of the
experimental data for each electrical current case. Calculations by
using the original method aremade for the case of I � 2000 A for the
purpose of comparison.

Figures 8a and 8b show the voltage between the electrodes for the
cases of I � 1600 and 2000 A, respectively. The data are plotted
against mass flow rate. The computed voltage increases with mass
flow rate. The qualitative trend of the calculated results is similar to
that of the experiment. FromFig. 8a, a fair agreement is seen between
the calculation and the measurement, though the calculation
overestimates themeasured voltage values by up to about 30%. From
Fig. 8b, it is seen that the computed voltages by the modifiedmethod
are slightly lower than those by the original method. Both
computations give a better agreement with the measurement only in
the higher mass flow rate range. Except of that range, the
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computation overestimates the measurement by 25–35% at mass
flow rates between 0.2 and 0:3 kg=s.

In Figs. 9a and 9b, the computed and measured heater thermal
efficiencies are compared. The computed efficiency, �, is given by

�� 1� Heat loss from thewall

Net power input

The power input to the gas from the Joule heating is calculated using
I � V. In addition, there is a small heat input due to the injection of
the gas from the wall. The net power input is given by the sum of
these two contributions. The heat loss from the wall is obtained by
integrating the heat flux at the wall from the upstream end of the
anode chamber to the nozzle throat. The heat loss in the downstream
region of the nozzle beyond the throat is not included in the
calculation. Experimentally, the heat transfer to the wall is measured
up to the end of the nozzle. Based on the analysis byWinovich [26],
we estimated that the heat loss in the diverging section of the nozzle
beyond the throat would be about 1%. Therefore, the contribution to
the computed efficiency from the downstream region beyond the
throat is considered to be negligibly small. In both figures, it can be
seen that the computed efficiency increases with mass flow rate.
FromFig. 9a for I � 1600 A, the computation predicts the efficiency
within the scatter of the experiment in the lowermass flow rate range.
However, the computed values become higher than the measured
ones in the higher mass flow rate range. In Fig. 9b for I � 2000 A,
the computed efficiency by the modified method is higher than that
by the original method. The computation by the modified method is
10–30% higher than the experiment for the mass flow rates
considered. The computation by the original method is 10–30%
lower than the experiment.

Figure 10 shows the comparison of the mass-averaged enthalpy
between the experiment and calculations for the two electrical
current cases. The computedmass-averaged enthalpy is evaluated by
integrating the flow properties at the nozzle throat:
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Hav �
R
R
0 �uHr drR
R
0 �ur dr

(13)

One can also obtain the computed mass-averaged enthalpy using the
energy balance between the net heat input and the heat loss from the
wall:

Hav �
I � V

_m
� � (14)

These two values should be the same if energy conservation holds. In
all calculations, the difference of the twovalues is less than about 1%.
From Fig. 10, the computed mass-averaged enthalpy has a peak at a
massflow rate of about 0:15 kg=s. For highermassflow rates beyond
this peak point, the computed mass-averaged enthalpy decreases. A
reasonable agreement is seen in Fig. 10a for I � 1600 A at the lower
mass flow rates, but the computation predicts slightly higher
enthalpies at the higher mass flow rates as compared to the
measurements. The results are consistent with the efficiency
comparisons seen in Fig. 9a. For I � 2000 A, Fig. 10b shows that the
computations by themodifiedmethod overestimate the experimental
data by about 10–30% for allmassflow rates. The computation by the
original method gives a better agreement with the measurement than
the modified method. However, it is noted that this agreement
between the original method andmeasurement is coincidence, which
comes from two facts: the larger heat input indicated by Fig. 8b and
the lower efficiency shown in Fig. 9b.

A similar comparison is made for chamber pressure and the results
are shown in Fig. 11. As can be seen in Fig. 11a, the difference
between the experiment and calculation becomes larger as the mass
flow rate increases. For I � 2000 A, Fig. 11b shows that the
computation by the modified method overestimates the measure-
ments by 30% over all the mass flow rates considered. Although the
computation by the original method also gives higher chamber
pressures as compared to themeasurement, the results by the original

method are closer to the measurements than those by the modified
method.

