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Analysis of the Argon Additive Influence
on a Nitrogen Arcjet Flow
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Two plasma wind tunnels for the simulation of conditions encountered by space vehicles during planetary
entry, and for the development and qualification of heat protection material, are in use at the Institute for
Space Systems. The plasma is produced by a magnetoplasmadynamic (MPD) accelerator, specially designed for
the use of gas mixtures such as N2/O2 and carbon containing gas mixtures. At high mass flow rates and low
power levels a protective gas layer of argon is produced at the anode for a N2/O2 flow. The influence of the Ar
additive on a nitrogen plasma is investigated experimentally by means of electrostatic probes, mass spectrometry,
pitot probes, and heat flux probes; and numerically with a program especially developed for the simulation of
the high enthalpy flowfield of MPD accelerators. The existing numerical code for solving the chemical reactions
within an air plasma was extended by argon/air reactions. A comparison between the experimental data set and
the numerical simulation of the plasma flow is made for a N2 and a N2/Ar plasma.

Introduction

T WO plasma wind tunnels1-2 were built at the Institut fur
Raumfahrtsysteme (IRS) of the University of Stuttgart

for the simulation of re-entry or entry conditions with high
specific enthalpies and low pressures as required for the de-
velopment of modern oxidation protected materials for the
thermal protection of spacecraft.3 The wind tunnels are con-
nected to a power supply of 6 MW and a roots pump vacuum
system with a total suction power of more than 250,000 m3/h.
The wind tunnels are equipped with a continuously operating
magnetoplasmadynamic (MPD) accelerator, designed for power
levels up to 0.5 MW and for specific enthalpies ranging from
5 MJ/kg up to more than 150 MJ/kg. The stagnation pressure
reaches from 0.1 up to 50 mbar. The maximum mass flow
rate is at the moment about 30 g/s.

The MPD accelerator RD5 used in PWK2 for experimental
investigations is shown in Fig. 1. Inert gases like N2, H2, and
Ar can be fed in along the cathode, which is made of thoriated
tungsten and is in a glowing state during operation, giving a
very low cathode erosion rate, while oxidizing and carbon
containing gases like O2 or CH4 are inserted with high radial
velocity just behind the nozzle throat. The anode, the neutral
segments of the nozzle, and the cathode support are all water
cooled.

At high mass flow rates and low power levels the current
attachment at the anode tends to be no longer diffuse with a
N-,/0-, plasma flow, due to a decrease of ions in the anode
sheath. Therefore, at the anode a rare gas layer of argon,
which can be easily ionized, is produced by tangential injec-
tion. The argon additive is essential for providing a stable
arcjet flow over several hours, and also for avoiding erosion
due to an onset of the arc at the anode, i.e., with argon
additive there is no copper and no cathode erosion material4

in the plasma jet.
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Different well known experimental methods are applicable
for the investigation of the plasma conditions.3 5~7 All probes
are mounted on a platform with four motor driven axes. Three
of these axes are linearly oriented, the fourth one provides
the possibility to rotate the probes. The moving range of the
platform is about 900 mm in x direction, i.e., distance to the
anode, 400 mm in y direction, i.e., perpendicular to the plasma
jet axis, and about ±75 mm in z direction, i.e., vertical shift
to the centerline. Due to its dimensions, the mass spectrom-
eter is only movable in x and y directions. The frame of
references (x, y, z) is shown schematically in Fig. 3.

Experimental Investigations
The chosen conditions are an ambient pressure of 1.3 mbar,

a current of 1000 A, a mass flow rate of 1.0 g/s N2 and, in
case of the N2/Ar plasma, an additional mass flow rate of 0.3
g/s Ar as anode protection gas. This leads to an average spe-
cific enthalpy at the end of the anode of about 30 MJ/kg.
Radial distributions of the pitot pressure, the local heat flux,
the electron temperature, the electron density, and the neutral
particle distribution are measured at two different axial po-
sitions, x = 260 and 330 mm for each plasma. Additionally,

cooling
water

cooling ̂
water ~*~

Fig. 1 Plasma generator RD5 used in PWK2 for experimental in-
vestigations.
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the plasma velocity and the ion composition are measured at
a few discrete points in the plasma jet.

