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Abstract. The purpose of this paper is to develop an accurate analysis code for the flow of 
arc-heater by employing advanced numerical models. Governing equations are hyperbolic-
type axisymmetric Navier-Stokes equations which include joule heating by arc, radiation and 
turbulent transport effect. Joule heating is simply calculated by Ohm’s law with the given 
distribution of current. Radiation is computed by the three-band model which accounts for 
self-absorption and is consistent with the detailed line-by-line radiation model. Turbulence 
effect is incorporated by two-equation turbulence models which can describe the transport of 
turbulence. In order to assess the performance of the newly developed code, AHF and IHF 
are calculated in various operating conditions. And, it is confirmed that two-equation 
turbulence models combined with the three-band radiation model simulate the flow physics in 
arc-heater more accurately than any other previous models and the influence of the 
turbulence is as much as or bigger than radiation effect. 

 
 
1 INTRODUCTION 

Since the human being stepped into space, several planetary entry vehicles have been 
developed and have carried out their mission. When they enter some planets including the 
earth, they are commonly exposed to tremendous aerodynamic heating which necessitates the 
thermal protection system (TPS). For that reason, TPS is considered as one of the most 
important technologies in development of planetary entry vehicles. In addition, its importance 
is increasing as reusable reentry vehicle is more and more useful. 

Recently, various space missions are planned in Europe, Japan, China as well as USA. As 
a result, the requirement of ground test facility is increasing and many ground test facilities 
have been developed and are being developed. The representative ground test facility for 
development of TPS would be a plasma wind tunnel which can provide the high enthalpy 
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flow for a long time. Among several types of plasma wind tunnel, segmented arc-heater wind 
tunnel can produce stable and high-quality flow which is an essential requirement as a plasma 
wind tunnel. For the reliable design of arc-heater, its flow characteristics should be 
investigated in advance. Flow in arc-heater is complex plasma because the gas is heated 
directly by arc and the large amount of energy is transferred from the core to the surrounding 
gas mainly by radiation and turbulent thermal conduction. And, there have been numerous 
investigations to understand the flow physics numerically and experimentally. 

The present paper is concerned with numerical efforts to reveal the flow physics in arc-
heated wind tunnel. Historically, Waston et al.1 developed the code which solves parabolic 
Navier-Stokes equations by the space marching technique in order to analyze the flow in an 
arc-heater. The optically thin model is applied to describe the radiation. The turbulent effect is 
considered by a crude algebraic turbulence model. As a result, it was insufficient to describe 
the flow behavior of arc-heaters accurately. Subsequently, Nicolet et al.2 improved the code 
by introducing the two-band radiation model that accounts for self-absorption and by 
modifying the turbulence model. The code was named ARCFLO and it was able to predict the 
operating characteristics of existing arc-heaters to some extent. However, the characteristics 
of its radiation model are different from the real physical phenomena, because two absorption 
coefficients for the radiation model are adjusted empirically by trial and error. Thus, Sakai et 
al.3,4 improved ARCFLO code by employing the PRG(Planck-Rosseland-Gray) radiation 
model which may calculate radiative heat fluxes using three mean absorption coefficients. 
The code could obtain a fairly good agreement with experimental data by tuning a set of the 
turbulence parameters. 