C. Comparison with IHF Data

A series of arcjet tests have been performed recently in the IHF
facility.† Similar comparisons to those shown in the preceding
section are made for the IHF experimental data for the electrical
current values of I � 3000 and 6000 A. Calculations are carried out
at four different mass flow rates for each electrical current case. For
the purpose of comparison, the computations by the original method
are performed for the case of I � 3000 A.

The computed results are summarized in Figs. 12–15 for voltage,
efficiency, mass-averaged enthalpy, and chamber pressure.
Comparing the results for the original method and the modified
method for the case of I � 3000 A, the modified method predicts
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lower voltages and higher heater efficiency,mass-averaged enthalpy,
and chamber pressure than the original method, as is seen in the
results for AHF. Unlike the case for AHF, calculated values by the
modified method are in good agreement with experimental data for
both electrical current values. The original method fails to reproduce
any of the data.

Figure 12 shows that the computed voltage is weakly affected by
changing electrical current. The net power input in the arc heater for
I � 6000 A is nearly twice that of I � 3000 A. However, as is seen
from Fig. 13, the heater efficiency decreases as the electrical current
increases. As a result, Fig. 14 shows that the mass-averaged enthalpy
for I � 6000 A is only 40% greater than themass-averaged enthalpy
for I � 3000 A. Though the results are not shown here, the total heat
loss from the wall for I � 6000 A becomes larger than that for
I � 3000 A by a factor of 2.5 for the same mass flow rate. Also, the
heat loss by radiation for I � 6000 A becomes about 60%of the total
heat loss, and about 40% for I � 3000 A for the mass flow rates
calculated in the present study. As seen from Fig. 15, the computed
chamber pressure increases about 10% for all mass flow rates
considered as the electrical current increases.

D. Comparisons with Fletcher and Bamford’s LIF Data in AHF [7]

In Fig. 16, the centerline enthalpy calculated using the modified
method is compared with the measurement. The calculated enthalpy
at the centerline was evaluated at the nozzle throat. The data are
plotted against electrical current. The results are shown for two types
of operating conditions: one is the low electrical current and low
mass flow rate (0:11 kg=s) and another is the high electrical current
and highmassflow rate (0:2 kg=s). In thefigure, the calculatedmass-
averaged enthalpy was also shown for the purpose of comparison. At
the time of the Fletcher and Bamford’s experiments [7], the

instrumentation necessary for mass-averaged enthalpy was not
installed, and therefore the measured value does not exit.

From Fig. 16, a fair agreement is seen between the measurement
and calculation for the case of the low electrical current and lowmass
flow rate. On the other hand, for the case of the higher electrical
current, the calculation tends to overestimate the measurement by up
to 40%, although the calculated results are within the error bar for the
measurement. It is noted that the computed mass-averaged enthalpy
values were in a fair agreement with themeasurement for lower mass
flow rate, but for higher mass flow rate, the computedmass-averaged
enthalpies were larger than the measured ones. Thus, the results seen
in Fig. 16 are consistent with the mass-averaged enthalpy
comparisons seen in Fig. 10.

From the calculations, it is found that the ratio of the computed
centerline enthalpy to themass-averaged enthalpy is about 1.4 for the
case of the low mass flow rate, and is about 1.33 for the case of the
high mass flow rate. For the calculated results for the AHF data
shown in the preceding section, the ratio varies roughly from 1.5 to
1.3 for both of electrical current values as the mass flow rate
increases.

E. Comparisons with Park et al.’s Spectroscopic Data in IHF [8]

In the Park et al. IHF experiment [8], the radiation emanated from
the shock layer over a blunt model was measured. The centerline
enthalpy was deduced by replicating the measured spectra using
theoretical methods. Calculation is made for the case of the electrical
current of 6066 A and the mass flow rate of 0:412 kg=s taken from
that experiment. The computed voltage, chamber pressure, heater
thermal efficiency, mass-averaged enthalpy, and centerline enthalpy
are summarized in Table 2. As expected, the computed values of
voltage, chamber pressure, thermal efficiency, and mass-averaged
enthalpy are in a good agreement with the measurement, as was seen
in the preceding section. The centerline enthalpy obtained by the
spectroscopic method was 40:6 MJ=kg, and the value of the
computed centerline enthalpywas 37:6 MJ=kg. The computed value
is slightly lower than the measurement by about 7%, which is within
the standard deviation of 10% reported by Park et al. [8].