The mass flow rate of argon is normally about 5% of the
total mass flow rate. To increase possible effects of the argon
on the N2 plasma, a higher amount, ca. 30%, of the argon
additive is used for these investigations.

The conditions were chosen so that 1) a destruction of the
probes due to harsh environmental conditions of the plasma
can be avoided, 2) pressures are high enough to be simulated
within a Navier-Stokes program, and 3) pressures are low
enough so that the mass spectrometer can be used to gain a
reliable particle distribution within the plasma.

To determine the composition of the plasma flow and the
distribution of neutral particles and ions in the plasma jet,
mass spectrometry is used.8 The mass spectrometer consists
of a quadrupole mass filter, a cylindrical mirror energy ana-
lyzer, an ion source, and a channeltron. Therefore, mass and
energy analysis of neutrals as well as positive and negative
ions is possible.9 The spectrometer's outer front dimensions
are similar to those of material probes used for material tests
in the plasma wind tunnel (PWK). It is originally used to
measure the plasma conditions in a stagnation point in front
of a material sample. The plane orifice serves for sampling
plasma particles into the spectrometer and provides for one-
staged differential pumping. It is made of tungsten with open-
ing diameters of 100 jiim down to 10 jum. The electronics are
situated 32 mm behind the opening inlet, thus avoiding re-
combination due to long paths inside the measurement device.
By means of a plasmaphysical model describing the space
charge sheath in front of a plane probe inside a plasma,10 l l

it is possible to estimate the electron temperature and charged
particle density in front of the orifice.

A correction factor due to the dimension ratio length/di-
ameter of the orifice is applied to the measured data.12 Ad-
ditionally, the increase of pressure inside the mass spectrom-
eter due to the high stagnation pressure in front of the orifice
is taken into account for the correction of the measured data.
The accuracy of the measurements is limited mainly by the
correction factors concerning the stagnation pressure and the
dimension ratio factor, because here the effects of recombi-
nation in front of the orifice are included. It is shown later
that the error is about 20% in the center of the plasma jet.
The high system pressure inside the mass spectrometer with
a 100 /tm orifice when it is placed into the center region of
the plasma jet prevents the measurement of a radial distri-
bution of the external ions. So, external ions were detected
only at a few points in the plasma jet to determine what kinds
of ions at what energies will occur.

Figures 2 and 3 depict as an example the radial distributions
of neutral particles at x = 260 mm for both cases. The dia-
grams show the corrected count rates, but the part of ionized

600-

500-

400-

Oo

300-

200-

100-

A A

N2~ Plasma
without Ar
x=260mm

A N2
X N+N+

-100 -50 0 50 100 150 200 250 300

y — Position [mm]

Fig. 2 Neutral particle distribution at x = 260 mm in a N2-plasma.
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Fig. 3 Neutral particle distribution at x = 260 mm in a N2/Ar-
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Fig. 4 Mass spectra of external ions (N +, OH + , H2O +, H3O +, NO +)
in a N2/Ar-plasma at x = 330 and y = 30 mm.

nitrogen atoms which recombined in front of or inside the
orifice is still included in the neutral nitrogen atom count rate.
Since the total count rate at each point in the distribution
(sum of all particle count rates) should be nearly constant,
the corrected data obviously have an error of some percent
(especially for N2/Ar).

Figure 4 shows a mass spectra of external ions in a N2/
Ar-plasma at x = 330 mm, y = 30 mm, and an energy of 2.8
eV. The mass peak at m = 14 is typically a N+ signal. Mass
peaks at 17, 18, and 19 amu are due to water molecules of
the ambient gas in the wind tunnel which were ionized in front
of the orifice. Ions at m — 30 are NO +-ions which are also
produced in front of the orifice. Ar + -ions at m = 40 are not
detected. Thus, only atomic nitrogen ions are produced in the
plasma freestream. Taking the measured ion energy of 2.8
eV and the orifice floating potential of 1.2 V, an ion tem-
perature of 4579 K can be calculated for this position in the
plasma jet.

