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Characterization of a Nitrogen Flow Within a Plasma
Wind Tunnel
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This article presents a comparison of numerical and measured results of a nitrogen high-enthalpy flow.
Experimental data at a first cross section are used as initial and boundary conditions for a numerical simulation
of the high-enthalpy flow, the results at a second cross section are compared with the numerical solution. The
program system employed to examine the flow consists of a Navier-Stokes flowfield solver including models to
investigate thermal and chemical nonequilibrium flows. Different measurement techniques were applied to
determine the flowfield properties. The measurements made possible the calculation of the local specific enthalpy
and mass flux distributions of the plasma plume by basic thermodynamic equations. These mass flux distributions
are compared with measurements by mass spectrometry. Special emphasis is also placed on the investigation

of the catalytic activity of different materials.

Nomenclature

molar concentration

= portion of the translational and rotational DOF
to heat capacity at constant pressure

= diffusion coefficient

energy

enthalpy

= specific enthalpy

dissociation, ionization enthalpy

= current

unit matrix

constant, defined in Eq. (1)

Boltzmann constant

forward/backward reaction rate

catalytic rate recombination constant

Lewis number

molecular mass

mass flow rate

number density

pressure

heat flux

radius of cylinder

effective radius of body

= gas constant

Schmidt number

temperature

= internal energy

velocity

= axial distance to plasma source

= radial distance to center of jet

= coupling coefficient

velocity gradient

® = recombination efficiency
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= thermal conductivity

absolute viscosity

stoichiometric number

mass fraction

density

relaxation time

= stress tensor

number for catalytic activity defined in Eq. (6)
= mole fraction

= chemical source term

il

I

il

1bscripts

= atomic

= boundary-layer edge
= electron

= fully catalytic
= rotational
stagnation point
total
translational

= vibrational

wall

= freestream
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I. Introduction

ABORATORY plasmas and high-enthalpy flows are

produced for many various applications and technolo-
gies, e.g., spraying, coating, welding, and waste treatment.
A space-related application is the simulation of the entry con-
ditions of a spacecraft entering into the Earth’s atmosphere
or into atmospheres of other celestial bodies. This topic is
divided in two basic research areas. In so-called hot shot
tunnels' or in piston shock tunnels® special emphasis is placed
on the investigation of the aerodynamic properties by repro-
ducing the characteristic Mach—Reynolds numbers relation
during the atmospheric entry. However, the test runs at these
experimental plants are limited to a few milliseconds, which
is far too short for the study of the erosion behavior of space-
craft thermal protection materials and systems (TPS).

This research area is usually performed in arc-heated wind
tunnels. Within the wind tunnels the flow is generally pro-
duced by two different kinds of plasma sources: 1) the thermal
plasma generators (TPG) or 2) magnetoplasmadynamic gen-
erators (MPG). These two types differ mainly in their accel-
eration concept.” In wind tunnels equipped with TPG.,* ° the
test gas is heated by an electric arc and usually accelerated
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through a nozzle. The two plasma wind tunnels PWK1 and
PWK?2 at the Institut fior Raumfahrtsysteme (IRS) of the Uni-
versity of Stuttgart are equipped with MPG devices, ' in which
magnetoplasmadynamic forces further accelerate the gas. All
plasma wind tunnels are connected to pumping systems at the
IRS to a roots pump system with a total suction power of
more than 300,000 m*h. This pumping system is regulated
so that the background pressure in the test chamber can be
chosen independently from the mass flow rate.

How well the tests in the wind tunnels reproduce or simulate
the real entry conditions can only be determined by comparing
the numerical predictions or the measurement data (if avail-
able) of the flight environment with the flow parameters in
the wind tunnels. Both the use of theoretical models as well
as the application of the different measurement methods for
the determination of the flow properties are handicapped and
more complicated by the character of the flow that is usually
in thermal and chemical nonequilibrium. A complete char-
acterization of such flows would require the measurement of
the number density, velocity, translational, rotational, vibra-
tional, and excitation temperatures of each present heavy
particle species and the electron temperature and density,
respectively, at every spatial position of the flow. Of course,
measurements in this detail are not possible yet. A summary
of the currently available intrusive and nonintrusive diagnostic
techniques for high enthalpy flows is given in Ref. 11. To
determine or to estimate the experimentally not accessible
parameters, the measurements have to be accompanied by
numerical or theoretical means. This allows also the calibra-
tion of the theoretical models by the available measurement
data. Moreover, since these models are similar or even iden-
tical to those used for the prediction of real re-entry flows, it
is possible to obtain an experimentally qualified numerical
code for the calculation of flows in thermal and chemical
nonequilibrium.

Thus, to qualify different measurement techniques, to dem-
onstrate the reliability of the re-entry simulation in the PWK
environment, and to test and calibrate theoretical methods,
an extensive experimental survey was performed at the IRS.
The description of the experimental methods may be found
in Refs. 10, 13, and 14, and most of the obtained results for
this program are published in Ref. 12.

