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Experimental and Theoretical Study
of a Low-Pressure Axisymmetric Arcjet

J.N. Le Toulouzan,* G. Gouesbet,t R. Darrigo,J and A. Berlemont§
Institut National des Sciences Appliquees, Rouen, France

An experimental study of a helium plasma axisymmetric arcjet has been conducted. The laminar and com-
pressible He jet flows in a low-pressure (p = 130 Pa), ambient-temperature, helium gas at rest. Pressure
measurements using static and differential pressure probes were carried out. The temperature is measured at one
point from the analysis of the Boltzmann equilibrium between rotation levels. A numerical integration of the jet
governing equations leads to the prediction of the pressure, temperature, and velocity fields. A modified version
of the TEACH-L computer program is used. The comparison between predictions and experiments is very
satisfactory.

I. Introduction

T HE plasma under examination in this study is a helium
axisymmetric arcjet flowing in a low-pressure, ambient-

temperature helium at rest. The experimental measurements
concern pressure data obtained with a (differential) pressure
probe, and the gas temperature at a single point deduced by
analyzing the Boltzmann equilibrium between rotation levels.
Special care was taken in the interpretation of pressure probe
measurements to take into account the influence of thermal,
viscous, and rarefaction effects.1"5 Ideally, direct velocity
measurements should have been obtained, and there were two
possible techniques for this. The determination of Doppler
shift in emission spectra6"9 was not attempted because it re-
quired high-spectroscopy techniques that were not readily
available in the laboratory. Laser-Doppler anemometry
(LDA)10"16 was attempted but was not successful, although
some data had been produced in a previous investigation17 of
a low-pressure, high-temperature situation.

This is one of the reasons why the jet parameter profiles
were predicted by numerical integration of the governing
equations (Navier-Stokes, continuity, and energy). The dissi-
pation of mechanical energy into heat, usually neglected, is
taken into account in this paper. These predictions were found
to be in good agreement with the experimental results for dif-
ferential pressures.

Despite the problem involved in obtaining a complete
description of the flow, there is nevertheless a general interest
in jet computations, especially under plasma conditions.18"24

II. The Plasma Torch
The plasma is a 6-kW helium laminar arc produced between

an anode and a cathode and blown out of a nozzle. The helium
specification is He U (fewer than 50-ppm impurities). The gas-
injection volume flow rate is equal to 20 1/mn and kept con-
stant within 1%. The diameter of the nozzle exit is </>^ = 20
mm. The arc voltage is 25 V, ±0.2%, and the arc current 250
A, ±2%.

The axisymmetric flow is blown into a low-pressure
chamber where the static pressure is equal to 130 Pa and kept
constant within 3%. The chamber is equipped with two win-
dows for optical investigations, which also enable us to verify
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the correct running of the plasma. The low pressure is ob-
tained by means of a pumping group resting on a concrete
block isolated from the ground by antivibration supports and
linked to the test chamber by a metallic expansion joint. The
test chamber also rests on a concrete block with antivibration
supports. More details are given by Le Toulouzan.25

III. Measurements
Pressure Measurements

Let pl and p2 be the static pressures on both sides of the
impact-pressure probe shock wave, respectively, upstream and
downstream of the flow, and let p02 be the impact pressure
downstream from the shock-wave front. We measure a dif-
ferential pressure Ap equal to the difference between the im-
pact pressure p02 given by the impact probe and the static
pressure P! given by a static-pressure probe, located in the test
chamber, outside the jet:

The double pressure probe for differential pressure Ap
measurements is an optoelectronic device described in Fig. 1.
There are three main parts: a Mylar film, an optical reflection
detector (HEDS 1000, Hewlett Packard), and a quartz tube.
The Mylar membrane divides the device into two chambers,
the impact-pressure chamber and the static-pressure chamber.
The difference Ap between the impact and the static pressures
produces a deformation of the membrane that is detected by
an optoelectronic device involving the optical detector and an
electronic system.

The output signal from the electronic system is proportional
to the differential pressure Ap. Calibration is carried out
before the device is used in the plasma jet. As mentioned
before, the static pressure outside the jet (measured by a
Pirani probe) is kept constant within 3%. Furthermore, the
static pressure in the jet is assumed to be constant and equal to
the static pressure outside the jet.

The dynamic Ap range is 500 Pa, the spatial resolution
about 1 mm, and the rise time less than 4 s. The error is less
than 10-20% for Ap, depending on the location of the probe in
the jet.