The measured count rates are converted into partial pres-
sures for further use by assuming a constant static pressure
over the whole plasma jet which is equated to the sum of the
count rates.

Electrostatic probes13 are used to determine the electron
temperature, density, and the plasma velocity. An electro-
static probe consists of a cylindrical tungsten electrode, which
is placed inside a plasma and aligned with the plasma stream-
lines, while its dimensions are matched with the plasma con-
ditions such as the Debye length and the mean free path of
the ions. This method is applied to obtain a voltage-current
characteristic for different types of probes such as single, dou-
ble,14 and triple15 probes. The measurements have been car-
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ried out with all these different types of probes to improve
the reliability of the results. The accuracy of the measure-
ments depends on the kind of probe used, the pressure, and
the probe's distance to the anode. The estimated error is 10-
20% for a double probe.

For the determination of the plasma velocity, two double
probes are separated at a known distance and aligned with
the plasma flow to determine the plasma velocity by the de-
tection of the time of flight of local ion density fluctuations.16

Measurements are most reliable in the center of the plasma
jet where the plasma streamlines can be assumed to be par-
allel.

In Fig. 5 the electron temperature measured with double
probes in the N2- and the N2/Ar-plasma at x = 260 mm is
shown. The temperature is slightly higher in a pure N2-plasma
and its slope has a flatter shape.

In Fig. 6 the electron density measured with double probes
is shown for both plasmas. Here, the density is slightly higher
for the N2/Ar-plasma.

The velocity distribution is measured by time of flight probes
in the center region of the plasma jet. Additionally, it was
calculated with the total pressure and iteratively determined
by the calculation of the local specific enthalpy and mole
fractions (cf. next chapter). In Fig. 7 all distributions are
shown for the N2-plasma at x = 260 mm. The velocity dis-
tribution which was determined by the local specific enthalpy
was used for the numerical simulation. In case of argon added,
the values of the velocity are lowered by about 10%.

The dynamic or stagnation pressure of the plasma jet is
measured with a pitot probe. The probe used here has a
geometry identical to the material support system used for
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material tests. It is a cylindrical-shaped, water cooled copper
probe with an o.d. of 50 mm and an opening inlet of 17 mm
in diam. The front face edges are rounded to an aerody-
namical form.

The accuracy of the pressure measurement is estimated to
be within 5% with respect to fluctuations of the vacuum sys-
tem and of the plasma jet, deviations in reproducing the test
conditions, and the accuracy of the pressure gauge.

In Fig. 8 the total pressure distributions are shown. The
total pressure, i.e., the dynamic pressure, is clearly decreased
by around 0.2 mbar in case of argon added at the MPD ac-
celerator.

The heat flux is measured by a stationary heat flux probe.
It is a calorimetric probe which is geometrically similar to the
pitot probe. The actual probe is an insert into the front plate
of the water cooled copper device and consists of a water
cooled copper tube. The insert is thermally insulated with a
ceramic inlay from the surrounding support. The heat flux to
the probe is determined by the front side area of the insert,
the water flow rate, the temperature difference between in-
coming and outgoing water, and the heat capacity of water.

The accuracy of the method is given by the deviation of
the thermocouples used for detection of the temperatures and
by the accuracy of the water flow meter. Of course, effects
of dissociation, ionization, and catalytic reactions in front of
and at the wall of the insert will affect the measured heat flux.
Since the insert is made of copper the detected heat flux is
not the fully catalytic heat flux. The accuracy of the heat flux
measurements is about 10%.