This article mainly addresses the comparison of a Navier—
Stokes calculation including thermal and chemical nonequi-
librium with the measurements and a brief summary of the
proceeding to obtain the local specific enthalpy and mass flux
distributions. Only some selected and additional experimental
results will be presented here, e.g., mass spectrometry and a
first investigation about the catalytic activity of different ma-
terials.

For numerical investigation the high-enthalpy [low solver
HEFLOS is used as a three-dimensional axisymmetric pro-
gram system. HEFLOS was developed for calculations of
magnetoplasmadynamic thrusters,'s with ionized argon as an
ideal gas flowfield. A nonequilibrium air chemistry is intro-
duced for the plasma wind-tunnel applications.'® This pro-
gram system is based on the finite volume code NSFLEX!'"-!#
using MUSCL-type flux difference splitting. For the pure ni-
trogen flow calculations the Navier—Stokes flowfield solver
is extended by the nitrogen species conservation equations,
a vibrational and an electron energy equation. The chemical
source term of the species conservation equations is calculated
by the Park model.!”-2! In accordance with this model a step
towards thermal nonequilibrium is taken by distinguishing
between the heavy particle translational temperature, as-
sumed to be equal to the rotational temperature, and the
electron and vibrational temperatures, which are calculated
separately by two additional energy equations. Thus, the flow-
field in the plasma wind tunnel is calculated in thermal and
chemical nonequilibrium where a suitable three-temperature
model for the source terms is utilized.
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Fig. 1 Total pressure and heat flux vs axial position (stat.: stationary,
trans.: transient.

II. Test Conditions and Measurements

As a first step a pure nitrogen plasma flow was chosen in
order to keep the complexity of the flow easier to grasp and
to simulate the conditions that result in a maximum calculated
temperature at the leading edge for a re-entry vehicle like
HERMES.>? The parameters for the flight environment are,
altitude 81.3 km, a velocity of 7452 m/s that corresponds to
a specific freestream enthalpy of 28 MJ/kg, a specific mass
flow rate of 0.117 kg/(m?s), and a total pressure of 4 mbar.

Because these conditions are not directly adjustable within
the plasma wind tunnel, an interpolation procedure was nec-
essary to obtain the values for the current, mass flux, ambient
pressure, and the distance to the plasma source. The directly
adjustable parameters that were obtained after this procedure
are, total mass flux of 1.33 g/s or 63.8 sl/min nitrogen, current
of 750 A, and ambient pressure of 2.9 mbar. At these con-
ditions the necessary total electrical power input is about 38
kW with an efficiency of the plasma source of about 68%,
resulting in a mean specific enthalpy of 19.3 MJ/kg at the exit
of the nozzle. The required simulation conditions were ap-
proximately met at a distance of x = 300 mm. This position
x = 300 mm was then chosen as the second cross section of
the program. A first cross section that should be used as initial
or boundary condition was fixed at a position of x = 50 mm.

Different experimental methods, e.g., pitot pressure, heat
flux and electrostatic probes, mass spectrometry and Fabry—
Perot interferometry, were then applied to determine the
flowfield properties at the two specified cross sections and
their axial development. As an example the total pressure
depending on the axial distance to the plasma source and the
results of the heat flux measurements with different catalytic
materials as probe inserts are shown in Fig. 1. The dependence
of the heat flux upon the catalytic activity of the material will
be discussed in more detail in Sec. I'V.

III. Calculations of the Local Specific Enthalpies and
Mass Fluxes

The mean enthalpy at the plasma source exit of 19.3 MJ/
kg results from a local distribution of the specific enthalpy.
Additionally, the average value at a certain cross section as
well as the distribution of the specific enthalpy depend on the
axial position. A method to investigate the local specific en-
thalpy in the freestream plasma flow is given by the theory
of heat transfer. Two methods will be described briefly as
follows:

A. First Method

Pope, Vojvodich, and Marvin>-2¢ approximated a rela-
tionship between the fully catalytic heating rate and the en-
thalpy for a frozen freestream flow as

4. = K(pidRew)" Rigre ¢}
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h,.. may be assumed to be equal to the freestream enthalpy
Ry and R 1s an effective probe nose radius given by’
R, = 2.9R,, for a cylindrical probe with radius R.,,. Although
the copper surface of the heat flux probes has a high recom-
bination efficiency, it may not be considered fully catalytic
with respect to the recombination of the atoms. Goulard®
and Pope?* derived a theory that allows the estimation of the
ratio of the heating rate at a partially catalytic surface to the
equivalent heating rate at a fully catalytic surface. This ratio
depends on the local freestream enthalpy. This method was
used here to calculate the equivalent fully catalytic heat flux
from the measured heat flux on the copper probe.