A point of concern is the influence of viscous and rarefac-
tion effects,4'5 which disturb the pressure measurements.
From the described predictions,4'5 the error between the
measured impact pressure and the true impact pressure is
estimated to be at worst 10% (in the far nozzle region) and has
not been considered sufficiently important to be accounted
for.
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Principle of Gas-Temperature Measurements
The principle of gas-temperature measurements is based on

the strong coupling between translation and rotation levels of
energy, produced by collisions of the kind26'27

He5(p,v,J) + He ̂ Hef (p, *;,./- 2) + He (2)

where p, v, J represent electronic, vibration, and rotation
levels, respectively. Following Deloche et al.,26 we assume that
the gas temperature is equal to the rotational temperature of
the electronic level He2e37iy. Assuming that all the rotation
levels of any molecular species, for a given electronic level and
a given vibration level, are coupled by the Boltzmann equi-
librium, a rotational line intensity 7em is given by28

(3)

The subscripts are defined as follows: em is emission, C is a
constant, v the wavenumber of the transition, Sj the rotational
line strength of the lower level J, Fvj a correcting factor due to
vibration-rotation interactions,29'30 Er the rotational energy of
the upper level, k the Boltzmann constant, and Tr the rota-
tional temperature of the molecular kind.

We studied the ^-K~— #3£ + (0-0) He2 transitions and plot-
ted log [Iem/(v4Sj)] vs Er, where 7em is measured and v, SJ9 and
Fvj are calculated.

To determine Tr, the values of Er, the rotational line
strength Sy, and the wavenumber v must be calculated for each
/ in the transition.

The rotational energy is given by

with

, = BVJ(J+1)

Bv=Be-ae(v+V2)

(4)

(5)

where Be and cte are rotational constants corresponding to the
upper level and given by Herzberg.28

The rotational line strength Sj is deduced from Schadee ex-
pressions,31 valid for e37r~—a3E+ (0-0) He2 transitions

Pl branch: Sj = S P ( J ) =J(2J+ 1)76(27- 1) (6)

Ql branch: Sj = SQ(J)= (2J+ !)(/+ !)(/- l)/6/2 (7)

The rotation line wavenumbers and wavelengths are com-
puted with the following formulas:

vp = ̂  + (B'v - BZ) J2 - (B'v + B;) J (8)

(9)

with *>0 = 21507.3 cm"1, where B'v and B" are the rotational
constants corresponding to the upper- and lower-levels,
respectively.

The Spectroscopy Device
The spectroscopic system used to measure the line intensities

is based on a Huet monochromator with a 1.25-m focal length
spherical mirror used in a Czerny-Turner mode. This spec-
troscopy device is also described in Ref. 32. All the measure-
ment results corresponding to Sec. Ill will be given later.

IV. Numerical Predictions
Assumptions

Numerical predictions are carried out in a cylindrical coor-
dinate system r, 6, z, where the radial, tangential, and

longitudinal velocities are designated by u, v, and w, respec-
tively. The following conditions are assumed:

1) The plasma jet is steady, axisymmetric, and laminar, and
the fluid is compressible. It is a freejet flowing in a quiescent
atmosphere.

2) The ionization rate is low (~7.10~4 , according to Ref.
32). Consequently, the energies associated with recombination
processes, emitted radiation, and electric fields are neglected.

3) The fluid is a perfect gas.
4) There are no abrupt variations in the properties of the

plasma jet. Experimental results have shown that the plasma
jet undergoes a transition between supersonic and subsonic
regimes. Nevertheless, we did not observe any luminous
discontinuity in the plasma jet. This led us to assume that the
regime transition did not give rise to an abrupt shock wave but
rather to a continuous process, probably because of the large
mean free path of molecules. Consequently, the model
neglects any abrupt variations in the plasma jet properties.

5) The tangential velocity v is zero.
6) The axial derivatives are much smaller than the radial

ones.

d2u 32u
dz2 dr2

d2w d2w
dz2 dr2

(10)

(11)

Governing Equations
With the preceding assumptions, the relevant governing

equations33 reduce to
Navier-Stokes equations

(12)

(13)

d(pu)
u +dr

d(pw)
U -4-

d(pu)
w _

dz

d ( p w )w —

dp
dr

dp

d2([M)
dr2 '

a2(/xw)

d /
dr \

1
-4-

' fJLU\

.r)

dz dr2 dr

where jit is the dynamic viscosity of the fluid.
Continuity equation

d(pu) pu d(pw)
dr r dr

(14)

optical detector

mylar membrane

e = 25 um

L =50 mm

Fig. 1 Optoelectronic pitot probe.
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Energy equation

d(PCpT) td(PCpT)p ' _
3r a

(15)
where Cp is the heat capacity at constant pressure. The last
term on the right-hand side of Eq. (15) represents the dissipa-
tion of mechanical energy into heat and is usually neglected in
other works.

These equations are supplemented by an expression govern-
ing the dependence of the dynamic viscosity on temperature,
according to:34

(16)

where TQ is the temperature of the helium at rest surrounding
the jet, equal to 293 K, for which/x= 1.9614 10~5 kg-m^s'1
(Ref. 35).

Resolution of the Equation Set
The equation set is solved using a modified version of the

TEACH-L computer program from the Imperial College of
Science and Technology.36 The following points must be
mentioned:

1) The flow is assumed to be parabolic, so it exhibits a
predominant direction (without any recirculation), all dif-
fusive processes in that direction can be neglected, and the
downstream pressure field has no influence on the upstream
flow. It is thus possible for the computer program to use a
marching integration procedure, from one upstream station to
the next one downstream, and so on, the required fields, such
as velocities and pressure, being calculated at each step.
Sweeping in the z direction is not necessary.

