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Fig. 6 The time-dependent average Nusselt numbers for Re = 100,
200, and 500.

Conclusion
A numerical solution has been obtained for the problem of

transient laminar forced convection from a circular cylinder.
The governing equations expressed in the body-fitted coor-
dinates were solved numerically by the SADI method. The
SADI method was applied to increase the accuracy, simplify
the treatment of the boundary conditions, and save CPU time.
The comparisons between the present results and previous
investigation are found to be satisfactory.
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Introduction

A IR jets at low pressure and high temperature are used
to simulate some properties of the gas layer surrounding

a spacecraft while re-entering the atmospheric zone. Various
experimental setups have been developed in order to realize
these jets. Hypersonic simulations at low pressure are ob-
tained in wind tunnels1 working continuously or transient wind
tunnels, to measure force, flow, surface temperature, and
turbulence. During a re-entry, real gas effects appear between
the shock wave and the surface. It concerns especially chem-
ical, ionization, and vibrational nonequilibrium effects. Some
of these effects can be studied in air by shock tubes2"4 or by
microwave discharge techniques5-6 and by arc jets.7"10 Arc
jets can be used to obtain a stationary and large plasma jet
arc, but the main difficulty in producing arc jets in a wind

. tunnel lies in the destruction of electrodes due to the presence
of oxygen. A solution may be obtained by injecting oxygen
into the nozzle, after the arc.8-10 This paper presents a gen-
erator that produces steady plasma arc jets directly from air
for about 1 h at a pressure of 0.08 Torr. Radial profiles of
temperatures and densities measured by an electrostatic probe
are shown. Electrostatic probe method gives electron density
and electron temperature with a good spatial resolution and
a characteristic time function of the frequency of the probe
potential. Difficulties may appear in the analysis of the probe
characteristic, total current collected by the surface probe as
a function of probe potential (fluctuations, theory). Electro-
static probes have been used in different types of air plasmas.
Single-electrode Langmuir probe measurements have been
performed in air at a static pressure of 30 Torr to study the
electron attachment by the addition of small quantities of an
electrophilic gas.8 Spherical double probes6 have been used
in air plasma generated by microwaves (900 MHz) in the
pressure range 1-10 Torr. The ion density has been measured
in air shock tube at initial pressure of 0.075-1.2 Torr by a
hollow electrostatic probe at a large negative potential.5 A
thin-wire Langmuir probe2 has been used in shock tunnel
flows to determine the electron density and the electron tem-
perature to deduce the reaction rate coefficient for the re-
action NO+ + e. A set of tungsten electrostatic probes has
been tested3 in a hypersonic shock tunnel flow to perform
analyses in air. The effects of the probe length, diameter,
ratio of probe radius to Debye length, angle of attack, and
length-to-diameter ratio are studied. In an arc-heated shock
tube at initial pressures 0.1 and 1 Torr, the ion saturation
currents have been measured in air with flush electrostatic
probes.
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Experimental Apparatus
Air plasma experiments are performed in a cylindrical vac-

uum chamber (SR 5), 1.5 m long and 1 m in diameter (Fig.
1). Vacuum conditions are obtained by a pumping set pro-
viding a volume flow rate of 20,000 m3 h"1 at a pressure of
5 x 10-2 Torr.

The plasma generator uses a copper cathode with a zircon-
ium insert (Fig. 2). This insert is 1.5 mm in diameter and the
copper cathode is water-cooled. A helicoid screw forces a
rotational motion on the air around the cathode. The anode
is the neck of the copper nozzle and is also water-cooled. The
neck is 4 mm in diameter, the divergent angle of the nozzle
is 60 deg, and the anode-cathode spacing is 4 mm. Electrodes
are connected by a power supply with adjustable current. An
arc discharge is initiated by a high-frequency, high voltage (1
MHz, 4000 V) electric shock between the cathode and the
neck nozzle. The current is regulated to 100 A before starting
the arc discharge. Figure 3 shows the current-voltage char-
acteristic for an arc intensity between 35 and 130 A. In this
intensity range, the electric power varies as a linear function
f rom2 .4 to7kW(±7%) .

Electron Temperature and Electron Density
The air mass flow rate for the above test is 15 standard

liters per minute (with air, 1 standard liter per minute =
0.0215 g.s"1). The arc intensity remains constant at 100 A
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Fig. 1 Wind tunnel: a, Plasma generator; b, single electrostatic probe.
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and the static pressure in the wind tunnel is 0.08 Torr. Plasma
jets are steady, cylindrical in symmetry, and without wall
interactions. They are 50 cm maximum in diameter. The same
cathode is sufficient for 1-h experiments. The evaporated zir-
conium mass is negligible compared to the air mass injected
into the generator (10~5 in ratio).