The measured heat fluxes at the different positions in the
nitrogen and nitrogen/air plasma are shown in Fig. 9. The
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Fig. 9 Stationary heat flux distribution at x = 260 and 330 mm for
both plasmas.

heat flux to the probe is slightly higher in case of argon added
to the plasma (ca. 3-4%).

Using the measured heat flux, the surface temperature of
a material sample exposed to these plasmas with an emissivity
of 0.8 (e.g., SiC) can be estimated by the Stefan-Boltzmann
law. The calculated temperatures are 1982 K (N2) and 1995
K (N2/Ar), thus, only a small temperature difference of 10 K
is expected. Of course, the real surface temperature of the
material may be lower than the calculated temperature due
to the lower heat flux to the low catalytic SiC.

Determination of the Local Specific Enthalpy and
Mole Fractions

Any fluid in motion at high temperatures is characterized
by the specific enthalpy which contains the kinetic energy and
the chemical energy of the flow, i.e., heat transfer, velocity,
dissociation, ionization, and formation energies. A method
to investigate the local specific enthalpy in the freestream
plasma flow is given by the theory of heat transfer by
Pope,17"19 where the enthalpy can be calculated with the local
total pressure and the heat flux. The theory also takes into
account that the copper surface of the heat flux probe cannot
be assumed to be fully catalytic. Thus, the measured non-
catalytic heat flux is corrected by a factor which itself strongly
depends on the local specific enthalpy. The enthalpy distri-
butions obtained with this theory are given in Fig. 10. The
enthalpy is slightly higher for the argon case.

Knowing the local specific enthalpy, the electron temper-
ature and density, the ambient pressure, and the velocity, the
concentrations of the plasma components in case of pure ni-
trogen can be calculated by the energy equation. The basic
assumptions are, a constant static pressure over the whole
plasma jet, only singly ionized atomic nitrogen present in the
flow, a quasineutrality, i.e., the density of ions equals that of
the electrons, a thermal nonequilibrium of electron and ion
temperature of Te/Tj ~ 2, and a mixture of ideal gases where
the rotational temperature equals the translational and the
vibrational temperature equals the electron temperature. The
method is given in detail in Refs. 20 and 21.

The mole fractions are calculated for the pure nitrogen case.
They again can be compared with the measured particle dis-
tribution of the mass spectrometer. Additionally, the above
mentioned theory can be extended with argon. Since the mass
spectrometric measurements shows no significant amounts of
ionized argon, its ionization energy can be neglected in the
energy calculation, and the argon has only to be taken into
account for the evaluation of the average mole mass, the
degrees of freedom (DOF), and the heat capacity. Figure 11
depicts the calculated mole fractions ^N, ^N2, and ^FN+ for
N, N2, and N + , and the measured mass spectrometric data
at the second cross section for the N2-plasma. The particle
distributions can be said to be qualitatively the same, but
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obviously the influence of recombinations in the stagnation
point is underestimated when correcting the mass spectro-
metric data. This leads to a roughly 20% higher amount of
molecular nitrogen (and lower amount of atomic nitrogen) in
the center of the jet. Taking the measured mole fractions,
the local specific enthalpy can be recalculated with 32.15 MJ/
kg, i.e., 11% lower than that shown above (see Fig. 10).

To verify the calculations the total pressure can be recal-
culated by applying the gained data to the Bernoulli equation
of compressible flows and comparing the measured and cal-
culated total pressures. This is an iterative process where some
of the assumptions are varied. When both pressures are equal,
some more results are gained: the thermal nonequilibrium in
the center of the plasma jet can be set to Te/Tf ~ 1.9, the
Mach number in the center of the jet is —0.9, and the velocity
is lowered by about 10% of the measured values (cf. Fig. 7).

Numerical Simulation Program
For the numerical investigations, a two-dimensional, axi-

symmetric program system22-23 is used consisting of a Navier-
Stokes flowfield solver, a solution program for the electron
energy equation yielding the electron temperature, and a code
for the evaluation of the vibrational energy and the species
conservation equations. The flowfield can be calculated for
chemical and thermal nonequilibrium.