With the known pressure distribution (Fig. 1) it is possible
to calculate the local specific enthalpy with Eq. (1). Addi-
tionally, it is possible to determine a mean specific enthalpy
by integrating the local enthalpy distribution. The average
enthalpy at the first cross section is calculated to be 21.5 MJ/
kg, which compares quite well with the mean enthalpy de-
termined at the plasma source exit by measurement (19.3 MJ/
kg). On the other hand, the mean value at the second cross
section (x = 300 mm) of 7.6 MJ/kg indicates losses of specific
energy of the plasma flow, which is mainly caused by the
entrainment of ambient gas. The radiation losses are esti-
mated to be less than 5%. The engulfment of ambient gas
will increase the total mass flow of the jet and therefore de-
crease the specific energy. The ratio of the energy losses by
this effect will be about 2.4. Therefore, the total mass flux
rate at the position x = 300 mm should be about 3.2 g/s. The
maximum specific enthalpy calculated with Eq. (1) is 85.9 MJ/
kgatx = 50 mm and 26.6 MJ/kg at x = 300 mm, respectively,
at the center of the jet.

B. Second Method

The relationship used in the theory derived by Fay and
Riddell* to determine the local specific enthalpy is more de-
tailed. They suggested a correlation equation that represented
best their numerical integration of the heat flux on a fully
catalytic wall (see also Ref. 30):

Gre = 0.937(pri/ppr) (Bo ) (i — h)  (2)

Because of the chemical and thermodynamic nonequilib-
rium of the flow, the values for the average molecular mass
for the gas mixture and the ratio of the specific heats are not
known exactly. They can only be calculated if the local specific
enthalpy is already determined. Thus, the necessary data for
p.. and p, are not known. Therefore, Eq. (1) was used to
obtain a first approximation of the local specific enthalpy
distribution. With the obtained values for the specific enthalpy
the species mass fractions were then calculated. Finally, the
extended theory of heat transfer [Eq. (2)] was used to check
the enthalpy values determined before. A comparison of the
results of both methods is shown in Fig. 2 for an axial profile.
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Fig. 2 Local specific enthalpy distribution.

The values obtained with Eq. (2) correspond very well to
those calculated with Eq. (1). The maximum enthalpies de-
termined with this method are 83.4 MJ/kg at x = 50 mm and
25.3 MJ/kg at x = 300 mm, respectively, at the center of the
jet. The distributions obtained with Eq. (2) can also be in-
tegrated yielding average specific enthalpies of 20.2 MJ/kg at
x = 50 mm and 7.1 MJ/kg at x = 300 mm. Again, both values
are similar to those calculated with Eq. (1), and the value at
the first cross section agrees very well with the measured
quantity of 19.3 MJ/kg at the plasma source exit.

C. Local Mass Flux

Knowing the local enthalpy, the species concentrations of
the nitrogen plasma (assumed to consist of the species N, ,N,
N+ and e~) can be calculated with the energy equation, if
the heavy particle temperature, velocity, ambient pressure,
and electron density and temperature are measured or known. 2
The main assumptions for this calculation are 1) the ambient
pressure is equal to the static pressure, 2) quasineutrality—
density of the ions is equal to the electron density, 3) only
single ionized atomic nitrogen is considered, and 4) mixture
of ideal gases with two temperatures (T, = Tiuns = o Tois
= TL)

The energy conservation equation may then be written as

h =4l +c¢

e = 3 v L T Ein T &+ S (3)

With the calculated values for the local specific enthalpy,
the measured ambient pressure and the measured distribu-
tions for the velocity, electron density and temperature, and
heavy particle temperature, it is now possible to calculate the
local species mass and mole fractions of the pure nitrogen
plasma flow. Detailed results for the species number densities
will be presented in comparison with numerical values in Sec.
VI. The multiplication of the species number densities with
their velocity and mass yields local specific mass fluxes of the
species.

At the position x = 50 mm, the mole fraction of dissociated
nitrogen is calculated to be about 60% and the fraction of the
ions is nearly 20%. With increasing distance the ionized frac-
tion becomes smaller, reaching a value of only 0.17%, while
the dissociation mole fraction is about 68% at x = 300 mm.
This is a very important result for the assessment of material
tests, which are performed typically at such positions or even
further downstream.

Another very interesting value is the total specific mass flux
at the center of the jet at the position x = 300 mm. This value
is determined to be about 0.128 kg/(m?s), which is only 9.4%
higher than the required value of 0.117 kg/(m?s). Thus, all
required simulation parameters (local specific enthalpy, total
pressure, and local specific mass flux) were reproduced si-
multaneously within the PWK-~IRS.

A verification of the obtained mole fractions is possible by
integrating the total specific mass flux over the plasma jet
diameter. This integration yields for the inflow cross section
a mass flow rate of 1.29 g/s, which compares very well to the
mass flux fed through the plasma source (1.33 g/s). The cal-
culated mass flux at the outflow cross section is about 3.14 g/
s, which is 2.36 times the input mass flux and which corre-
sponds very well to the loss of the average specific enthalpy
of the plasma flow due to the suction of ambient gas (about
2.4).

