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Abstract
In this study, we developed an analytical model for the flow field in the Huels-type
arc-heated wind tunnel (L2K) of the German Aerospace Center. This flow-field model
can be used to accurately reproduce the discharge behavior in the heating section and
expansion in the nozzle section of L2K. It includes the radiation transport and turbulent
flow, as well as thermochemical nonequilibrium models, which are tightly coupled with
electric field calculations. In addition, we considered the turbulent diﬀusion model for
the mass conservation of the species and performed numerical simulations for several
cases with and without the turbulent diﬀusion model. Computations were used to
obtain the general characteristics of an arc-heated flow containing an arc discharge and
supersonic expansion. We verified that radiation and turbulence play important roles
in the transfer of heat from the high-temperature core flow to the outer cold gas in
the heating section of L2K. In addition, we performed parametric studies that involved
varying the degree of turbulent diﬀusion. The results showed that turbulent diﬀusion
has a large influence on the formation of the arc discharge in the heating section and
on the enthalpy distribution at the nozzle exit.
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blackbody function, W/m3
mass fraction
specific heat at constant pressure, J/(kg·K)
eﬀective diﬀusion coeﬃcient, m2 /s
electric charge, C, or energy per unit mass, J/kg
internal energy, J/m3 , or electric field, V/m
enthalpy, J/kg
mass-averaged enthalpy, J/kg
enthalpy of formation, J/kg
current, A, or radiation intensity, W/m3
current density, A/m2
Boltzmann constant, J/K, or turbulent kinetic energy, J/kg,
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Subscripts
b
=
ele
=
f
=
int
=
joule =
rad
=
rot
=
s
=
t
=
trs
=
vib
=

or reaction-rate coeﬃcient, m3 /(mole·s)
equilibrium constant
mass, kg
Mach number, or molecular species
number density, 1/m3
number of molecular species
number of species
pressure, N/m2
turbulent Prandtl number
heat flux, W/m2
gas constant, J/(kg·K), or, radius, m
species
internal energy-exchange rate, W/m3
Joule-heating rate, W/m3
radiation source tern, W/m3
turbulent Schmidt number
time, s
temperature, K
velocity, m/s
voltage, V
mass-production rate, kg/(m3 ·s)
coordinate, m
mole fraction
specific heat ratio
Kronecker delta
angle
characteristic temperature, K
absorption coeﬃcient, 1/m
thermal conductivity, W/(K·m), or wavelength, m
viscosity, N·s/m2
density, kg/m3
electrical conductivity, S/m
electric potential, V
relaxation parameter
solid angle

backward
electron
forward
internal
Joule heating
radiation
rotation
species
turbulent
translation
vibration
2

λ

=

wavelength

Superscripts
a
= ambipolar
con
= convection
n
= time step
rad
= radiation
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Introduction

Arc-heated wind tunnels are widely used to reproduce a high-enthalpy flow, e.g., planetary
entry environments, in ground-based facilities. Such ground-test facilities are primarily utilized in aerospace applications. In general, the arc heater of an arc-heated wind tunnel
comprises mainly a constrictor (heating section) and nozzle (expansion section). The flow
field in an arc heater is very complicated because of the Joule heating process, which is
caused by the arc discharge in the constrictor, and strong thermochemical nonequilibrium,
which is derived from supersonic expansion in the nozzle. Consequently, it is diﬃcult to simultaneously measure all the properties of the arc-heated flow with high accuracy. However,
obtaining the arc-heated flow properties such as the enthalpy, temperature, velocity, and
species concentration is important for good-quality testing using an arc-heated wind tunnel.
To date, based on the eﬀorts of many research groups, the Pitot pressure, heat flux, and
mass-averaged enthalpy of arc-heated flows have been experimentally obtained. In addition,
non-intrusive diagnostic approaches, e.g., spectroscopic analysis of the molecular band emission [1] and laser-induced fluorescence (LIF) [2–4], have been used for the arc-heated flow in
a test chamber. The emission spectra of the arc column and heat flux for the constrictor have
been measured to understand the heating behavior [5–7]. In addition, these have revealed
the distributions of the translational temperature, flow velocity, and number density.
With the recent development of high-performance computers, numerical simulations have
become eﬀective tools for investigating the mechanisms of complex flow fields in detail.
Several studies have investigated arc-heated flow properties using numerical analysis methods [8–12]. To achieve accurate predictions, it is important to construct a detailed model
of the heating process in the constrictor and the expansion phenomena in the nozzle. For
the heating process, it is desirable to couple the electric-field calculation with flow-field simulations, because the arc discharge significantly aﬀects the formation of the arc-heated flow
field. Because the expansion flow in the nozzle is excited both rotationally and vibrationally,
it is necessary to separate the rotational and vibrational temperatures from the translational
temperature. Abe et al. [8] and Takahashi et al. [13, 14] reported that the arc-heated flows
in the Kyushu University wind tunnel (KUWT), which uses a constrictor-type 20 kW arc
heater, are in strong thermochemical nonequilibrium. Moreover, their studies suggested that
turbulence plays only a minor role in the 20 kW KUWT, because it is a small-scale facility. However, in relatively large arc-heating facilities, e.g., the Japan Aerospace Exploration
Agency’s (JAXA’s) 750 kW segmented-type arc heater (JXWT) [15] and National Aeronautics and Space Administration’s (NASA) 20 MW aerodynamic heating facility (AHF) [16], it
was reported by Takahashi et al. [17] that both the turbulence and radiation are important
for the heat transfer from the high-temperature gas (i.e., arc column) to the surrounding cold
gas. Plasma flow simulations performed by Katsurayama et al. [18] and Yu et al. [19] indi3