Recently, new CFD codes that solve hyperbolic Navier-Stokes equations by the time 
marching technique have been developed. Previously developed codes have some serious 
limitations as a design tool because they are based on the parabolic partial differential 
equations. For the space marching, flow properties at the upstream of a constrictor should be 
specified, which cannot be obtained without prior experiments. In order to overcome this 
defect, Kim et al.5 developed the code, ARCFLO2, which solves hyperbolic Navier-Stokes 
equations by the time marching technique. They retained the two-band radiation model of 
ARCFLO and used Cebeci-Smith algebraic turbulence model. ARCFLO2 was applied to arc-
heaters at Arnold Engineering Development Center and at Sandia National Laboratory. In 
order to remove discrepancy between experimental data and calculations, additional viscosity 
which is a function of current, mass flow rate and geometry is introduced. It was explained 
that necessity of the additional viscosity originates from inaccuracy in two-band radiation 
model and the thermal non-equilibrium phenomenon near the wall.5 Subsequently, Sakai et 
al.6,7 made an attempt to improve ARCFLO2 and developed a new three-band radiation model 
which is consistent with the detailed line-by-line radiation calculation. The code was named 
ARCFLO3 and is applied to 20MW and 60MW arc-jet facilities at NASA Ames Research 
Center. The results showed good agreements for 60MW arc-heater but relatively poor 
agreements for 20MW arc-heater. They claimed that poor agreement for 20MW arc-heater is 
caused by non-equilibrium flow properties.7

Previous researchers5,6,7 suggested that it is necessary to study new effects such as non-
equilibrium phenomenon. However, there is still a room to improve existing numerical 
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models. Progress has been continuously made in the field of radiation2,3,4,6,7 but turbulent 
effect is relatively not investigated in detail5,8. Until now, good agreements between 
experiment and calculation could be obtained by tuning a set of the turbulence parameter and 
the wall roughness, or by directly controlling the magnitude of turbulence like the additional 
viscosity for the specific arc-heater. If these models are applied to other arc-heaters with the 
same tuning parameters, accuracy tends to lose. This behavior is mainly caused by the role of 
turbulence model which profoundly influences on the flow physics of the arc-heater. 

The purpose of this paper is to develop an accurate analysis code which can design new 
arc-heaters. In order to accomplish the goal, the code should show reasonable solutions in 
general flow conditions and should not possess empirical or adjusting factors based on user’s 
experience. Thus, we adopt the latest numerical model of radiation and turbulence, which 
could guarantee reasonable accuracy in general flow conditions.  

In the present paper, three-band radiation model which is consistent with the detailed line-
by-line radiation calculation is adopted, and two-equation turbulent models to avoid the 
defects of algebraic turbulent model are used for the accurate prediction of the real flow in 
arc-heater. Then, the 20MW Aerodynamic Heating Facility (AHF) and 60MW Interaction 
Heating Facility (IHF) at NASA Ames Research Center are investigated. The results show a 
good agreement with experimental data for all arc-heaters. It is confirmed that k-ε turbulence 
model combined with three-band radiation model is appropriate for the flow analysis in arc 
heaters. It also shows that the influence on the heat transfer mechanism by the turbulence is as 
much as or bigger than radiation effect. 

2 NUMERICAL MODELING 

2.1 Governing equations 

Arc-jet wind tunnel is classified variously according to the type of arc-heater. Figure 1 
shows a segmented constrictor type arc-heater which is used widely. It consists of an anode 
chamber, a constrictor, a cathode chamber and a nozzle. Most test gas is injected through the 
wall of constrictor and exits through a nozzle into a test section. In the constrictor, arc spans 
between two electrodes. The core gas is heated directly by the joule heating due to arc and the 
surrounding gas is heated by radiation emitted from the core gas and by turbulent mixing. 
And the heat energy which arrived at the constrictor wall is removed immediately by the 
cooling water which circulates through constrictor disks.  

 
Figure 1: Schematic drawing of the segmented arc-heater 
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In order to calculate such a flow, the governing equations are chosen as hyperbolic-type 
axisymmertic Navier-Stokes equations which include the joule heating by arc, radiation and 
turbulent transport effect, which are written as follows in a vector form. 
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The gas is assumed to be chemically equilibrium. The thermodynamic properties such as 
pressure and temperature are calculated using curve fitting data.9 The transport properties 
such as viscosity and thermal conductivity are calculated also using curve fitting data.10 The 
available temperature range is 500k~30000k, and pressure range is  atm. 24 10~10−

2.2 Numerical schemes and boundary conditions 
Governing equations are discretized using the finite volume method. The inviscid flux is 

given by the AUSMPW11 flux and the viscous flux is calculated through a central difference 
scheme. The inviscid term is handled implicitly by applying LU-SGS (Lower Upper 
Symmetric Gauss Seidel). The axisymmetric source, joule heating and viscous term are 
calculated explicitly.  