For the IHF arc heater conditions calculated in the previous
section, the ratio of the centerline enthalpy value to the mass-
averaged value varies from 1.7 to 1.4 for the case of I � 3000 A and
from 1.5 to 1.4 for the case of I � 6000 A, respectively, asmass flow
rate increases.

Though the results are not shown here, the computed centerline
enthalpies calculated using the original ARCFLO turbulence model
are higher than those calculated by the Baldwin–Lomax turbulence
model by about 10% when using the three-band radiation model. As
a result, the calculation using the original ARCFLO turbulence
model leads to higher centerline enthalpy values compared to the
measurement.

IV. Discussion

The present results show that the computed solutions are very
sensitive to radiation modeling. The observed agreement between
the experiment and calculation for the IHF and a part of AHF arc
heater conditions indicates that improvement of the radiation and
turbulent models made in the present study are essential for the
calculation of the arc heater flowfield. One can obtain the freestream
properties at the downstream of a nozzle fully theoretically by
combining the ARCFLO3 code with a nonequilibrium nozzle flow
code. In addition, by obtaining the enthalpy and the pressure of the
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Table 2 Comparison of voltage, chamber pressure, heater efficiency,

mass-averaged enthalpy, and centerline enthalpy between the present

calculation and Park et al.’s experiment [8]

V, V pch, atm � Hav,MJ=kg Hcl,MJ=kg

Experiment 4828 4.47 0.40 28.7 40.6
Calculation 4767 4.37 0.38 27.1 37.6
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freestream, an arc heater operating condition can be related to the
flight conditions.

The results for the PTF and AHF arc heater conditions show that
by incorporating more rigorous physical models, the calculated data
approach the experiments. However, there is still a relatively poor
agreement between the experiment and calculation for a part of the
AHF data, particularly in the data of chamber pressure and heater
efficiency. Several physical assumptions were examined as possible
sources of the discrepancy, especially for wall boundary treatment
including roughness [19]. The results showed that these assumptions
had only small contribution to computed solutions.

A possible cause for the discrepancy may be due to neglecting
more detailed physics such as thermochemical nonequilibrium effect
[27], and three-dimensional flow motion with turbulent swirl flow
effect, and electromagnetic hydrodynamic effect, whichwill occur in
the arc heater. As for the heat flux, if atomic species exists in the
vicinity of the wall due to chemical nonequilibrium, the catalytic
recombination could increase the convective heat flux at the surface.
The radiative heat flux at the wall could be changed by possible
thermal nonequilibrium. Generally, electron temperature is different
from heavy particle temperature in the wall region within the arc
heater flowfield. The chamber pressure is believed to be also affected
by the thermochemical nonequilibrium effect. As the flow
recombines toward the throat, the chemical energy is transferred to
the kinetic energy of the flow. The phenomenon tends to raise the
pressure. The pressure will be increased less if the flow recombines
incompletely. In addition, because an arc foot is rotating by imposing
amagneticfield in the cathode chamber, theflow is swirling [28]. The
swirling flowfield in the cathode region could also change the flow
state at the nozzle throat. Whether such more detailed modeling
could explain the discrepancy seen in the present study remains to be
investigated in the future.

V. Conclusions

The high enthalpy flows in high-power arc heaters at NASAAmes
were simulated using the computational fluid dynamics code named
ARCFLO3. The computed results were compared with the
measurement for arc voltage between electrodes, chamber pressure,
and heater thermal efficiency. By using a newly developed three-
band radiation model and the Baldwin–Lomax turbulence model, a
better agreement is obtained between the calculation and
measurement for a broader range of operational conditions. Thus,
the modified ARCFLO3 code gives an increased confidence for the
calculation of the arc heater flowfield. A poor agreement, as is seen
between the calculation and the measurement for a certain range of
operating conditions in AHF, is still an unresolved issue. To improve
current computational capabilities to characterize the arcjet flow,
more work needs to be done.
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