The electron temperature and the electron density are
measured with a pulsed electrostatic probe. This probe is
made with a tungsten rod 2 mm in diameter coated with an
alumina deposited on the lateral surface. Only the flat end of
the rod is in contact with the plasma. The probe axis is per-
pendicular to the plasma flow velocity. The probe is connected
to a generator which delivers a triangular potential with a
variable frequency. For those tests, we assume a frequency
of 100 Hz. For each measurement, five probe characteristics
are superposed and converted by a digitizing oscilloscope to
obtain 1016 points. These points are then analyzed by a com-
puter. The Langmuir theory, admitting a noncollisional po-
tential sheath around the probe, is used to analyze the char-
acteristic. To determine the electron temperature, the following
relation is used:

where e is the charge of electron, k is the Boltzmann's con-
stant, V is the probe potential, and le is electron current. In
order to obtain a good estimation of Te, the slope d /;,Ie/dV
is computed by the mean square method using 30 successive
points {Vn, . . . , Vn + 29}for n - 1, . . . Electron temperature
is deduced from the value of the current at the plasma po-
tential.

Figure 4 presents a radial profile of the electron density
measured at a distance of 50 cm from the nozzle outlet. The
maximum density on the jet axis is 6.6 x 1010 cm~3. The
maximum electron temperature is about 4700 K. At a distance
of 15 cm from the jet axis, the electron temperature is about
4000 K (Fig. 5). The value of electron density obtained by
electrostatic probe method in air plasma appears to comply
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Fig. 2 Plasma generator: a, 6 mm; b, 1 mm; c9 4 mm; d, 78 mm.
Fig. 4 Radial profile of the electron density. The height is measured
from the plasma axis.
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with precedent results by hyperfrequency propagation (2.45-
5 GHz) in a boundary layer on a flat plate.

The theory associated with the noncollisional potential sheath
is justified if the energy distribution for the electrons is a
Maxwellian function, and if the shortest mean free path is
much larger than the Debye length. Exponential increase no-
ticed for the current collected by the sensitive part of the
probe leads to the assumption of a Maxwellian distribution
function for electron energy.

Using the assumption of a thermal local equilibrium be-
tween the electron temperature and the translational tem-
perature of heavy species and using the measured static pres-
sure, the ion fraction a of the plasma is evaluated from the
relation a = nekTJp. For the measurements made, the ion-
ization fraction is about 10 ~4 (4 x 10 ~4 on the axis and 10 ~4

at 15 cm from the axis) (Fig. 6). Various mean free paths
have been calculated with formulas expressing electron-ion,
electron-electron, and electron-neutral collision frequen-
cies:

Ve .(5-i) = 2.4 10-5 * ne(cm~3) * Te(eV)

ve_e(5-») = 0.85 * v e _ t

ve.n(s~l) = 4 109 */?(Torr) * (Te(eV))m

eV: electron-volt.
The electron temperature and electron density show that

the Debye length is always much shorter than the electron-
neutral mean free path, which is the shortest among the three
(Fig. 7). The assumption of a noncollisional path potential
sheath is then justified.

The described plasma generator is used to obtain ionized
air jets without using an oxygen injection into the plasma
either straight in the jet, or close to the neck of the nozzle.
The electron characteristics in density and temperature, as
well as the pressure and jet stability, make the ionized gas
obtained interesting to study for atmospheric re-entry prob-
lems. The ionic composition of jets obtained will be analyzed
by a quadripolar mass spectrometer.
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Radiative Transfer in
Multidimensional Enclosures with

Specularly Reflecting Walls
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Introduction

R ADIATION is the dominant heat transfer mechanism
in most large-scale industrial applications. The efficiency

of radiative transfer depends on the boundary conditions,
e.g., the temperature and the emissivity of the surrounding
walls, and the target where heat transfer is desired. Previous
studies1 ~3 have shown that radiative transfer is highly sensitive
to the wall emissivity.

In most heat transfer calculations, the walls are assumed
to be diffusely reflecting. In some practical applications, how-
ever, the wall reflectivity may be partially specular. Industrial
furnaces used for drying paint are an example of furnaces with
partially specular walls.

The present work studies the effect of a specular component
of reflectivity on wall radiative flux. The reflectivities, defined
as (1 - e) for an opaque surface, are segmented into diffuse
and specular components, and the Sn discrete-ordinates method
is employed to obtain solutions of the radiative transfer equa-
tion. An 54 approximation is used, since higher order ap-
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