The numerical model is formulated for air as fluid medium,
the governing equations are, total mass conservation, mo-
mentum conservation, total energy conservation, species con-
servation (formulated in molar concentrations), vibrational
energy conservation, and electron energy conservation equa-
tion. The transport coefficients for the air case are described
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by the Yos model.24 Mass diffusion is implemented in the
appropriate equations, while thermal and pressure diffusion
have been neglected. The equation system is divided in three
parts, which are solved in the following sequence: 1) the flow-
field code, 2) the chemical and vibrational energy code, and
3) the electron energy code. For the calculation of the flow,
the electron energy, the vibrational energy, the nonequi-
librium chemical reactions, and the flowfield codes are cor-
related by appropriate source terms. For a given flowfield,
the electron temperature, and hence, the chemical compo-
sition including the vibrational energy equations are deter-
mined. With these results the flowfield equations are inte-
grated in the next iteration step. This new flowfield and the
new distribution of the electron temperature are taken to
calculate the new chemical properties and vibrational tem-
peratures, etc. These sequences are repeated until the cal-
culated values have reached numerical equilibrium. The non-
linear, elliptical partial differential equation of the electron
energy conservation is solved with a finite difference method.
The discretization yields a nonlinear equation which is iter-
atively solved with a modified Gauss-Seidel algorithm. The
nonlinear, hyperbolic partial differential equation for the
flowfield conservation equations is solved with a finite volume
method, which was modified for a nonequilibrium state. The
species conservation and the vibrational energy equation are
solved with an explicit MacCormack predictor-corrector al-
gorithm.25

Chemical Model
In the chemical part the Park26-27 model for air is imple-

mented. The model includes 11 different particles (N, O, N2,
NO, O2, O + , N + , O^, N^, NO + , e~) undergoing six different
kinds of reactions: dissociation due to impact with a heavy
particle or with an electron, exchange reactions, associative
ionization, electron impact ionization of atoms, and charge
transfer reactions. Thus, 47 reactions with their corresponding
reaction rates are included in the model.

This model has to be extended with 15 argon reactions,28

i.e., dissociation reactions of O2, N2, and NO, ionization re-
actions of O, N, O2, N2, and NO due to an Ar or Ar +-impact,
and charge exchange reactions were included.29~36 Since there
was no rate constant found for the recombination reaction of
N and O to NO by Ar impact, it is estimated by the function
for the backward reaction of the recombination of NO with
N of the Park model. There was only an upper limit for the
charge exchange reaction between N and Ar+ . Ionization due
to impact of an Ar atom was not found in literature. Since
impact ionization is effective only at higher energies, the rate
constants are assumed to be 1/1000 of the rate constants of
charge exchange reactions. Additionally, the electron impact
ionization and recombination rates of Ar are determined by
a gas kinetic consideration using the Ramsauer cross section,37
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Fig. 13 Rate constants of the backward reactions including Ar.

and the Gvosdover cross section,38 respectively. The rate con-
stants of the backward and forward reactions are shown in
Figs. 12 and 13.

The transport coefficients cannot be calculated within the
implemented model of Yos,24 since it yields no collision in-
tegrals for interactions with argon. Therefore, the transport
coefficients like dynamic viscosity and heat conductivity of
heavy particles—the vibrational and rotational parts—are
implemented with a Burhorn39 model. Here, the coefficients
are determined according to the mean free paths of the par-
ticles. The diffusion coefficient is calculated with a Schrade40

model where the diffusion coefficient of one component is
related to the cross section of this component with all other
particles and diffusion occurs because of a pressure gradient.
The diffusion coefficients of the air components are adjusted
to the Schrade model by multiplying them by the temperature.

Comparison of the Experimental
and Numerical Results

For the numerical simulation of the expansion and devel-
opment of the plasma freestream flow between the two cross
sections, the experimental data set at the first cross section
(260 mm) is used as the starting parameter. Then, the data
set at the second cross section (330 mm) is calculated and the
results are compared with the experimental data set gained
here.