For wall boundary conditions, the air which is injected from gaps between adjacent 
constrictor disks are considered as a mass flow source distributed uniformly over the side 
wall.5 Wall temperature is fixed at 1100K and density at the wall is determined by the 
equilibrium relation among wall temperature and pressure.5 the outlet condition is 
extrapolated from the value of the inner computational domain because the region behind 
nozzle throat is supersonic. 

2.3 Joule heating modeling 
Generally Joule heating by arc should be calculated by solving Maxwell equation. 

However, if the distribution of current is known, it can be calculated simply by Ohm’s law. 
Fortunately, a current in the constrictor is constant, because the wall of constrictor is insulated 
electrically. Thus, with assumption that the voltage gradient is independent of a radius, Joule 
heating can be simply calculated as follows. 
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Ohm’s law for a cylindrical column is 
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from Kirchhoff’s law of conservation of current.  
Finally joule heating is given as 
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where the electrical conductivity is taken from the reference 2.  
Figure 2 shows the current distribution along the axial direction.  
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         Figure 2: Current distribution in the arc-heater          Figure 3: Cylindrical geometry and coordinate system 

2.4 Radiation modeling 
At high temperature flows, the radiation is an important mode of heat transfer together 

with thermal convection. So, the radiant heat transfer term should be included in energy 
equation. In order to calculate this, the radiative transfer equation in cylindrical coordinates 
should be solved and is written as follows 

νν
ν

νρκ
BI

ds
dI

−=−
1 ,                                                     (7) 

where  is radiative intensity traveling along a ray. Absorption coefficient νI νκ  is function 
of frequency, temperature and pressure, which is gained from experiments. Planck function 
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νB  is written as follows 

1
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When the radiative intensity at a given point in the gas is calculated for all directions, then 
the radiant flux per unit frequency at radius r  can be obtained as 

∫
Ω

Ω= drIrq θνν cos)()( .                                                   (9) 

The total radiant flux, integrated over all frequency, is calculated as 

∫
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By the application of the concept of a multi-band model, the total radiant flux is written as 
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To calculate radiation accurately, line-by-line calculation12 is most desirable. However 
computing time for such a calculation is extremely large. So, Sakai et al.7 developed new 
three-band model. This model computed the radiative transport equation 400 times faster than 
a detailed line-by-line calculation without sacrificing the accuracy of the detailed calculation. 
In this model, three absorption coefficients which are defined at a given wavelength are 
functions of pressure and temperature over the pressure ranges from 1 atm to 10 atm and the 
temperature ranges from 1000K to 15000K. In the present work, three-band radiation model7 
are adopted to describe accurately the radiative flow physics in arc-heaters. 

2.5 Turbulence modeling 
Turbulence is one of the key phenomena in arc-heater flow. Traditionally, algebraic 

turbulence models are used for its analysis. These models are equation wherein the turbulent 
fluctuating correlations are related to the mean flow quantities by algebraic relations. They are 
the simplest to implement of all turbulence models and rarely cause unexpected numerical 
difficulties. However, these models do not include the convection effect of turbulence,14 
because underlying assumption in these models is that the local rate of production of 
turbulence and the rate of dissipation of turbulence are approximately equal. Furthermore, 
because these models work well only for the flows for which they have been fine tuned, it is 
difficult to extrapolate beyond the established data base for which an algebraic model is 
calibrated.16  

In arc-heater, flow is complex because gas is injected perpendicularly through the wall of 
constrictor and impinges against the flow on the opposite side. And flow is strong turbulence 
which is produced by gas injections continuously and is convected and diffused fast along the 
flow. Therefore, coefficients of algebraic models should be tuned precisely for arc-heater 
flows. However, because such precise tuning is arrived at a long series of trial and error 
involving experiments, it is necessary to introduce more advanced turbulence models that 
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have less empirical turbulence coefficients which are well tuned and can describe transport of 
turbulent flows in detail. Furthermore, the algebraic models used for the analysis of arc-heater 
flows require information regarding the boundary layer thickness and flow properties at the 
boundary edge, but it is difficult to define them accurately due to impinging flow near the 
core region. In real calculations, they are defined as properties at the core, but could be 
different from real values.   