cated that a higher-accuracy transport property model is eﬀective at accurately predicting
the discharge formation. Sahai et al. [20] carried out an unsteady three-dimensional (3D)
simulation of the arc-heating flow in NASA’s 20 MW AHF, and the dynamic process of the
discharge attachment on electrodes was captured by the simulation. These recent eﬀorts involving numerical studies mainly focused on constrictor-type and segmented-type arc-heated
wind tunnels, whereas there are currently relatively few studies on the Huels-type arc heater.
In general, the electrical energy from the arc discharge is first input into thermal energy
of test gas in the arc heater, and then rapidly transferred to chemical energy. Thus, the
chemical component of the flow enthalpy is dominant in the total enthalpy, which includes
thermal, kinetic, and pressure components. Because the turbulent diﬀusion of mass species
strongly aﬀects the chemical energy, it can be the key issue when modeling the turbulent
diﬀusion to predict the arc-heated flow.
L2K [21] in the German Aerospace Center (DLR; Deutsches Zentrum für Luft- und Raumfahrt) is one of the largest Huels-type arc-heated wind tunnels in existence, and its maximum rated electrical power is 1.4 MW. Various flow properties have been measured using
intrusive and non-intrusive techniques, and many operations have been performed, including performance tests of thermal protection systems and reduction tests of radio-frequency
blackout [22]. However, there are some uncertainties regarding the discharge structure in
the heating section and thermochemical nonequilibrium behavior in the expansion section.
To acquire good-quality data, it is important to investigate the arc discharge behavior in
the constrictor and the expansion process in the nozzle, as well as the turbulent flow behavior. Thus, the goal of this study was to develop and validate a numerical analysis model
that considered the turbulent diﬀusion for a large-scale Huels-type arc heater. In addition,
performing diagnostics on the arc-heated flow was within the scope of the study.

2

L2K Facility

L2K is one of the test legs of the Lichtbogenbeheizte Anlagen Köln (LBK) arc-heating facility
[21] in DLR, whose second test leg, L3K, is a segmented-type arc-heated wind tunnel. These
two facilities have individual test chambers, diﬀusers, and heat exchangers. Moreover, these
facilities are connected to a common vacuum pumping system and nitric oxide absorption
facility.
L2K, which is one of the Huels-type arc heaters, consists mainly of cathode and anode
hollow tubes, an inlet section, a reservoir section, a throat section, and a nozzle section. The
configuration of L2K is illustrated in Fig. 1. Hollow electrodes face each other. The test gas
is injected from the inlet between the electrode tubes. Throats with diameters of 14, 20, 25,
and 29 mm are available. Nozzles with diameters of 100, 200, and 300 mm, with a half angle
of 12◦ , are used to generate a plasma flow with a Mach number of 4–8 in the test chamber.
The gas is supplied at mass flow rates between 5 and 125 g/s. To stabilize the arc column
by inputting the magnetic field, the spin coils are located external to both electrodes. The
plasma flow in the electrode tubes is forced in the circumferential direction by the Lorentz
force that is generated by the magnetic field and motion of the charged species. The averaged
enthalpy at the nozzle exit reaches approximately 10 MJ/kg for an operating condition with a
mass flow rate of 50 g/s and reservoir pressure of 1.5 MPa in the heating section. In addition,
higher enthalpies are achievable at low mass flow rates, and the maximum operation duration
is approximately 7200 s.
The operating parameters used in the investigation are listed in Table 1. The operat4
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Figure 1: L2K configuration (all dimensions are in millimeters).
ing condition was applied in the European project Advanced Ablation Characterization and
Modelling (ABLAMOD) [23] to generate validation data for ablation models. The measured
arc voltage and reservoir pressure were approximately 720 V and 1×105 Pa under this operating condition, respectively. The flow properties were nearly homogeneous in the reservoir
because of the strong mixture. The nozzle was set up with a throat of 29 mm and an exit
diameter of 100 mm.
Table 1: Operating parameters.
Test gas
Mass flow rate, kg/s
Total temperature of gas, K
Input current, A

3

Air
36×10−3
300
750

Mathematical Models

This section describes the governing equations and models used in the present numerical
simulation approach.

3.1

Assumptions

In this paper, the following assumptions are made: (1) The flow is turbulent, steady, continuum, and axisymmetric without swirl. (2) The test gas is air. (3) The flow field is in
thermochemical nonequilibrium, and the temperature is separated into translational, rotational, vibrational, and electron temperatures. (4) Because the arc current is too small to
induce an eﬀective magnetic field, the Lorentz force, Hall current, and ion slip by the induction can be neglected. (5) Radiation is considered.

3.2

Governing Equations

The flow field is described using the Navier-Stokes (N-S) equations extended to a thermochemically nonequilibrium flow and an equation of state. The N-S equations consist of the
total mass, momentum, total energy, species mass, rotation energy, vibration energy, and
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electron energy conservations, which are expressed as follows:
∂ρ
∂
(ρuj ) = 0,
+
∂t ∂xj

(1)

[ (
)]
∂ui ∂uj
∂(ρuj )
∂
∂
2 ∂uk
µ
,
+
(ρui uj + δij p) =
+
−
δij
∂t
∂xj
∂xj
∂xj
∂xi
3 ∂xk

(2)

(
)
∂
∂Ttrs
∂Trot
∂Tvib
∂Tele
∂E
∂
[(E + p) uj ] =
λtrs
+ λrot
+ λvib
+ λele
+
∂t
∂xj
∂xj
∂xj
∂xj
∂xj
∂xj
( ns
)
(
)]
[
∑
∂
∂ui ∂uj
2 ∂uk
∂
∂Xs
ρ
+
uj µ
+
−
δij
+ Srad + Sjoule ,
+
h s Ds
∂xj
∂xj
∂xj
∂xj
∂xi
3 ∂xk
s=1
∂ρs
∂
∂
(ρs uj ) =
+
∂t
∂xj
∂xj

(
)
∂Xs
ρDs
+ ẇs ,
∂xj

(3)

(4)