2) The balance equations are solved by a cell finite dif-
ference scheme.

3) The algorithm SIMPLE is used for the pressure terms.37

4) The solution of the governing systems of linearized equa-
tions is obtained by the tridiagonal matrix algorithm
(TDMA).38

5) An expanding grid (in the r direction) is introduced into
the computer program (the expanding factor is equal to 0.15
or 0.21).
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Fig. 2 Radial distributions of the ratio p\/p\ + A/?: comparison be-
tween experiments and model 1.

To perform the marching procedure, inlet values are re-
quired. The inlet section for the numerical predictions, z = 0,
corresponds to the exit of the divergent nozzle.

Due to the increase in the size of the grid in the integration
domain in the z direction, the results corresponding to the
higher values are not significantly influenced by initial condi-
tions. The longitudinal inlet velocity profile is assumed to be
parabolic and the radial inlet velocity is equal to zero. The in-
let temperature profile is given by

T— T•*• -* m

(t>d/4<r<(j>d/2 (17)

Although these initial assumptions are somewhat arbitrary,
the velocity and temperature profiles are interdependent and
governed by the necessity that the mass flux conservation be
preserved. The values retained are Tmax = 1100 Ky rmin=--900
K, and a longitudinal velocity on the axis equal to 2050 m/s.

experiments
z = 145 mm

a z = 85 mm
o z = 45 mm
i z = 15 mm

5 + z = 7mm

model 2(with dissipative term)

0,5 r/z

Fig. 3 Radial distributions of the ratio p\/p\ + Ap: comparison be-
tween experiments and model 2.
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Fig. 4 Axial distribution of temperature and velocity from model 2.
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Fig. 5 Rotational line intensities Ij divided by the corresponding line
strength Sj plotted vs rotational energy.
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Fig. 6 Radial distributions of temperature and velocity from model
2.

V. Results and Discussion
The influence of the dissipative term in the energy equation

can be discussed on the basis of Figs. 2-3. Figures 2 and 3 show
the profiles \PI/(PI + A/?)] vs r/z for several values of z. Two
cases are considered: model 1, where the dissipation term is
neglected, and model 2, where it is included in the energy
equation. There is a significant difference between computed
profiles using either model 1 or model 2, showing that the
dissipative term cannot be neglected from a purely computa-
tional point of view. We conclude, however, that both models

agree (reasonably) with experiments, especially when we take
into account the experimental errors and the assumptions
present in the computation models, which also lead to model
inaccuracies. From now on however, model 2 will be used
because, as the dissipative term does exist, it is more physically
realistic.

In Fig. 3, the agreement between model 2 and experiments is
nearly perfect for z>45 mm. For z<45 mm, the difference re-
mains smaller than 30%, increasing as the nozzle exit is ap-
proached. This discrepancy is mainly attributed to the fact
that, in this region, the flow characteristics are significantly
dependent on initial conditions. In fact, the assumed inlet pro-
files are expected to be different from the true profiles.

For 80 mm <z< 150 mm (profiles 1 and 2), the agreement
between model 2 and experiments is better than 2% on the axis
and 6% on the edges. In this far region, the agreement is very
satisfactory. Initial conditions have been found to influence
these results, but although the figures should therefore be
modified, the qualitative conclusions remain the same. For in-
stance, with rmax - 1200 K and rmin = 800 K, agreement is ob-
tained within 3% on the axis and 8% on the edges.

The longitudinal profiles of the longitudinal velocity w for
r = 0 and temperature T for r = 0, taken from model 2, are
shown in Fig. 4. As mentioned, no experimental results have
been obtained for the velocities, and experimental results for
the temperatures concern only the section z= 15 mm for r = 0.
The model leads to Tr=0 (z= 15 mm) equal to ~ 1050 K, while
experiments led to 1150 ± 100 K (Fig. 5). This agreement is
very satisfactory. However, it is not that significant since it
depends on the chosen values for the inlet temperature pro-
files. From Fig. 4, it can be seen that the Mach number ranges
from 2 near the nozzle exit down to 0.7 for z~200 mm, con-
firming the passage from a supersonic to a subsonic regime as
discussed previously. Finally, radial profiles of w and T are
given in Fig. 6 at various z values.

VI. Conclusion
Measurements of pressures and of a single-point tempera-

ture have been carried out in a helium plasma axisymmetric arc-
jet flowing in a low-pressure, ambient-temperature helium
gas at rest. Pressure, temperature, and velocity profiles have
been predicted by means of a numerical integration of the
governing equations. The dissipation of mechanical energy in-
to heat, usually neglected, is taken into account. The ex-
periments and the numerical predictions compare very satis-
factorily. The conclusion is that numerical computations of
plasma quantities in low-pressure, high-velocity arcjets are
well suited to a priori predictions of plasma designs and
should become routine practice.
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