The mole fractions were also determined experimentally
by mass spectrometry. Because of the sensitivity of the mass
spectrometer concerning high thermal loads, the measure-
ments were carried out only at x = 300 mm. A correction
factor concerning the recombinations of atoms due to the
orifice dimensions is applied to the data. Results are shown
in Fig. 3 in addition to the mole fractions calculated with Eq.
(3). The comparison shows a very good agreement. The as-
sumption that only N *-ions (and no NS -ions) are present in
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the jet is verified with the mass spectrometer. The analysis
of the residual gas inside the wind tunnel showed also a small
amount of 1.1% O, in the center of the jet, and about 2.4%
outside of the jet.

Additional verification of these results is possible by ap-
plying the Bernoulli equation for compressible flows to cal-
culate the total pressure and comparing it to the measured.
Basically, Bernoulli’s equation for compressible flows reads:

(pdp) + u, + 3} = (p.lp.) + u, + 12 4)

A comparison of the calculated to the measured pressure
as axial profile is shown in Fig. 4. The agreement with the
measured data is good (within 10%). Deviations may occur
because of the high sensitivity of the presented method to
small inaccuracies in the determination of the freestream ve-
locity. On the other hand, because of the small portion of the
kinetic energy to the total energy of the flow, the velocity has
only minor influence for the determination of the mole frac-
tions with the energy conservation equation [Eq. (3)].

IV. Effects of Different Surface Catalytic Activity

The method described briefly in Sec. III, also known as
heat flux method,!'-** has the uncertainty that the catalytic
recombination efficiency of the surface of the heat flux probe
must be known for the calculation of an equivalent fully cat-
alytic heat flux. In addition, the effective radius R, must be
determined analytically or by experiment. Although the factor
R./R., = 2.9 (Refs. 27 and 28) used within this program
resulted in a good approximation of the specific enthalpy, it
is not certain whether it is applicable generally. In Ref. 25

this factor was found to be about 2.3, in Ref. 11 it is given
as 1.85, the results of Ref. 28, however, give higher values
ranging from 2.9 to 3.7.

In the present case of a pure nitrogen plasma and with the
performed measurements these uncertainties can be avoided
by solving simultaneously the Bernoulli equation [Eq. (4)],
the energy equation [Eq. (3)], and the heat transfer relation
according to Fay and Riddell [Eq. (2)] or any other heat
transfer theory. This method will be introduced here for the
discussion of the effects of different surface catalytic activity
on the heat flux transferred to a body exposed to the plasma
flow. The procedure is as follows (see also Fig. 5): for a given
specific enthalpy (x axis in Fig. 5), and with the measured
electron density, the neutral species concentrations of the flow
are calculated with Eq. (3). Then, with the obtained results,
the measured heat flux, and a varying ratio of ¢/g, the specific
enthalpy according to the heat transfer theory, i.e., Eq. (2),
is determined. The quotient of this calculated to the given
specific enthalpy is depicted as y axis in Fig. 5. Finally, the
total pressure is calculated with Eq. (4) and the ratio to the
measured pressure is also depicted as y axis in Fig. 5. The
solution for the specific enthalpy as well as the quotient ¢/,
is then given as the point of intersection of the total pressure
curve with the straight line &, /h = 1.

Figure 5 shows the result for the stationary copper probe
at a distance of x = 50 mm to the plasma source. The ratio
q/q,. is found to be 0.782, corresponding well with the esti-
mated value used for the calculation in Eq. (1). The specific
enthalpy is 81.5 MJ/kg [for comparison i = 85.9 MJ/kg with
Eq. (1)]. Figure 6 depicts the result for a thoriated tungsten
probe at a distance of x = 300 mm. Here, the solution is
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Fig. 5 Determination of the specific enthalpy and the ratio ¢/¢,. for
the stationary copper probe at the position x = 50 mm, y = 0 mm.
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Table 1 Comparison of the measured and the theoretical heat flux ratios

Axial (9/G1) care.
Surface T,, k¢ k.0 position, h,. Eqs. (5)
material Yr K m/s m/s mm Ml/kg and (6) (9G4 e
Cu, stationary cooled 0.059 320 10.3, Ref. 23 10.2 300 27.4 0.71 0.70
—_ E— —_ 9.5 250 29.6 0.71 0.69
—_— _ —_— 10.7 200 34.8 0.72 0.73
R _— —_— 12.0 150 40.8 0.75 0.79
—_— e _— 9.5 100 56.5 0.73 0.73
— o 8.5 50 81.5 0.82 0.78
Cu. transient 0.10 500 22.0, Ref. 33 23.0 300 27.4 0.76 0.77
e _ 24.0 200 34.8 0.78 0.80
W. (thoriated) transient 0.0087 400 B —— 1.7 300 27.4 _ 0.42
0.010 430 e 2.1 250 29.6 —_— 0.44
0.014 500 —_— 3.0 200 34.8 —— 0.47
0.016 530 3.6 150 40.8 —_— 0.59
Ag, transient 0.046 500 10.0, Ref. 23 10.2 300 27.4 0.66 0.68
—_ 500 10.2 250 29.6 0.64 0.65
——— 500 —_— 10.3 200 34.8 0.65 0.66
0.045 600 —_— 10.6 150 40.8 _ 0.68
SiC. transient 0.0041 500 _ 0.9 300 27.4 _ 0.37
SiC, stationary 0.0054 1438 —_— 2 300 27.4 e 0.36