∂
∂
∂Erot
+
(Erot uj ) =
∂t
∂xj
∂xj

( nm
)
(
)
∑
∂Trot
∂
∂Xs
λrot
+
ρ
hrot,s Ds
+ Sint,rot ,
∂xj
∂xj
∂xj
s=M

(5)

∂Evib
∂
∂
+
(Evib uj ) =
∂t
∂xj
∂xj

( nm
)
(
)
∑
∂Tvib
∂
∂Xs
λvib
+
ρ
hvib,s Ds
+ Sint,vib ,
∂xj
∂xj
∂xj
s=M

(6)

∂Eele
∂
∂
+
[(Eele + pele ) uj ] =
∂t
∂xj
∂xj

(
)
(
)
∂Tele
∂
∂Xele
λele
+
ρhele Dele
+ Sint,ele + Srad + Sjoule .
∂xj
∂xj
∂xj
(7)

Because the flow field is assumed to be axisymmetric without swirl, no momentum equation
was considered in the circumferential direction. Thus, the Lorentz force derived by the spin
coil, which works on the momentum in this direction, is neglected in the present model. The
total energy and electron-energy equations include a Joule-heating rate term that is related
to the flow field and electric field. In addition, both equations are related to the radiation
calculation using the radiation term. The internal energy conservation sources are coupled
with each other through the energy exchange rate terms Sint .
The equation of state is given by
p=

ns
∑

ρs Rs Ttrs + ρele Rele Tele .

(8)

s̸=ele

The total energy, E, including the translational, rotational, and vibration internal energies,
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is given by
E = Etrs + Erot + Evib + Eele +

ns
∑
s

Etrs

1
ρs ∆h0s + ρuj uj ,
2

ns
∑
3
=
ρs Rs Ttrs ,
2
s̸=ele

Erot =
Evib =

nm
∑
s=M
nm
∑
s=M

(9)
(10)

ρs Rs Trot ,

(11)

ρs Rs Θvib,s
,
exp(Θvib,s /Tvib ) − 1

(12)

3
Eele = ρele Rele Tele .
2

(13)

The transport properties, including the viscosity, thermal conductivity, and binary diffusion coeﬃcients for a gas mixture, are evaluated using Yos’ formula [24], which is based
on the first-order Chapman-Enskog approximation [25]. The collision cross sections are obtained using Gupta’s method [26]. For e-N and e-O pairs, the collision cross section models
developed by Fertig et al. [27, 28] were used. The diﬀusion coeﬃcients are expressed using the formula developed by Curtiss and Hirschfelder [29]. Ambipolar diﬀusion is assumed
for the charged species as Dsa = (1 + Tele /Ttrs ) Ds , where Ds represents the eﬀective diﬀusion coeﬃcient of the ionic species. The electrical conductivity, σ, and electron component
of the thermal conductivity, λele , are evaluated based on the third-order Chapman-Enskog
approximations [18, 19, 30] as.

σ=

λele

3e2 n2ele
2kTele

√

75n2ele k
=
8

2πkTele
mele

√

q 11 q 12
q 21 q 22
,
q 00 q 01 q 02
q 10 q 11 q 12
q 20 q 21 q 22

2πkTele
q 22
,
mele q 11 q 22 − (q 12 )2

(14)

(15)

where the q elements are calculated using the number densities and collision cross sections.
The collision cross sections used in the third-order approximation were obtained by Ghorui
et al. [31] for collision pairs of electron and charged species, and by Laricchiuta et al. [32] for
electron and neutral species.
For chemical reactions in high-temperature air, the gas is assumed to consist of 11 chemical
+
+
+
+
−
species, i.e., N2 , O2 , NO, N+
2 , O2 , NO , N, O, N , O , and e , and 49 reactions are assumed
to occur. The mass production rates, ẇs , are calculated using the forward and backward
reaction rates of the chemical reactions. The chemical reactions considered herein are listed
in Table 2. The forward reaction rate is calculated using an Arrhenius-type form as follows:
)
(
θr
nr
.
(16)
kf (Tf ) = Cr Tf exp −
Tf
The reaction-rate coeﬃcients Cr , nr , and θr are obtained from Park’s work [33]. The backward
reaction rate is obtained using the forward reaction rate and the equilibrium constant as
7

follows:
kf (Tb )
.
K eq (Tb )

kb (Tb ) =

(17)

The equilibrium constants for 48 chemical reactions (r=1–48 in Table 2) are calculated using
the curve-fit formula and parameters obtained by Park’s model [34]. For the only chargeexchange reaction between the molecular nitrogen and the ionized nitrogen (r=49 in Table
2), the curve-fit parameters are determined using Gupta’s model [26].
The thermal nonequilibrium significantly aﬀects the formation of an expansion flow in the
nozzle as a result of rarefication, which is associated with supersonic expansion. The present
analysis model introduces energy transfer between the internal energy modes: translationrotation [35], translation-vibration [36, 37], translation-electron [38–40], rotation-vibration
[41], rotation-electron [42, 43], and vibration-electron [44, 45]. In addition, the energy losses
and releases for the vibrations and rotations associated with the chemical reactions reveal
the dissociation energies for heavy particle-impact reactions. These are obtained using a
non-preferential dissociation model [40]. The electron energy loss and release due to the
electron-impact dissociation and ionization are also considered [17].