In present study, three two-equation turbulence model, that is, k-ε model of Jones and 
Launder15, k-ω model of Wilcox16, and k-ω SST model of Menter17 are tested as advanced 
turbulence models. They are currently most popular models which solve a transport equation 
for the turbulence kinetic energy. And they can be used to predict properties of a given 
turbulent flow with no prior knowledge of the turbulence structure.14 However, these 
turbulent models have different performance as the characteristic of flow.18 The k-ε model of 
Jones and Launder is the most widely known and extensively used two-equation eddy 
viscosity model. For wall bounded flows, the model gives good agreement with experimental 
results for zero and small mean pressure gradients, but is less accurate for large adverse 
pressure gradients. The k-ω model of Wilcox is a well known and widely tested two-equation 
eddy viscosity model. This model has proven to be superior in numerical stability to the k-ε 
model primarily in the viscous sublayer near the wall. However, the results of the k-ω model 
are sensitive to small freestream values of ω. The k-ω SST model of Menter combines several 
desirable elements of k-ε model and k-ω model. This model incorporates k-ω model near 
solid walls and it switches to k-ε model near boundary layer edges and in free-shear layers. 
The shear stress transport(SST) modification improves the prediction of flows with strong 
adverse pressure gradients and separation. 

3 RESULTS 
In this study, three-band radiation model and two equation turbulence model are coupled 

with the governing equations to describe the mechanism of heat transfer accurately in the arc-
heater. Calculations have been carried out for following two sets of experimental data, data of 
the 20MW Aerodynamic Heating Facility(AHF) and 60MW Interaction Heating Facility(IHF) 
at NASA Ames Research Center. After the calculation, basic performance parameters, that is, 
the voltage between electrodes, mass averaged enthalpy at the nozzle throat, pressure in the 
cathode chamber, and the heater efficiency are compared with the experimental data. Mass-
averaged enthalpy and efficiency are defined as follows. 
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The dimensions of the arc-heater are obtained from reference 7. The dimensions of 
constrictor and nozzle throat are directly obtained, but the geometry of electrode chambers is 
unknown, so it is obtained by using a computer program which digitizes points of scanned 
grid images. The AFH arc-heater has a constrictor diameter of 0.06m and length of 2.3m. The 
nozzle throat diameter is 0.038m. And the IFH arc-heater has a constrictor diameter of 0.08m, 
length of 3.9m and nozzle throat of 0.0603m. The computation grids which are scaled up to 
10 times in radial direction are shown in Figure 4. 
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Figure 4: Grid systems 

3.1 Comparison with AHF data 
The AHF can operate with either a 20MW constricted arc-heater or a Hules arc-heater. 

Most of the testing in the AHF is done by using the segmented arc heater because of its high 
enthalpy performance, low stream contamination, and long history of repeatable operation. 
The constricted arc-heater operates at pressure from 1 to 9 atm and enthalpy levels from 1 to 
33 MJ/kg.  

Recently, Hightower et al. performed a series of arc-jet tests in the AHF by the energy 
balance method.13 Sakai et al. computed those flows by using ARCFLO3 code and compared 
their results with Hightower’s experimental data.7 In Sakai’s study, ARCFLO3 code solved 
the mixture of air and small amount of argon by using a three-band radiation model and an 
algebraic turbulence model. 