“From literature. "From pressure measurements.

found at an enthalpy of 27.4 MJ/kg [Eq. (1): h = 26.6 MJ/
kg]. This figure clarifies also the limits of the presented method.
With the estimated error of about 5% for the total pressure
measurements,'? this would result in a possible error of the
specific enthalpy of about 30%. Therefore, an accurate pres-
sure measurement is required for the confident calculation of
the parameters. The presented method also fails if the de-
pendence of the dynamic pressure on the specific enthalpy is
low, e.g., at low enthalpies outside of the center of the plasma
flow.

The ratio of the heating rate at a partially catalytic surface
to the heating rate at a fully catalytic surface can also be
evaluated theoretically.>® If it is assumed that all investigated
metallic surfaces are fully catalytic for ions and that the ionic
recombination produces only atoms, g/q,. may be written as

94 _ 1 - Le (& + & )(n/h.) a-¢ ()
Gre L+ (Le = D& + &u)(nih.)
where ¢ is given by the equation

¢ = {U[1 + (0.47V2Bu,.p./Scp, k. )]} (6)

The Lewis number is assumed for simplification as Le = 1
for both, neutral particles and ions, in the following, and .,
and p,,, the viscosity and the density at the stagnation point
outside of the boundary-layer edge, are assumed to be equal
to the freestream values for the present subsonic flow case.
The catalytic rate recombination constant may be calculated
from the wall recombination efficiency vy, as**

k, = ye(RT,2mM ;)" @)

However, the wall recombination efficiency defined as a ratio
of atoms recombining on a surface to the total number of
atoms striking the surface is not a constant, but may vary,
e.g., with the wall temperature. Table 1 lists some results
obtained with the different catalytic probes and compares the
determined heat flux ratios with the theoretical ones according
to Eq. (5). Results are only presented for the test points where
at least four measurements were performed. The reproduci-
bility of these measurements was within 5%. If a value for
k.. was available from the literature it is marked with the
corresponding reference number. For comparison, this value
is also calculated from the present measurements. The copper
and tungsten probes show a higher dependence of the catalytic

recombination efficiency on the surface temperature than sil-
ver. A value for the catalytic rate of pure tungsten is given
in Ref. 25 with k,. = 0.3 m/s at 350 K. However, the thoriated
tungsten (W + 2% ThO.,) used here was expected to have a
slightly higher recombination efficiency, as shown also with
the performed measurements. The catalytic rate for silver
from Ref. 25 is given for a surface temperature of 350 K.
With this value the heat flux ratio at a surface temperature
of 500 K was only slightly underestimated. The increase of
the surface temperature for the silver probe has therefore
only minor effects on the catalytic recombination efficiency,
as it is also shown by the measurements at 600 K. The tests
with the SiC probe in the stationary mode were performed
with the typical material support system used at the IRS for
tests of fiber-reinforced ceramic materials. The surface tem-
perature was measured with a high accuracy pyrometer and
the resulting radiation heat flux is increased by 30% to include
heat flux losses to the support system. It should be mentioned
that the erosion of the SiC probe during this test of 20 min
was negligible.

The measured values compare generally well with the the-
oretical ones. Therefore, if the catalytic recombination effi-
ciency of the different materials is known exactly, the de-
scribed method could also be used for the determination of
other flowfield properties, e.g., gas temperature® or velocity.
For materials with unknown recombination efficiency, how-
ever, this method can be used to determine it. In the case of
an air plasma flow, materials with different catalytic behavior
with respect to the recombination of nitrogen and oxygen
atoms could be used for the determination of the atomic oxy-
gen and nitrogen mass flux (e.g., Ag0).>*2

Finally, Fig. 7 shows the variation of the heat transfer rate
parameter with the total enthalpy for the nitrogen plasma
flow and a comparison with values from the literature ?-%3-3
This figure clarifies again the influence of the surface tem-
perature, surface material, and effective probe radius. The
measurements of Ref. 33 were performed at a surface tem-
perature of 1000 K, resulting in a higher heat transfer rate.
The results from Ref. 23 indicate that the heat transfer rate
is increasing with decreasing effective radius. However, the
results obtained at the IRS do not fit exactly in this prediction
concerning the value of the effective radius. The difference
could be explained by different surface temperatures (IRS:
cold wall, stationary, Ref. 23 transient measurements) and
by the different test facilities. In the MPG facility of the IRS
the portion of the dissociation enthalpy to the total enthalpy
in the freestream may be higher than in the arc-heated facility
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used in Ref. 23. Nevertheless, taking into account that the
catalytic rate constants are given with an error bar of 30—
50%, the agreement is quite good.