3.3

Turbulence Model

To reproduce the turbulent flow, the governing equations of the flow field are converted to
Reynolds-averaged Navier-Stokes (RANS) equations using the Favre-averaging approach. A
turbulence model is introduced to express the Reynolds stress derived in the average manner.
In this paper, the shear stress transport turbulence model 2003 version (SST2003) [46] is
adopted. Using the eddy viscosity, the transport properties in the flow-field equations are
replaced as follows: (1) µ → µ + µt , (2) λtrs → λtrs + λt , (3) Ds → Ds + Ds,t . In addition, the
3
total energy is also replaced by E → E + ρk, where k is the turbulent kinetic energy. The
2
turbulent viscosity µt is obtained by solving two transport equations for the turbulent kinetic
energy and specific dissipation rate in the SST model. The turbulent heat conductivity λt is
evaluated using the turbulent viscosity, turbulent Prandtl number P rt , and specific heat at
a constant pressure Cp , which is given by
λt =

µt Cp
.
P rt

(18)

Here, the turbulent Prandtl number P rt is set to 0.9. The turbulent diﬀusion coeﬃcients Ds,t
are calculated using the turbulent viscosity, turbulent Schmidt number Sct , total density ρ,
and mass fraction Cs by
Ds,t =

µt Cs
.
Sct ρ

(19)

The turbulent Schmidt number Sct , which depends on the fluid and flow field, normally has
a value between 0.5 and 1.

3.4

Radiation Model

The following two assumptions regarding the present radiation calculation are made: (1)
The eﬀects of scattering are negligible. (2) The radiation field is independent of time. By
8

Table 2: Chemical reactions.
r
1–6
7–10
11
12–17
18–21
22–26
27–31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Forward
N2 + M1
N2 + M2
N 2 + e−
O2 + M1
O2 + M2
NO + M3
NO + M4
NO + O
N2 + O
N+N
O+O
N+O
N + e−
O + e−
NO+ + O
O+
2 + N
O+ + NO
O+
2 + N2
O+
2 + O
NO+ + N
NO+ + O2
NO+ + O
O+ + N 2
NO+ + N
N 2 + N+

⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽
⇀
↽

Backward
N + N + M1
N + N + M2
N + N + e−
O + O + M1
O + O + M2
N + O + M3
N + O + M4
N + O2
NO + N
−
N+
2 + e
−
O+
2 + e
+
NO + e−
N+ + e− + e−
O+ + e− + e−
N + + O2
N + + O2
N + + O2
N+
2 + O2
O+ + O2
O+ + N2
O+
2 + NO
O+
2 + N
N+
2 + O
+
N2 + O
N+
2 + N
M1
M2
M3
M4

=
=
=
=

Cr
7.0 × 1021
3.0 × 1022
1.2 × 1025
2.0 × 1021
1.0 × 1022
5.0 × 1015
1.1 × 1017
8.4 × 1012
6.4 × 1017
4.4 × 107
7.1 × 102
8.8 × 108
2.5 × 1034
3.9 × 1033
1.0 × 1012
8.7 × 1013
1.4 × 105
9.9 × 1012
4.0 × 1012
3.4 × 1013
2.4 × 1013
7.2 × 1012
9.1 × 1011
7.2 × 1013
1.0 × 1012

nr
θr
-1.60 113,200
-1.60 113,200
-1.60 113,200
-1.50 59,500
-1.50 59,500
0.00 75,500
0.00 75,500
0.00 19,450
-1.00 38,400
1.50 67,500
2.70 80,600
1.00 31,900
-3.82 168,600
-3.78 158,500
0.50 77,200
0.14 28,600
1.90 26,600
0.00 40,700
-0.09 18,000
-1.08 12,800
0.41 32,600
0.29 48,600
0.36 22,800
0.00 35,500
0.50 12,200

+
+
N2 , O2 , NO, N+
2 , O2 , NO
N, O, N+ , O+
+
+
N2 , O 2 , N +
2 , O2 , NO
+
+
NO, N, O, N , O

√
3
Tf1 = √
Ttrs Trot Tvib
Tb1 = Ttrs Tele
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Tf
Tf1
Tf1
Tele
Tf1
Tf1
Tf1
Tf1
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Tele
Tele
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs

Tb
Ttrs
Ttrs
Tb1
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Tele
Tele
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs
Ttrs

considering a ray emitted from an infinitesimal element at a position to a point expressed in
terms of the one-dimensional (1D) coordinate, s, the radiative transport equation is given by
cosθ

dIλ
= κλ (Bλ − Iλ ),
ds

(20)

where Iλ , κλ , and Bλ represent the intensity, absorption coeﬃcient, and blackbody function at
wavelength λ, respectively. The absorption coeﬃcient includes the induced emission. Angle
θ is defined as the angle between the ray and axis of the 1D coordinate s. The radiative heat
flux emitted from the infinitesimal element is calculated over the entire solid angle and all
wavelengths,
∫∫
rad
q =
Iλ cosθdΩdλ.
(21)
The radiation term in Eqs. (3) and (7) are given with the radiative heat flux as follows:
Srad

∂qjrad
=
.
∂xj

(22)

Because the radiation transport equation requires two integrations in the wavelength and
spatial directions, its computational cost is too expensive to iteratively couple it with the flowfield simulation without any modeling. In this simulation, the radiation transport equation is
modeled by calculating only in the radial direction of the cylindrical coordinate system [47]. In
the present study, the three-band radiation model [12, 48] is used for wavelength integration.
The wavelength-mean absorption coeﬃcients and blackbody functions are evaluated a priori
by classifying them into one of the three bands: Planck, Rosseland, and Gray-gas groups.
The computational cost of the three-band radiation model is significantly lower than that of
the line-by-line calculation, i.e., direct calculation.

3.5

Electric Field

The electric field equation is derived from Maxwell’s equations and a generalized form of
Ohm’s law:
(
)
σ
∇ · (σ∇ϕ) = ∇ ·
∇pe .
(23)
ene
The current-density vector is calculated using the electric potential and the electron pressure:
)
(
σ
∇pele .
(24)
j = σ −∇ϕ +
ene
The electric field is defined as
E = −∇ϕ.