In this study, the comparison between computation and experiment is made for the AHF 
arc-heater like Sakai’s study. The computed results for voltage, mass-averaged enthalpy, 
chamber pressure and efficiency are compared with experiments. The data are presented for 
the case of I=1600A and 2000A, respectively. And the data are plotted against the mass flow 
rate. Figure 5 shows results for I=1600A. As shown in figures, calculated results using k-ε 
turbulence model are most accurate. The computation predicts mass-averaged enthalpy and 
efficiency within the scatter of the experiment. The calculated voltage is most accurate in 
various flow conditions. And the calculated chamber pressure shows a good agreement. For 
the case of k-ω turbulence model and k-ω SST turbulence model, a qualitative trend of the 
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calculated results is similar to that of experiment, but some calculated data are slightly 
different from the experimental data. For the case of k-ω turbulence model, the computation 
overestimates mass-averaged enthalpy and efficiency over all mass flow rates. For the case of 
k-ω SST turbulence model, the computation predicts lower voltage and higher efficiency. 
Figure 6 shows results for I=2000A. The results show the same tendency as those for 
I=1600A. The computation using k-ε turbulence model predicts most accurately. Many 
calculated data are located within scattered experimental data. However, for the case of k-ω 
turbulence model and k-ω SST turbulence model, some calculated data are slightly different 
from experimental data. 
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Figure 5: Comparison between calculations and experiments for AHF (I=1600A) 

Based on the computation for AHF arc-heater, one can see that the turbulence phenomena 
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in arc-heater are very different as the turbulence models and more accurate solution can be 
obtained by improving the turbulence model. In this study, k-ε turbulence model predicts the 
flow characteristics of AHF arc-heater most accurately. 
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Figure 6: Comparison between calculations and experiments for AHF (I=2000A) 

3.2 Comparison with IHF data 
The IHF is equipped with a 60 MW constricted heater that operates at pressures from 1 to 

9 atm and enthalpy levels from 7 to 47 MJ/kg. Recently, arc-jet tests in the IHF were 
performed by Hightower et al. and the flows were computed by Sakai et al.7  

As in previous section, calculated results are compared with Sakai’s calculated data as well 
as experimental data. The results, which are plotted against mass flow rate, are presented for 
the case of I=3000A and 6000A, respectively. Figure 7 shows calculated and experimental 
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data for I=3000A. Like the results of AHF, the computation using k-ε turbulence model 
predicts voltage, mass-averaged enthalpy, chamber pressure and efficiency accurately. Most 
computed data are within the error bar for the experimental data, and only a few data are 
around error bar. For the case of k-ω turbulence model, the computation predicts voltage and 
chamber pressure accurately, but overestimates mass-averaged enthalpy and efficiency. For 
the case of k-ω SST turbulence model, the results show a fair agreement for mass-averaged 
enthalpy and chamber pressure, but a poor agreement for voltage and efficiency. Figure 8 
shows results for I=6000A. The results have the same tendency as those for I=3000A. As 
shown in figures, calculated results using k-ε turbulence model agree well with experimental 
data. However, some computations for k-ω turbulence model and k-ω SST turbulence model 
are slightly different from experiment. 
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Figure 7: Comparison between calculations and experiments for IHF (I=3000A) 
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Figure 8: Comparison between calculations and experiments for IHF (I=6000A) 

This computation, like that of the AHF arc-heater, shows that k-ε turbulence model 
describes flow in arc-heater accurately. So, combination of k-ε turbulence models and a three-
band radiation model seems to be more general than that of models used in previous codes. 

3.3 Comparison of heat transfer between radiation and turbulence 
From precious results, the computation using k-ε model shows better agreement with the 

experiment than that of other models. To find the reason, turbulence viscosity and turbulent 
heat flux are compared according to turbulence models. Figure 9 and 10 show distributions of 
turbulent viscosity and turbulent heat flux in radial direction at the constrictor end of AHF 
arc-heater. In figure 9, the calculation using k-ε model predicts the highest turbulent heat flux, 
since this turbulence model has the highest viscosity on all radial location. Therefore 
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calculated mass-averaged enthalpy and efficiency by using k-ε model become lower than 
those by using other turbulence models as shown in figure 5(b) and (d). That is, high turbulent 
heat flux at the downstream decreases mass-averaged enthalpy and efficiency. This tendency 
is shown in computation of IHF. In figure 10, the calculation using k-ε model predicts highest 
viscosity and heat flux. Therefore in figure 7(b) and (d) mass-averaged enthalpy and 
efficiency for k-ε model are lowest among calculated data for two-equation models.  
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Figure 9: Comparison between turbulence models (AHF) 
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Figure 10: Comparison between turbulence models (IHF) 

