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modification of the dissipation rate equation is required to improve
the response of the ASM to adverse pressure-gradient effects.

The second test case to be considered is the ONERA M6 wing at a
Mach number M., = 0.8447, an angle of attack @ = 5.06 deg, and a
Reynolds number Re = 11.7 x 10° based on the mean aerodynamic
chord length.!® A C—O grid used in this study has 193 x 49 x 33
points in the streamwise, normal, and spanwise directions. The min-
imum normal spacing over the wing of 0.000015 ¢, is used and a
distance from the wing to the outer boundary of at least 7.95 ¢ 1S
considered. No wind-tunnel test corrections are employed for this
case. Figure 3 shows a comparison of the computed surface pressure
distributions with the experimental data at four different spanwise
locations, 2y/B. It is clear that the shock location and the surface
pressure distributions predicted by the EASM are in good agreement
with the experimental data and similar to the results reported"” for
the Johnson—King model, which has been highly tuned for airfoil
flows. This is an encouraging result.

IV. Conclusion

A new EASM, which is derived from one of the most current
second-order closures, has been applied to two aerodynamic test
cases—one of which involves separation. The results clearly demon-
strate the potential of the new model. Such EASMs have shown
some improvement over the standard two-equation models because
of their ability to accurately account for mild nonequilibrium effects
and to give a realistic representation of the anisotropy of turbulence.
However, this improvement still is limited by the dissipation rate
equation, which fails to respond properly to adverse pressure gradi-
ents. A major research effort to correct this deficiency is currently
underway.
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Development of a Rayleigh
Scattering Measurement
System for Hypersonic
Wind-Tunnel Applications

Charles Tyler*
U.S. Air Force Wright Laboratory,
Wright—Patterson Air Force Base, Ohio 45433-7005

Introduction

AYLEIGH scattering is a nonintrusive measurement tech-

nique, which has been used successfully over the last sev-
eral years for simple reacting flows,! combustors,? and subsonic
freejets.> Recently the Rayleigh scattering technique has been ex-
tended into the supersonic regime with limited quantitative results.
Condensation and cluster formation have been found to have an ad-
verse effect on Rayleigh scatter measurements.* Various efforts in
eliminating such adverse effects and other unwanted biases, e.g.,
extraneous scattering off tunnel surfaces, have been made.

Although the construction of baffles for the elimination of stray
laser beams has been found by others to reduce background scat-
ter, such constructs do not eliminate laser glare off a model surface
completely. Recently, a dual-line Rayleigh scatter system, using the
green and yellow lines of a copper-vapor laser, has been developed
and tested by Otugen et al.’® This particular technique identifies
and eliminates surface scatter background noise. Other recent tech-
niques, which measure velocity, temperature, and density in super-
sonic and other high-speed flows, include filtered Rayleigh scatter-
ing and Raman excitation and lased-induced fluorescence imaging.’
Filtered Rayleigh scattering is an alternate way of eliminating back-
ground scattering. These techniques solve the problem of surface
scatter background noise; however, they do not address the prob-
lems associated with flow condensation.

In the past, a substantial amount of research regarding con-
densation in supercooled hypersonic flow has been performed.®®
Recently, Shirinzadeh et al.'’ performed experiments in a 15-in.
Mach 6 high-temperature facility with the results that, in the absence
of condensation, it is possible to obtain quantitative measurements
of density using Rayleigh scattering techniques.

Experiments performed in a Mach 6 high Reynolds number fa-
cility were at a lower stagnation temperature of 556 K and higher
stagnation pressures of 2.01 and 4.83 MPa. Density profiles, for a
select location on a 8-deg half-angle blunt nose cone, obtained by
Rayleigh scatter measurements were compared to computational
fluid dynamics (CFD) results.

Equipment/Facility Discussion

The Rayleigh scatter measurement system was located at the
Mach 6 high Reynolds number facility; an equipment schematic is
shown in Fig. 1. A frequency-doubled Nd: YAG pulsed laser pumps
two oscillator-amplifier, tunable dye lasers. The output from one
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Fig.1 Schematic of the Rayleigh scattering measurement system.

dye laser is blocked. The unblocked dye laser is tuned such that
the wavelength of the exit beam is 613 nm. This exit beam is then
frequency doubled using a beta-barium-borate doubling crystal re-
sulting in a beam with a wavelength of 306.5 nm. As a result of the
doubling process and optical configuration, the red beam, 613 nm,
and the uv beam, 306.5 nm, are collinear.

The beam passes through a gas reference cell containing air at
a known pressure and temperature. The reference cell provides a
means of eliminating pulse-to-pulse laser power fluctuations. Two
photomultiplier tubes (PMT) are mounted within the reference cell.
The PMTs collect red and uv scattered light, respectively, and con-
vert the light into signals, referred to as the reference signals. The
reference signal is used to normalize the sample signal in the facility
test section.

The beams passing through the reference cell are directed into
the test section through a fused-silica window. Two 90-deg turning
prisms steer the beam such that it enters the window on one side of
the test section and strikes the wall on the other side. The scattered
light from within the test cell is collected by a light collection system
consisting of a 30-cm focal length planoconvex lens, bandpass filter
and two PMTs. The angle of observation is perpendicular to the
direction of incident light. The reference and sample signals are
processed by a data acquisition computer system, which consists
of gated integrators, an A/D converter, and a 286 IBM-compatible
computer.