(25)

The Joule heating rate Sjoule is thus given by
Sjoule = j · E.
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(26)

3.6

Numerical Implementation

The governing equations of the flow field are solved using a finite-volume formulation, and
the equation system is transformed into the delta form. All the flow properties are set
at the center of a control volume. Then, the advection fluxes in the N-S equations are
calculated using the SLAU2 scheme [49] along with the MUSCL interpolation method for
high accuracy. The viscous fluxes are evaluated using the second-order central diﬀerence
method. Time integration is performed using an implicit time-marching method. For time
integration, the lower-upper symmetric Gauss-Seidel (LU-SGS) method coupled with the
point-implicit method is employed. Then, the electric-field equations are discretized using
the finite-volume formulation, and the numerical fluxes are evaluated using the second-order
central diﬀerence method. The GMRES method is used as the matrix solver for the electricfield equations, and suﬃcient convergence below a residual of 10−5 is achieved at each time
step. These numerical models are implemented in “Arcflow/Arcwave” code.

3.7

Computational Conditions

In the L2K configuration, the diameters of the throat and nozzle exit are 29 mm and 100 mm,
respectively. Figure 2 shows the computational domain of the L2K arc heater. A structured
grid system is used for the present analysis. The number of computational grids is 311 (axial)
× 75 (radial) points. The same computational domain and grid system are used for both
flow-field and electric-field simulations, but their boundary conditions are diﬀerent.

Center axis (axisymmetric)

Anode

Inlet

Cathode

Throat
Reservoir Nozzle

Nozzle exit

Figure 2: Computational domain for L2K arc-heated flow simulation.
For the flow-field simulation, the computational boundaries consist of the inflow boundary
at the inlet, outflow boundary at the nozzle exit, axisymmetric boundary on the center
axis, and wall boundaries on the electrode tubes, reservoir tube, throat section, and nozzle
section. At the inflow boundary, the flow parameters are given using the mass flow rate, total
temperature of the gas, and chemical components. The static pressure at the inflow boundary
is extrapolated from an interior point. Because air is used as the test gas, the chemical
components at the inflow are 0.765 of N2 and 0.235 of O2 in mass fractions. The nonslip
condition for the velocity and no-pressure gradient normal to the wall are imposed at the wall
boundary. At the walls, the translational, rotational, and vibrational temperatures are fixed
at 1000 K. Because the present study neglects electrode sheaths, the electron temperature is
assumed to be adiabatic at the wall. In addition, a noncatalytic (gradient free for the mass
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fraction of chemical species) wall is assumed. At the outflow boundary, the gradient-free
condition for all of the flow parameters is imposed.
For the electric-field simulation, no current is allowed to pass through the inlet, nozzle
exit, or walls except for that in the electrodes. Axisymmetric conditions along the center
axis are imposed, as well as the flow-field calculation. The following equipotential conditions
are set on the electrodes: V = 0 on the cathode and V = V0 on the anode. The arc voltage
V0 at the (n + 1)th step is determined from the input current I, total current in the flow field
I n , and voltage at the V0n nth step, as follows:
(
)
I
n
n+1
= V0 + ω
(27)
V0
− 1 V0n ,
n
I
where ω is the relaxation parameter.
The input parameters are listed in Table 1. Because the configuration of L2K is large
and this operation condition leads to a high-pressure state in the reservoir, the turbulence is
expected to be enhanced in the heating section. Thus, to realize an accurate prediction, it is
important to model and reproduce the eﬀect of the turbulent flow. However, the value of the
turbulent Schmidt number that significantly aﬀects the turbulent diﬀusion is unclear for the
arc-heated plasma flow situation. In this study, under the operating conditions, parametric
studies for diﬀerent cases were performed by setting the Schmidt numbers to 0.9, 0.7, and
0.5, along with the case involving no turbulent diﬀusion.

4
4.1

Results and Discussion
General Characteristics

The computational result of the arc-heated flow in L2K for the previously mentioned operation condition was obtained using the present analytical model. The turbulent Schmidt
number was set to 0.7, but the basic flow structure was no diﬀerent from that when using
the other values. This section discusses the plasma flow characteristics for the case where
Sct =0.7. To achieve a stable computation, a two-temperature model is used in the heating
section (x≤0 m), while the four-temperature model is used in the nozzle section (x>0 m).
In this two-temperature model, the temperature is classified as the heavy-particle temperature (translational-rotational-vibrational temperature) and electron temperature. Because
the pressure is suﬃciently high and the flow field is close to the thermal equilibrium state in
the heating section, the use of the two-temperature model is reasonable. This assumption is
also used for the other cases.
Figures 3 and 4 show the distributions of the translational temperature and Mach number
in the reservoir, throat, and nozzle sections of L2K. In addition, the distribution of the
magnitude of current density in the heating section is shown in Fig. 5. In the heating
section, the arc column near the center axis and the cold gas region are formed by the arc
discharge. Because the arc discharge is attached to the end of the cathode (x=−225 mm),
concentrating the electric current, it results in high Joule heating, and the test gas near the
cathode end wall is heated. The high-temperature gas and cold gas were aggressively mixed
in the reservoir section. In the heating section, the velocity is relatively low, and the flow is in
a subsonic state. On the other hand, the arc-heated flow rapidly expands with a decrease in
the translational temperature as a result of supersonic expansion in the nozzle section, after
passing through the throat with choking. The maximum Mach number reaches approximately
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4.3 at the nozzle exit. Because a thick boundary layer is formed near the nozzle wall, the
eﬀective cross-sectional area of the nozzle becomes small, which results in a decrease in the
Mach number at the nozzle exit compared with values based on the consideration of the area
ratios.

Figure 3: Distributions of translational temperature in reservoir, throat, and nozzle sections
with turbulent diﬀusion model of Sct =0.7.