The way to increase the accuracy by enhancement of the heat flux is shown in Kim’s and 
Sakai’s study too. Kim et al. enhanced the heat transfer by introducing the additional viscosity 
and Sakai et al. made heat flux increase by using sand grain roughness model. However the 
effect of additional viscosity and roughness is not the cause of the discrepancy, because they 
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can predict flow physics accurately for only limited cases where their coefficients were tuned. 
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(b) x=L/2                                                                             (c) x=L 

Figure 11: Heat transfer mechanism in the constrictor (AHF, I=1600A, mass flow rate = 0.1 kg/s) 

3.4 Comparison of heat transfer between radiation and turbulence 
Flow characteristics in arc-heater depend on the mechanism that the heat is transferred 

from the core to the surrounding. It is known that most heat energy is transferred by the 
radiation and the turbulence. It is necessary to compare the heat absorption by the radiation 
and the turbulence to check how the turbulence has influence on the flow in arc-heater. Figure 
11 shows the heat flux along the radial direction at the beginning, the middle, and the end of 
constrictor, when the k-ε model is used. The heat absorption can be defined as the difference 
of the flux in a cell. So, the positive gradient means that the gas absorbs heat energy and the 
negative gradient means that the gas emits or loses the heat energy. In figure 11(a), the heat 
flux by the radiation is bigger than that by the turbulence. Core region gas emits much heat 
energy by the radiation, and the energy is absorbed by surrounding gas or transferred to 
constrictor wall. Figure 11(b) shows that the heat absorption and loss by the turbulence are 
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more than those by the radiation at the middle of constrictor. In comparison with the 
beginning of constrictor, the heat absorption and loss by the radiation decrease, while those by 
the turbulence increase. In figure 11(c), the heat absorption and loss by the radiation is very 
small. Most of heat absorption and loss are made by the turbulence. These figures show that 
the influence by the radiation decreases and that by the turbulence increases as the flow goes 
to rear region. As shown in figure 12, this phenomenon becomes clear as mass flow rate 
injected from the wall is increased. The figure shows that as mass flow rate is increases the 
influence by the turbulence becomes larger. 
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Figure 12: Comparison of heat flux at the wall of the arc-heater (AHF, I=1600A) 

4 CONCLUSION 
Purpose of this paper is to find generalized numerical models for accurate analysis of arc-

heater flows. Until now, some researchers successfully calculated the inner flows of a specific 
arc-heater, but could not present proper numerical models which satisfy common operating 
conditions for various arc-heaters. Many studies were mainly focused on the radiation 
modeling. Only some progress has been made in the consideration of turbulent effect. The 
turbulence model should be improved as well as radiation model for the accurate prediction. 

In this work, generalized numerical models are adopted to analysis flow accurately in 
various conditions of arc-heaters. The radiation is computed by a three-band model which 
accounts for self-absorption and is consistent with a detailed line-by-line radiation calculation. 
And the turbulence is described by two-equation turbulence models which can express the 
transport of turbulence. The flow analysis of arc heaters such as the 20MW Aerodynamic 
Heating Facility (AFH) and 60MW Interaction Heating Facility (IHF) at NASA Ames 
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Research Center has been carried out. Based on these computations, it is confirmed that k-ε 
turbulence model and three-band radiation model are appropriate to analysis more accurately 
the physics of arc-hear flow in various conditions. And the comparison of the heat flux 
between the radiation and the turbulence is performed. It shows that the influence on the heat 
transfer mechanism by the turbulence is as much as or bigger than that by the radiation. 
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