V. Numerical Model

The nonequilibrium nitrogen flow that was heated by an
electrical discharge is calculated starting with the measure-
ment data of the inflow cross section (x = 50 mm). For the
calculation it is furthermore assumed that the flow is axisym-
metric, that the static pressure is constant throughout the
whole computational domain, and that no arc current is pres-
ent anymore beyond this first cross section.

The numerical mode] presented in this section was devel-
oped for calculations of an axisymmetric high-enthalpy flow.
The governing equations are used to describe the viscous
nitrogen flow in thermal and chemical nonequilibrium. Three
different temperatures are considered in the nitrogen flow:
1) heavy particle, 2) electron, and 3) vibrational temperature.
The extension of the method to include air as fluid medium
is straightforward and has already been done. Since the ion-
ization is not negligible for the problem presented in this
article, it is necessary to solve also the electron energy equa-
tion. Due to the exchange of vibrational energy, this conser-
vation equation has also to be included. The complete set of
equations that is necessary to describe generally nonequilib-
rium plasma flows is the following:

Total mass conservation:
0t Vpu =0 @®)
° v =
af TP
Momentum conservation:
J 5 -
apv—Fva@v:V(—pl-l-fr) )
Total energy conservation:

vibV Tvih

%E + V(Hyw = V(30) + VAVT + VA

5
+ VAVT, + V > HDVy,

(10)
i=1
Species conservation (in molar concentrations c,):
9+ v + v L oy (11)
-G v = w; — Vi,
at ! ! M,

Vibrational energy conservation:

d
a Eu + VE v = VALVT,, + VE;,D Vi, + oDy,

vib

+ Evih(T) — Evih(Tvih) + % Evih(Tc) — Evib(Tvih)
N2 M, Te—N2

(12)

The last two terms on the right side of this equation rep-
resent Landau—Teller type coupling of the vibrational tem-
perature to the heavy particle and electron temperature, re-
spectively.

Electron energy conservation:
3 4
v (5 ncchv> + Vgr = —p Vo + 2, mnua (T — T.)
i=1

5
- 2 o h. + VI kT.D.IY,
_ _Ih Evih(Tc) _ Evih(Tvih)

Mc Te—N2

(13)

The second term on the right side denotes the coupling of
the electron temperature to the heavy particle temperature,
the third term represents the reaction losses due to ionization
processes.

The Yos model** was used for the transport coefficients.
Mass diffusion is implemented in the appropriate equations,
while thermal and pressure diffusion are neglected. Radiation
losses are not considered since these losses are very small
compared to other energy transport mechanisms. Due to the
special importance for the modeling of the chemical and ther-
mal nonequilibrium, the chemical kinetic model to determine
the chemical source term will be described in more detail in
the following:

A. Chemical Model

The modeling of the chemical kinetics is based on the air
model of Park.!”-2! Again, since the results presented here
are for nitrogen, only the reduced chemical reaction system
of these species is presented. However, the complete air sys-
tem is now implemented at the IRS and is presently validated.
For nitrogen, the following reactions have been considered:

Dissociation reactions:

N, + NN+ N+ N (14)



428 FASOULAS ET AL.

N, + NN + N + N, (15)
N, + N*© N + N + N* (16)
N, + Nf © N + N+ N/ 17)
N,+eoN+N+e (18)

Charge exchange reaction:
N, + N*©N + NS (19)
Associative ionization:
N+ N&NS +e (20)
Electron impact ionization:
N + e N* + 2¢ @2n
The chemical production rate of a species i is modeled as

m

w; = 21 (v — v (k/'f H el — ky, n C:‘/;}.> (22)
j= i i

The sum extends over all participating reactions m. This
equation represents a coupled and stiff system of differential
equations. An adequate time step procedure has been de-
veloped for this production term.

The forward &, and backward reaction rates k,, are imple-
mented in accordance with the thermal nonequilibrium model.
Park’s model as given in Ref. 20 was chosen and improve-
ments outlined in Ref. 21 are implemented. The equilibrium
constants are taken from Ref. 19. The reaction coefficients
are given in the usual form, i.e., for the forward coefficient

k; = CTu,e~TaT (23)

where T, ,is the controlling temperature of the reaction under
consideration; itcanbe T, T, T,,or T, = \V/TT,

The rate constant for the backward reactions is determined
using the equilibrium constant K:

k(T
= KT, @)

The temperature T, is the controlling temperature of the
backward reaction. Park gives the equilibrium constants K as
a polynomial of third order of the logarithm of temperature:

K(T,,) = exp(A, + A, 1. Z + A Z + A Z% + AZY)
(25)

where the variable Z is defined as Z = 10,000/T, ,. The values
of the used coefficients A,— A5 may be found in Refs. 19-21.