Figure 4: Distributions of Mach number in reservoir, throat, and nozzle sections with turbulent diﬀusion model of Sct =0.7.
Axial profiles of the species mole fractions and temperatures along the center axis in L2K
are shown in Figs. 6(a) and 6(b), respectively. An arc column is formed in the heating
section between the anode and cathode tubes. The dominant chemical species are atomic
nitrogen and atomic oxygen in the heating section, which are caused by dissociation reactions.
Electron and ion species are also generated by high Joule heating, and these charged species
keep the arc discharge between the electrodes. The temperatures are almost in equilibrium,
and the plasma flow is in local thermal equilibrium in the heating section. The temperature
of the heavy particles is slightly higher than the electron temperature, and this is primarily
because of the electron energy loss due to the electron-impact dissociation and ionization.
In the present analysis model, from a viewpoint of computational cost, a relatively simple
model for the electron energy losses by the reactions is used and eﬀect of the electronically
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Figure 5: Distributions of current density in heating section with turbulent diﬀusion model
of Sct =0.7.
metastable states of atoms and molecules is neglected. In addition, the radiation source term
is considered in only the electron energy equation. However, as pointed out by Colonna
et al. [50–52] and D’Ammando et al. [53], it is desired to introduce energy loss models
considering metastable state and collisional-radiative process for more accurate prediction
of arc discharge. More detailed discussion of this issue is left to future studies. In the
reservoir, the charged species are rapidly reduced by recombination reactions as a result of a
decrease in temperature. Instead, neutral species such as N, O, and N2 become significant.
In the nozzle section, molecular nitrogen appears as one of the dominant species as a result
of recombination reactions. The temperatures rapidly decrease as a result of supersonic
expansion after inflows into the throat, being separated in the nozzle.

(a) Species mole fractions.

(b) Temperature.

Figure 6: Axial profiles of species mole fractions and temperatures along center axis with
turbulent diﬀusion model of Sct =0.7.
Enthalpy is an important parameter for arc-heated wind tunnels because a heating test
and the reproduction of planetary entry are strongly aﬀected by this value. In this paper,
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the flow enthalpy is defined as the sum of the thermal, chemical, and kinetic energies per
unit mass, and the pressure components, and is expressed by
h = etrs + erot + evib + eele +

ns
∑
s

1
p
Cs ∆h0s + ui ui + ,
2
ρ

(28)

where the summation from the first term to the fourth in the right hand side of above
equation is thermal component of the flow enthalpy. Moreover, the fifth, the sixth, and the
seventh terms are chemical, kinetic, and pressure components, respectively. Figure 7 shows
the axial profiles of the flow enthalpy along the center axis of L2K. The total enthalpy and
each component of the enthalpy are illustrated in the figure. The total enthalpy becomes high
between the electrode tubes from x=−600 to x=−200 mm because of the energy input caused
by the arc discharge. A large part of the total enthalpy is the chemical component, followed
by the thermal component. The energy derived by the arc discharge immediately adds to
the chemical energy. In the reservoir section, the enthalpies at the center axis decrease with
spatial diﬀusion in the radial direction, and they dissipate at the walls. The kinetic enthalpy
is low in the reservoir, while it increases as a result of conversion from thermal energy to
kinetic energy during the expansion in the nozzle.

Figure 7: Axial profiles of flow enthalpy along center axis with turbulent diﬀusion model of
Sct =0.7.
Figures 8(a) and 8(b) show radial profiles of the heat fluxes and translational temperature
at the heating section at x=−300 mm and the reservoir section at x=−100 mm in L2K,
respectively. The convective heat flux is obtained using the following expression:
∑
∂Trot
∂Tvib
∂Tele
∂Xs
∂Ttrs
+ λrot
+ λvib
+ λele
+ρ
h s Ds
.
∂xj
∂xj
∂xj
∂xj
∂x
j
s
ns

qjcon = λtrs

(29)

The total heat flux is defined as the sum of the convective heat flux, qjcon , and radiative heat
flux, qjrad . The radiation is generally rapidly enhanced when the electron temperature of a gas
exceeds 10,000 K. In the heating section, it is found that the radiative and convective heat
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fluxes are comparable because of the strong emission from the high-temperature region of the
arc column. With a decrease in the temperature in the cold-gas region surrounding the arc
column, the radiative heat flux decreases, while convective transfer plays a major role in the
heat transfer between the column and cold gas. The radiation becomes low in the reservoir,
because the peak temperature becomes lower than 8,000 K. Instead, the convective transfer
becomes a dominant mechanism of heat transfer in the spatial direction. In particular, the
turbulent component of the convection is large, and turbulence plays an important role in
the reservoir section. It has been shown that arc-heated flows in L2K are strongly aﬀected
by radiation and turbulence transfers, as well as in other large-scale arc-heated wind tunnels
such as the 750 kW JXWT and 20 MW AHF.

(a) Heating section (x=−300).

(b) Reservoir section (x=−100 mm).

Figure 8: Radial profiles of heat fluxes and translational temperatures with turbulent diﬀusion
model of Sct =0.7.
Collision integrals for high temperature air species interactions by Gupta [26] and Fertig
et al. [27, 28], which are widely used, are adopted in the present analysis model. However,
these models are not necessarily updated. New collision integrals models for air species for
predicting more accurate transport properties are developed [55–59]. Use of these recent
models will be one of the future works in this study.

4.2

Grid Study

To investigate the computational grids independency in the present simulations, grid studies
were performed for the cases without turbulent diﬀusion. We used fine computational grids
with 476 (axial) × 100 (radial) points. The relative error in the total enthalpy at the center
axis of the nozzle exit using the present and fine grids was within 2.2 %. This result indicates
that the present computational grids are suﬃciently converged.

