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Introduction
N order to simulate the flow conditions around a space

. vehicle during its hypersonic atmospheric re-entry, a low
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pressure arc jet is used to create high temperature and high
speed flow.1 It is important to know trie physical and chemical
conditions of the flow in this jet. The temperatures are im-
portant physical parameters to evaluate the degree of simu-
lation of this ground device and to calculate specific chemical
rates and transport coefficients. The temperatures are about
a few thousands of degrees. We need to design accurate and
nonintrusive diagnostics for high temperature measurements
in these flow conditions.

In the low pressure arc jet, the plasma is not expected to
be in thermal equilibrium. To obtain the jet temperature, gas
flow can be excited with a high energy electron beam in order
to observe the re-emitted light. This technique can be used
for nonionized gas flow.? Because plasma jets are luminous,
it is not necessary to excite the flow. In these conditions it is
possible to determine plasma vibrational distributions and
rotational temperatures from optical emission spectroscopy
(t)ES).3 Using high resolution spectrpscopy, Bacri and Lagreca4

have measured rotational temperatures in an atmospheric ni-
trogen arc. Using the same technique Blackwell et al.5 have
evaluated temperature in a sfipck layer. They have used a low
resolution mpnochromator and have recorded mainly vibra-
tional spectra without rotational resolution. This paper pre-
sents a new attempt for optical emission spectrpscopy meas-
urement of temperature from high resolution spectra in a low
pressure arc,

Experiment
The nitrogen arc jet is produced in the Aerothermique

Laboratory SRI wind tunnel (Fig. 1). The plasma is produced,
with a vortex stabilized dc arc, between a thoriated 2% tung-
sten cathode and a copper anode used as a nozzle. Typical
flow conditions are: arc discharge current from 50-150 A;
gas flow rate from 5^-15 liters/min (Q. 1-0,3 g/s); static pres-
sure from 0.1-10 Ton; velocity from 20QO-5QOO m/s. In order
to investigate ^xial and longitudinal profiles, the plasma gen-
erator can be moved on a Cartesian axis. The plasma jet is
stationary (several tens of hours) and large (length « 1 m and
diameter « 0.5 m at a pressure of 13.3 Pa). The light emitted
from the plasma, observed through a fused silica window, is
focused by the fused silica lens on the entrance slit of a 150*
cm focal length monochromator (Sopra). A 1200 lines/mm
grating was used in this monochromator. In order to increase
the signal over noise ratio, an optical chopper (300 Hz) mod-
ulated the light beam. The photomultiplier (Hamamatsu R928)
output signal was; detected by a lock-in amplifier (NF Elec-
tronics Instruments 5610B), tuned on the chopper modulation
frequency, and connected to a microcomputer.

In this paper measurements are presented on the first neg-
ative system of nitrogen: N2+(£22M, v' = 0) -* N2

+(^2Eg, v"
= 0). This band, observed in the plasma jet, is also emitted
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Fig. 1 Schematic of apparatus used for rotational temperature meas-
urements.
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Fig. 2 Experimental spectra for arc discharge current of 100 A: a)
at jc = 0; b) at x - 40 cm.

in flowing afterglows, and gives what is called the "pink af-
terglow."6 Figure 2 presents spectra recorded at the nozzle
exit jc = 0, and 40 cm downstream, respectively.

Calculated Spectra
The experimental spectrum is very sensitive to the mon-

ochromator resolution. In order to fit the rotational temper-
ature, we compute spectra for several monochromator reso-
lutions and rotational temperatures.

The intensity of an emitted rotational line is given by
B V , J ' ( J ' + -l)hc\

kTK
= D(/')exp -

where Bv. is the calculated rotational constant of the v' upper
level and D ( J ' ) is a spectroscopical function taking into ac-
count the transition probabilities and the partition function.7

The rotational spectrum involves high rotational levels. Then
the wavelength of each rotational line is calculated from the
vibrational fitted constants of the upper and lower levels.8
The whole spectrum is the sum of the rotational lines of the
ro-vibrational band v' - v". Each line presents a Doppler
profile due to the translational temperature supposed to be
in equilibrium with the rotational temperature. The calculated
spectrum is then convoluted with the monochromator appa-
ratus function. At low temperature, the rotational lines are
well resolved, but at high temperature, some overlapping of
R and P lines is observed. The low rotational lines do not
present such overlapping, but to resolve these lines, we need
a good resolution monochromator. A Gaussian apparatus
function of 0.018 nm midwidth is deduced from the compar-
ison between calculated and experimental spectra. The spec-
trum near the bandhead is very sensitive to the apparatus
function. In our case, this function has been determined from
the resolution of the lines .7' = 19 and 20 of the P line.8
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Fig. 3 Rotational temperature along the plasma axis, 15 1/min flow
rate, static pressure of 13.3 Pa.

12000

10000

8000

6000

4000

2000

0 40 80 120 160 200
Discharge Arc Current, A

Fig. 4 Rotational temperature at the nozzle exit as a function of the
arc generator discharge current; 15 1/min flow rate, static pressure of
13.3 Pa.