The Mach 6 high Reynolds number facility at Wright Laboratory
is a blowdown tunnel, which uses dried, compressed air. The air is
heated to 500-611 K by a heater bed of stainless steel balls prior to
entering the stagnation chamber. The tunnel has an axisymmetric,
31.36-cm-diam nozzle contoured to produce an uniform flow, which
has a calibrated center Mach number of 5.76 (Ref. 11). The tunnel
was operated over a range of stagnation pressures, 0.69-6.9 MPa
in increments of 0.69 MPa, at fixed stagnation temperatures, 511,

556, and 611 K. For stagnation pressures less than 4.1 MPa, the air -

exhausted from the tunnel is directed into a 2831 m® vacuum sphere;
otherwise, the tunnel is exhausted to atmosphere.

Results

The main assumption of the Rayleigh scatter measurement system
at U.S. Air Force Wright Laboratory is that Rayleigh coefficients are
proportional to air density. In other words, there is a linear relation-
ship between the air density and the intensity of the scattered light.
With this understanding, initial tests were performed in the labora-
tory. As part of a calibration process intensity measurements were
taken at an atmospheric and a very low-pressure condition; pressures
and temperatures were obtained from static probes within the test
section. Now, because intensities at two known density conditions
were obtained, a line can be drawn that shows the relation between
density and intensity. By using this relation, the surface scatter back-
ground noise can be determined and eliminated, where the slope is

L -1
M=2""1 )
P2 — P1
and surface scatter is
b=1,—M x p, )
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Fig. 2 Rayleigh scattering measurement system tracking of tunnel
density.
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Fig. 3 Rayleigh scattering measurements for various tunnel condi-
tions.

Once the calibration was completed the test section was slowly
pumped down to a very low pressure. Rayleigh scatter measurements
were performed during the evacuation process, tracking the density
of the air in the test section to its lower limit of 0.019 kg/m3, the
error in the calculated densities is less than 10%. Figure 2 illustrates
these tracking measurements.

Although large particles are absent from the flow during tun-
nel operation, higher than expected intensity signals were acquired
when the tunnel was operating at the aforementioned hypersonic
conditions. As shown in Fig. 3, the intensity of the signals diverges
from the expected measurements quite dramatically for the lower
stagnation temperatures. Even at the lowest stagnation temperature,
511 K, and the highest stagnation pressure, 6.9 MPa, condensation
of the principle components of air, nitrogen, and oxygen should not
occur; however, carbon dioxide, which exists in air as a minor com-
ponent, condenses well before the saturation of nitrogen or oxygen.
The condensation of carbon dioxide does not seriously affect the
stream properties because of the small percentage in which it exists.
However, a large number of nuclei are formed in the condensation
of carbon dioxide, which then may act as nuclei for oxygen and
nitrogen condensation. Even if the condensed carbon dioxide does
not cause the primary constituents of air to condense, the carbon
dioxide condensation particles formed still foul Rayleigh scatter
measurements.

Under the belief that the condensation particles formed by the
rapid expansion of the gas from the stagnation chamber are small
and may possibly sublimate traveling through a strong shockwave, 12
measurements were made on a §-deg half-angle blunt nose cone
installed in the Mach 6 facility. Measurements were taken on a line
perpendicular to the surface of the cone at a location of 12.7 cm back
from the tip of the nose. Figure 4 shows the comparison between
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Fig.4 Comparison of Rayleigh scattering measurements and CFD re-
sults.

Rayleigh scatter measurements and CFD results. Close to the surface
of the cone the measurements agree quite well, while farther off the
surface behind the shock wave and into the freestream it is apparent
that the Rayleigh scatter measurements are substantially higher than
expected. Although the quantitative results disagree, it is reassuring
to see that qualitatively the two techniques, Rayleigh scattering and
CFD, appear similar.

Conclusions

Extraneous surface scatter and scatter off condensation particles
create difficulties in using Rayleigh scattering as a measurement
technique in hypersonic flows. Fortunately, the surface scatter back-
ground noise can be eliminated by taking scattered intensity, read-
ings at two known density conditions, obtaining the linear relation
between density and scattered intensity, and calculating the level of
extraneous surface scatter. Further work will be performed toward
reduction and possible elimination of condensation effects hinder-
ing Rayleigh scattering measurement efforts.
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Introduction

LLIPTICAL plates are widely used as cover plates for cutouts

in structural components. The precise determination of fre-
quencies and critical compressive loads of elliptical plates involves
considerable difficulties in the integration of the fourth-order par-
tial differential equation. The fundamental frequency parameters of
elliptical plates with clamped and simply supported end conditions
are obtained by using different techniques.!:? The elastic stability
of a circular plate under compressive force N uniformly distributed
around the edge of ihe plate has been extensively investigated.? For
the case of simply supported circular plates, the critical load param-
eter A,(= Na?/D) is given by’

Ay = B )
where 8 is the smallest root of the characteristic equation,
BJo(B) — A=) i(B) =0

and where a is the radius of the circular plate, D is the flexural
rigidity, J, and J are zeroth- and first-order Bessel’s functions, re-
spectively, and v is the Poisson’s ratio. Reference 4 provides the

- details on the stability of a clamped elliptical plate, which was in-

vestigated in 1937 by Woinowsky-Krieger using the energy method.
An approximate calculation for the stability of simply supported el-
liptical plates was also suggested based on the results for circular
plates. Clamping the edges increases the critical stress by a factor
of 3.5 in circular plates and by a factor of 4.0 in rectangular plates.

For an elliptical plate the factor should lie between 3.5 and 4,
depending on the eccentricity of the ellipse. Hence, the values of
the critical stress for a clamped elliptical plate should be divided
by a factor of between 3.5 and 4 to obtain the critical stress for a
simply supported elliptical plate. This criterion may yield the lower
and upper bound solutions for the stability of simply supported
elliptical plates.
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