4.3

Turbulent Diﬀusion

In L2K, turbulence is an important mechanism for the transfer of heat and the momentum of
the arc-heated flow in the heating and reservoir sections. In particular, by performing several
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numerical simulations, it was found that the eﬀect of the turbulent diﬀusion on the species
mass was high. Further, the turbulent Schmidt number directly aﬀects the enhancement of
the turbulent diﬀusion. This section presents the computational results obtained by changing
the turbulent Schmidt number, and these are compared.
Table 3 lists comparisons of the arc voltages (V0 ), reservoir pressure (pr ), and massaveraged enthalpy (Have ) at the nozzle exit for computation cases where the turbulent Schmidt
numbers were varied between 0.9 and 0.5, and without turbulent diﬀusion, i.e., Sct →∞. Here,
Table 3: Comparison of arc voltages.
Sct
–
0.9
0.7
0.5

V0 , V
819
808
787
699

pr , Pa
1.19×105
1.18×105
1.18×105
1.14×105

Have , MJ/kg
12.3
12.5
12.1
11.1

the arc voltage is defined as the potential drop across the anode and cathode. The reservoir
pressure is the pressure value at x=−100 mm on the center axis (y=0 mm) in the reservoir
section. Note that the pressure is almost constant in the reservoir. The mass-averaged
enthalpy is determined by the following expression:
∫
ρuhrdr
Have = ∫
,
(30)
ρurdr
where r is the radial coordinate.
The predicted arc voltages are between 819 and 699 V, while the measured voltage is
approximately 720 V. It was confirmed that the arc voltage decreases with the turbulent
Schmidt number. This means that the electrical energy input into the test gas decreases
because the electrical current is maintained at a constant value. Charged species such as N+
and e− rapidly diﬀuse in spatial directions, particularly the radial direction, considering the
turbulent diﬀusion model. This diﬀusion results in an increase in the electric conductivity of
the arc column and a change in the arc-discharge formation in the heating section.
The pressures in the reservoir section show the tendency to slightly decrease with a
decrease in the turbulent Schmidt number. The results show that the sensitivity of the
pressure is low for the turbulent diﬀusion model. The present analysis model has the tendency
to overestimate the energetic eﬃciency of the arc, and thus the pressure in the reservoir.
The mass-averaged enthalpy at the nozzle exit refers to the net energy input into the test
gas by the arc discharge. As the turbulent Schmidt number and arc voltage decrease, the
mass-averaged enthalpies also decrease. The mass-averaged enthalpy for the case of Sct =0.9
is slightly higher than that for the case without turbulent diﬀusion. This is related to the
energy dissipation at the wall. The total heat flux profiles for cases with the turbulent
diﬀusion model (Sct =0.9–0.5) and without turbulent diﬀusion on the walls are shown in Fig.
9. The peak total heat fluxes for all the cases appear on the end of the cathode and at the
inlet of the reservoir (approximately x=−225 mm). This is because there is an arc discharge
attached to this position and a high-temperature gradient in the normal direction to the wall.
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A comparison of the computed results obtained using the turbulent diﬀusion models shows
that the heat flux in the heating section decreases with the turbulent Schmidt number. In
the heating section, the radiative heat flux is found to be an important component of the
total heat flux because of the high-temperature gas in the arc column. A large decrease in
the heat flux in the heating section is attributed to a decrease in the temperature in the arc
column, which is caused by the arc voltage drop. Even though there are large discrepancies
in the heat flux on the walls between the turbulent models, it is found that those of the
mass-averaged enthalpy at the nozzle exit are small.

Figure 9: Comparison of total heat fluxes on walls with turbulent diﬀusion of turbulent
Schmidt numbers between 0.9 and 0.5, and without turbulent diﬀusion.
Figure 10 shows a comparison of the radial profiles of the total enthalpy at the nozzle exit
with turbulent diﬀusion using turbulent Schmidt numbers between 0.9 and 0.5, and without
turbulent diﬀusion. Considering the turbulent diﬀusion model, the flow enthalpy becomes
low near the center axis, and high in the outer region of the core flow. As a result, its
distribution is close to uniform in the radial direction. Actually, the peak of the enthalpy at
the core was not observed in the experiment. A primary component of the total enthalpy
in the nozzle section is chemical. Thus, the flow enthalpy at the nozzle exit is significantly
aﬀected by the turbulent diﬀusion. In the present model, the circumferential momentum was
not considered, and turbulence in that direction was neglected. However, it is possible that
the turbulent diﬀusion model also involves the swirl eﬀect produced by the magnetic field
formed by the spin coil.

4.4

Comparison with Experiment

In the experiment, Pitot pressure profiles were obtained for the 50 mm flat-faced cylinder
model exposed to the arc-heated flow in the test chamber of L2K. The measurement positions
were x=50 mm and 100 mm downstream of the nozzle exit.
To reproduce a free jet nozzle flow in the test chamber using numerical analysis, simulations of the flow field around the test model were performed. The analytical models were

18

Figure 10: Comparison of radial profile of flow enthalpy at nozzle exit with turbulent diﬀusion
using turbulent Schmidt numbers between 0.9 and 0.5, and without turbulent diﬀusion.
basically the same as those used in the arc-heated flow simulation in L2K, as previously mentioned, and the “Arcflow/Arcwave” code was used. The electrical field, radiation field, and
turbulent flow were not considered because these eﬀects were expected to be low in the test
chamber. The AUSM-DV scheme [54] was selected as the advection scheme for the flow-field
equations.
Figure 11 illustrates the computational domain and boundaries for the simulations of the
nozzle flow around the test model. The number of grids was 300 (axial) × 190 (radial) points.
At the inflow boundary, the flow parameters were given by the computational results of the
L2K arc-heated flow at the nozzle exit. The nonslip, no-pressure gradient normal to the wall
and noncatalytic conditions were imposed at the wall boundary. The wall temperature was
set to 300 K. Under ambient conditions, a static pressure of 10 Pa and temperature of 300 K
were imposed. In addition, the mass fractions under the ambient conditions were the same
as those of the air. At the outflow boundary, the gradient-free condition was imposed for all
the flow parameters. In the present numerical simulations, four cases that gave the computed
results of arc-heated flows in L2K with the turbulent Schmidt numbers of 0.9, 0.7, and 0.5,
and without turbulent diﬀusion were considered.
For comparison with Pitot pressure measurements, the frozen stagnation pressure can be
determined based on the simulation results for the nozzle flow, as in the following procedure.
First, the pressure and temperature jumps across the normal shock are evaluated by

1 + 2γ (M 2 − 1) , (M > 1)
γ+1
p21 =
(31)
1,
(otherwise)

p (γ − 1) p21 + (γ + 1) , (M > 1)
21
(γ + 1) p21 + (γ − 1)
(32)
T21 =

1,
(otherwise)
where γ and M are the frozen specific heat ratio and Mach number, respectively, which are
obtained from the simulation results. Then, the pressure increase from the post-shock layer
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Figure 11: Computational domain and boundary conditions for L2K nozzle flow around test
model in test chamber.
to stagnation is calculated by

p02


=



1+

γ−1 2
M

2

T21

γ
γ−1
.