Temperature Measurement and Discussion
The measurements are performed for a gas flow rate of 15

liters/min, and a static pressure of 13.3 Pa. The rotational
temperature is deduced from comparison between experi-
mental and calculated spectra.

The axial variation of the rotational temperature is meas-
ured for an arc discharge current of 100 A. At the nozzle exit,
x = 0, (Fig. 2a), the line intensities are intense, and then the
recorded spectrum is easily analyzed. The deduced rotational
temperature is 5000 ± 500 K. For an observation far from
the nozzle exit, x - 40 cm, (Fig. 2b), the line intensities are
weak, and then the signal noise ratio limits the measurement
accuracy. Between 10 and 40 cm along the plasma axis, no
significant differences on the spectra are noted and the ro-
tational temperature is about 4000 K (Fig. 3). The effect of
arc discharge current on rotational temperature is studied at
the nozzle exit. The rotational temperature accuracy de-
creases at high temperature (above 8000 K). This is due to a
weak evolution of the calculated spectra in the studied wave-
length range for these temperatures. The spectra can be mod-
ified by rotational-vibrational interactions and also by per-
turbation of the Nt(X2I,g) and N$(A2I1U) states.9:10 We observe
the increase of rotational temperature with arc currents (Fig.
4). This effect can be explained by the increase of the power
deposed from the arc to the plasma jet.

Conclusion
The optical emission spectroscopy (OES) technique gives

an accurate, nonperturbating, real-time temperature meas-
urement, using a well-chosen instrument with a narrow ap-
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paratus function. The arc plasma jet is a versatile ground
device to simulate re-entry plasma over large temperature
ranges with high velocities. The rotational temperature has
been measured in the plasma jet wind tunnel and by changing
the electric power in the arc, the possibility to tune the tem-
peratures is demonstrated.
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Nomenclature
specific heat of the plate
mass flux
liquid latent heat
conductivity of the plate
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Q = total heat input
q" = heat flux
R = groove radius
T = temperature
U = average velocity of the liquid
a = thermal diffusivity
5 = thickness of the plate
p = density

Subscripts
I = liquid
max = maximum
w = wetting

Introduction

R ECENT developments in high-density electronic com-
ponents and two-phase heat rejection systems for space-

craft thermal control have focused attention on the problems
associated with heat transfer in the thin film region. Of par-
ticular interest are the re wetting characteristics of heated plates,
determination of the maximum heat flux a plate with a given
film thickness can sustain, and the rate at which a liquid will
rewet a surface once all of the liquid has evaporated. Several
investigations have been conducted to determine the rewet-
ting characteristics of liquid films on heated surfaces. Shires
et al.1 experimentally investigated the re wetting characteris-
tics of liquid on the outer surfaces of heated rods. Elliot and
Rose2 confirmed the experimental results of Shires et al., but
found that the wetting front velocity Uw to be independent
of the liquid flow rate. Several other researchers3-4 investi-
gated the effects of mass flux, flow quality, thermal properties
of both the cooling liquid and the heated surface, and surface
characteristics of heated surface on the rewetting rates for
both the inside and outside of circular tubes. In two separate
investigations, Ueda et al.5-6 studied the rewetting character-
istics of a falling liquid film on the surface of a hot stainless
steel tube, both theoretically and experimentally.

In addition to the investigations into the rewetting char-
acteristics of heated rods and tubes, several investigations
have been conducted to evaluate the rewetting of liquid flow-
ing over a flat plate. Bankoff7 and Orell and Bankoff8 con-
ducted analytical investigations of dryout and rewetting of
thin liquid films flowing on flat heated plates and Stroes et
al.9 experimentally investigated the heat-flux-induced dryout
and rewetting in thin films, focusing on the effects of film
thickness, flow rate, and inclination angle.

Although these investigations have provided substantial ex-
perimental data and considerable insight into the behavior of
thin films on both circular tubes and flat plates, no general
physical model exists that is capable of describing the gov-
erning phenomena or the behavior of the liquid in this region.
In order to understand better the rewetting characteristics of
liquid flowing over a heated plate with parallel grooves, a
physical model was developed and an analytical expression
for the rewetting velocity as a function of the fluid properties,
the physical geometry, and the applied heat flux was derived.

Development of the Physical Model
Although liquid flow and heat transfer on rough surfaces

is considerably more complex than flow on smooth surfaces,
one of the principal areas of interest to the designers of high-
capacity heat pipes for spacecraft applications is the rewetting
behavior of thin liquid films on heated grooved surfaces. For
this type of flow, the rewetting may be assisted or hindered
by gravity, depending upon the gravitational vector. It has
been previously shown10 that the liquid film thickness has a
significant effect on the rewetting and heat transfer charac-
teristics, however in the application of interest here—the
evaporator section of high-capacity heat pipes—the liquid
film only fills the grooves; that is, for a wetting fluid, the level
of liquid is never higher than the surface of the grooved plate,