Apart from the data shown in the figures above, a few
additional assumptions have to be made for the numerical
calculations. At first, the static pressure is assumed to be
constant throughout the whole plasma jet, i.e., 1.3 mbar.
Secondly, the temperature of the heavy particles is set equal
to the temperature of the ions, which itself is estimated by
the thermal nonequilibrium between electrons and ions of
Te/Tj ~ 2 inside the plasma flow. Outside the plasma flow,
where no experimental data exist, the data set is completed
by an exponentially decreasing function. The measured count
rates of the mass spectrometer were converted into partial
pressures by taking the static pressure and the electron density
as the value for the total particle density.

First, numerical calculations showed a high production rate
of electrons at the second cross section in case of the pure
N2-plasma where the calculated electron density increased by
a factor of 3 compared to the experiment. Therefore, the
experimentally determined electron temperature was reduced
by 15%, which is still within the error given for the electro-
static probe measurements. On the other hand, the chemical
model used for the simulation is valid up to about 12,000 K.
Higher values are extrapolated, and so this extrapolation can
induce also the inconsisterice in the data set. This effect did
not occur in case of the N2/Ar-plasma.

Figures 14-17 show the comparison between measured and
calculated electron, vibrational and heavy particle tempera-



SCHONEMANN ET AL.: NITROGEN ARCJET FLOW 471

12000.0

10000.0-i

<DQ.
E

10'

50 100 150

y-Position [mm]

200

Fig. 14 Comparison of the electron, vibrational, and translational
temperature at the second cross section in a N2-plasma.
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Fig. 15 Comparison of the particle distribution at the second cross
section in a N2-plasma.
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Fig. 16 Comparison of the electron, vibrational, and translational
temperature at the second cross section in a N2/Ar-plasma.

ture, and particle distribution at the second cross section for
both plasma flows. The electron temperature compares very
well with measured data for the N2-plasma. The normal as-
sumption of equality between electron and vibrational tem-
perature seems only to be valid in the center of the jet, in
the outer parts of the jet the vibrational temperature nearly
equals the heavy particle temperature. The particle distri-
bution is simulated qualitatively and quantitatively well for
the N2-plasma, with a N+ density which is still a little over-
predicted as explained above. In case of the N2/Ar-plasma,
the temperature distributions compare very well. For the par-
ticle distribution, the experimental and numerical data differ
by 30-40% in the center of the jet. These quantitative dif-
ferences can arise due to 1) the too high calculated vibrational
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200

Fig. 17 Comparison of the particle distribution at the second cross
section in a N2/Ar-plasma.

temperature in the center of the jet resulting in a lower dis-
sociation; 2) the lack of source terms concerning excitation
due to argon impact (the argon is accounted as molecular
nitrogen in the numerical program system up to now); 3)
ambient gases outside the plasma jet, which were not taken
into account for the numerical simulation but measured by
mass spectrometry; and 4) of course, due to systematic errors
in the measurement technique by the applied correction fac-
tors. Although the data set always contains relatively high
errors, the experimental, especially the mass spectrometric
data, and the numerical simulation give comparable distri-
butions at the second cross section.

Conclusions
The comparison between the experimental data set, which

includes the newly installed mass spectrometric particle dis-
tribution, and the numerical simulation with its extended
chemical model, yields good qualitative and quantitative
agreement. The comparison results in a validation of both the
experimental and numerical investigation methods. The newly
installed argon chemistry correctly simulates the experimental
plasma conditions, i.e., the differences to plasma conditions
without using protection gas. It is shown that the effect of the
added argon (which is essential for stable arc performance
and low anode erosion) on the plasma conditions is mea-
surable, but negligible for material tests. Further investigation
will be made concerning the limits of the chemical model used
in the numerical simulation and the improvement of mea-
surement accuracy.
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