(33)

Finally, the frozen stagnation pressure is given by
p0 = p · p21 · p02 .

(34)

Figure 12 shows the distribution of the frozen stagnation pressure around the 50 mm flatfaced test model in the L2K test chamber. For the boundary condition at the inflow boundary,
the computational result of the arc-heated flow in L2K obtained with the turbulent diﬀusion
model of Sct =0.7 is used. The two white lines in this figure are the measurement points for
the Pitot pressure in the experiment.
A comparison of the Pitot pressures obtained in the experiment and simulation is shown in
Fig. 13. From the measured Pitot pressure, it is confirmed that the core flows at x=50 and 100
mm have ranges of y=−40∼40 mm and y=−35∼35 mm, respectively. In addition, the Pitot
pressures have peaks near the edges of the core (approximately y = 38 mm and y = 32 mm),
while the pressures slightly decrease near the center axis. The computed frozen stagnation
pressures for all the cases overestimate the experimental results. This is mainly because
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Figure 12: Distribution of frozen stagnation pressure around test model in L2K test chamber
for case using turbulent diﬀusion model of Sct =0.7.
the chamber pressures are over-predicted, as mentioned earlier. Discrepancies between the
results of the experiment and simulation are improved by decreasing the turbulent Schmidt
number, i.e., enhancing the turbulent diﬀusion. In particular, the coordinate of the peak
frozen stagnation pressure moves toward the outer side. Turbulent diﬀusion results in a
smoothing of the pressure distribution in the radial direction at the nozzle exit as well as
the flow enthalpy. The results show that the turbulent diﬀusion model for mass species is
important for large-scale arc heater prediction.
In this study, the RANS model was used as the turbulence model, and was generally tuned
so that the model could appropriately reproduce a specific flow field. Thus, the prediction
performances for all the plasma flow simulations were not necessarily good. With respect to
the turbulent Schmidt number, the situation was the same. In the present study, it was shown
that varying the turbulent Schmidt number from 0.7 to 0.5 was likely to be optimum for L2K
simulations. However, for the other arc-heated wind tunnels, this value is not necessarily
eﬀective at reproducing a plasma flow field. It is possible that tuning the turbulent diﬀusion
model or using a large-eddy simulation approach will be required.
Four-temperature approach is used in prediction of the L2K arc-heated flow in the nozzle
and test chamber. However, it was pointed out by Colonna et al. [60–62] that this model
is not adequate for modeling expansion. Recently, expansion process in a nozzle has been
investigated in detail using the state-to-state approach. These models can contribute to
improve prediction performance of the arc-heated flow.
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Figure 13: Comparison of Pitot pressures measured in experiment and frozen stagnation
pressures by simulation result.

5

Conclusions

In this study, an analytical model was constructed for the arc-heated flow in L2K in the
German Aerospace Center (DLR; Deutsches Zentrum für Luft- und Raumfahrt), which is
one of the most commonly used Huels-type arc-heated wind tunnels. The thermochemical nonequilibrium, discharge behavior, radiation, and turbulence models were incorporated
in the present model. In addition, a higher-order approximation model of the transport
properties was introduced. Numerical simulations using the present analytical model were
performed for cases with turbulent diﬀusion using several turbulent Schmidt numbers and
without the turbulent diﬀusion eﬀect for species mass.
The fundamental characteristics of the arc-heated flow in L2K were obtained by performing computations. The arc discharge in the heating section and supersonic expansion in the
nozzle section in L2K were reproduced. The flow enthalpy components were investigated in
L2K, and the cascade process from electrical energy to kinetic energy by the arc discharge
was discussed. It was confirmed that radiation and turbulence are significant mechanisms in
the transfer of heat from an arc column to the outer cold gas.
By performing parametric studies involving varying the turbulent Schmidt number from
0.9 to 0.5, the eﬀects of turbulent diﬀusion on the species mass were investigated. It was found
that turbulent diﬀusion significantly aﬀects the heat dissipation on the wall in the heating
section and enthalpy distribution at the nozzle exit. However, the chamber pressure and
net energy of the gas at the nozzle exit were relatively insensitive to the turbulence Schmidt
numbers. Pitot pressure profiles measured in the test chamber in L2K were compared with
the results obtained from the present numerical simulation based on a frozen stagnation
pressure theory. The predicted pressure profiles were improved when the turbulent diﬀusion
for the species mass was enhanced. The results showed that modeling the turbulent diﬀusion
is important for large-scale arc-heated wind tunnels.
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In practice, arc discharge is an unsteady process at high frequencies, and the impact of arc
rotation on the heating is not well known. The results obtained in the present study showed
that the analytical model still overestimates the electrical eﬃciency of the arc and pressure.
The reasons may include a negligible circumferential momentum and swirl eﬀect, and radiation in the axial direction, in addition to the complicated arc discharge behavior. Additional
eﬀorts are required to appropriately model these eﬀects to realize further improvement in the
reproduction of actual arc-heated flows, which can be performed using simulations supported
by dedicated measurements with advanced diagnostics. However, it was also concluded that
there has been good progress because of the identification of the turbulent diﬀusion.
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