B. Solution of the Equation Systems

The equation system Eqs. (8-13) is divided in three parts
and solved in the following sequence: 1) flowfield code [Eqs.
(8-10)], 2) chemical and vibrational energy code [Egs. (11)
and (12)], and 3) electron energy code [Eq. (13)].

For the calculation of the high-enthalpy flow, the electron
energy, the vibrational energy, the nonequilibrium chemical
reactions, and the flowfield codes are correlated to determine
flowfield, electron temperature, vibrational temperature, and
the species density distributions of nitrogen. These three codes
are connected in the following manner: For a given flowfield,
the electron temperature and, hence, the chemical compo-
sition including the vibrational energy equation is determined.
With these results, in the next iteration step, the flowfield

equations are integrated. This new flowfield and the new
distribution of the electron temperature are taken to calculate
the new chemical properties and the new vibrational tem-
perature distribution, etc. These sequences are repeated until
the calculated values, such as flowfield, chemical, vibrational
temperature, and electron temperature distribution reach nu-
merical equilibrium. The flowfield was calculated until the
residuals were decreased more than five orders of magnitude.
For the other components of the computational system the
same criterion was chosen as a determination of a converged
solution.

The nonlinear, elliptical, partial differential equation [Eq.
(13)] is solved with a finite difference method. The discreti-
zation yields a nonlinear equation that is iteratively solved
with a modified Gauss—Seidel algorithm. The nonlinear, hy-
perbolic, partial differential equations for the flowfield [Egs.
(8—10)] are solved with a finite volume method. Here, the
NSFLEX code'”** is used, modified for an inhomogeneous
state. The equations that represent the chemical reactions
[Eq. (11)] and the vibrational energy equation [Eq. (12)] are
solved with an explicit MacCormack predictor-corrector al-
gorithm.

All equations used for the iteratively solved high-enthalpy
flow are coupled completely by corresponding source terms
which correlate the different physical processes and their cor-
responding conservation equations to one another. The fact
that the conservation equations are solved by three individual
solution procedures does not reduce the coupling intensity
among the different equations, it represents only a solution
and program developing strategy. These individual solution
procedures enable an easier and faster implementation of
different physical processes. With an individual procedure the
calculation and the boundary conditions can be adjusted ex-
actly for various problems. Finally, different types of differ-
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ential equations require different suitable solution proce-
dures.

VI. Comparison Measurement-Calculation

For the numerical simulation of the nitrogen plasma flow
a data set based on the experimental results at the inflow cross
section (x = 50 mm) is used as the starting parameter, except
the vibrational temperature and the number density of ionized
molecules N3, which are extrapolated backwards from the
flow. The flow is considered to be axisymmetric. Two grids
were used for the calculation consisting of 33 X 27 and 63 X
51 grid points, respectively, in the axial x and radial y direc-
tion. The influence of the grid refinement on the obtained
results and the convergence of the solution was negligible.
The flowfield [Egs. (8—10)] was calculated with a finite vol-
ume solver in the center of the grid cells, whereas all other
properties of the nonequilibrium flow [Egs. (11-13)] were
calculated with finite difference solvers on the grid nods. The
corresponding coupling values were determined by interpo-
lation. As boundary conditions at the outer edge of the jet
and the outflow cross section the pressure is set to a constant
value of 2.9 mbar. All other values are extrapolated normally
to the boundary. At the symmetry axis all values are reflected,
except the electron and vibrational temperature, which are
extrapolated to the symmetry axis as a boundary line of the
finite difference grid.

Figure 8 shows the heavy particle temperature and Fig. 9
shows the electron temperature at the two cross sections,
respectively. The numerical results for the first cross section
(x = 50 mm) are the interpolation of the cell center values
of a finite volume calculation, and so these values represent
already an average value of the first cell close behind the
inflow cross section. The calculated electron temperature at
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Fig. 11 Velocity vs axial position in the center of the plasma plume.

the 300 mm cross section shows good agreement with the
measured values in the center of the jet, while a higher dis-
crepancy is noted with increasing radial distance. The heavy
particle temperature shows generally a higher difference.
However, this temperature was only measured at the position
in the center of the jet (y = 0 mm), and the distribution is
calculated with the obtained ratio to the electron temperature.
The calculated value at y = 0 mm is within the error bar
given by the electrostatic crossed probe measurements (T =
5150 K + 2200 K). In the center of the jet the vibrational
temperature is calculated to be close to the electron temper-
ature. Thus, the estimation made in Sec. III (T, = T,) is
partially valid as shown by these results, especially at positions
of interest for material tests. With increasing distance from
the center, the vibrational temperature tends more to the
heavy particle temperature.

Figure 10 depicts the velocity distributions at the two cross
sections, Fig. 11 shows the axial development, and Fig. 12
the calculated velocity distribution as vector map. The agree-
ment with the measured values is quite good, although the
calculated velocity is slightly underpredicted behind the inflow
cross section, whereas it is overpredicted downstream. This
could be most likely explained by too high viscosity for the
high-temperature parameter range and by too low effective
viscosity further downstream because of the turbulent en-
trainment that was not taken into consideration yet. Figure
12 clarifies that the effective flow diameter is increasing down-
stream as shown also by the measurements.

Additionally, to the given number densities for N, N,, and
e (Sec. III), a small amount of ionized molecules is taken into
account, thus, allowing the use of the complete chemical equa-
tion set. Of course, electrical quasineutrality is respected.

Figure 13 shows the number densities at the two investi-
gated cross sections, and Fig. 14 shows the axial distribution.
Generally, the agreement is qualitatively and quantitatively
good. The calculated total number density at a distance of
300 mm is slightly lower than the measured one. This is caused
by the higher temperature encountered in the calculation as
shown already in Fig. 8. The latter influences also the electron
number density that is higher in the calculation. Figures 13

o= : > S o

180 200
X [mm]
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jet.

and 14 clarify also the limits of the method used to determine
the local number densities from the performed measurements.
If the mole fraction of atomic or molecular nitrogen is low
(<3-4%) their portion to the total energy of the flow is low,
too. Therefore, the determination of the corresponding num-
ber density is very sensitive and not accurate, as may be seen
from the results for the molecular number density at small
distances to the plasma source.

The total mass flux ratio of the outflow to the inflow cross
section is calculated to about 1.8, for comparison, the mea-
surements give a higher value of 2.4. This difference could
be caused by the turbulent character of the flow that was
neglected in the numerical simulation. However, the Jocal
Reynolds number on the symmetry axis at the 50 mm position
is only about 100 (related to the local jet diameter), increasing
with the axial position to about 250 at the 300 mm cross
section. Therefore, the contribution of the turbulence to the
total viscosity is small. Other influences are given by small
inaccuracies in the determination of the velocity, especially
for the radial component that was not available from the
measurements and by the calculation of the viscosity with the
Yos model.* Therefore, verification with other viscosity and
turbulence models is desirable.

VII. Summary and Conclusions

A nitrogen high-enthalpy plasma flow within a plasma wind
tunnel, which is neither in thermal nor in chemical equilib-
rium, was the subject of an experimental and numerical in-
vestigation at the Institut fiir Raumfahrtsysteme of the Uni-
versity of Stuttgart. Measurements along the plasma axis were
performed to determine the stagnation pressure, heat flux,
velocity, electron density, and temperature of the flowfield.
Two cross sections were selected for measurements of radial
distributions. With the obtained data it was possible to cal-
culate the local specific enthalpies, mass fluxes, and number
densities of molecular, atomic, and ionized nitrogen. A com-
parison of the mole fractions obtained with this method with
mass spectrometry measurements showed a very good agree-
ment.

The integration of the local mass flux distributions shows
that the flow is entraining and accelerating the ambient gas,
and thus lowering the specific energy. The total mass flux at
the second cross section is about 2.4 times the flux through
the plasma source, and, corresponding to this, the mean spe-
cific enthalpy is only about 40% of the value at the plasma
source exit. This turbulent entrainment of ambient gas will
be the subject of further experimental and numerical inves-
tigations.

Measurements with different catalytic probes clearly showed
the influence of the surface material and surface temperature
on the heat flux transferred to the body. For example, at a

distance of x = 300 mm to the plasma source, the heat flux
on a SiC probe is only about half the heat flux to a copper
body.

The determination of the species number densities, the tem-
peratures, and velocities gave the possibility to validate the
numerical method used at the IRS for the calculation of non-
equilibrium high-enthalpy flows. Taking the experimental re-
sults at x = 50 mm as initial and inflow boundary conditions,
the flowfield was calculated with a Navier—-Stokes code. This
code was developed and tested in order to gain a more pro-
found understanding of the fundamental processes occurring
in high-enthalpy flows like plasma wind tunnels or hypersonic
expansion nozzles. The code system was implemented for
airflow. For the present investigation the code system was
reduced to a pure nitrogen flow, including nonequilibrium
chemistry and vibrational and electron energy equations. The
nonequilibrium chemistry model includes also the ionized ni-
trogen species. The electron temperature has a strong effect
on the transport properties in the ionized region. Therefore,
models for the transport properties of nitrogen and air were
developed and investigated. With respect to the physical com-
plexity of the problem the agreement of the measured and
calculated results is good.

Therefore, with this test program it is shown that the IRS
plasma wind-tunnel conditions can be evaluated in a manner
that they can be used for the validation of nonequilibrium
high-enthalpy codes.

Further investigation of these test conditions is planned with
nonintrusive measurement techniques, i.e., emission spec-
troscopy and Fabry—Perot interferometry. Additionally, the
numerical calculation of the plasma source to obtain and com-
pare the local mass fluxes at the first cross section and the
consideration of a turbulence model are in preparation.

The extension to an air plasma flow will then be the next
experimental and computational iteration step of this research
program.
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