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Fig. 3 Deflection along the circle of 8a radius.
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Results
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In Figs. 2 and 3 the deflection along a radial line w = w(p)
and along a circumferential line w = w(#), respectively, have
been plotted for v = 0.2 and for 8 = 0.5, 0.8. Tt is seen that
the deflection of the region diametrically opposite to the
point of application of load is, for all practical purposes, nil,
and that the width of this area is a sector of about 90°. It
can thus be inferred that in this region the stress resultants
and stresses are very small.

A comparison of the result obtained here with those of Ref. 1
for the clamped plate indicates that the deflection and the de-
flection zone are twice as large as for the clamped case.
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A Planview Shadowgraph Technique
for Boundary-Layer Visualization

Exrique J. KLuEIin*
NASA Ames Research Center, Moffett Field, Calif.

S part of a study on the formation and growth of dis-
turbances generated by spark discharges into a laminar
boundary layer,! an optical arrangement was devised to ob-
serve such disturbances viewed against the surface of the
model rather than across its edge as in conventional systems.
This was achieved by using a double-pass focused shadow-
graph systerm, incorporating in the wind-tunnel test section a
plane mirror that served simultaneously as a flat-plate model.
Tests were made in the Ames 1- by 3-ft supersonic wind tun-
nel.

The optical arrangement is shown schematically in the
diagram of Fig. 1. It consisted of a spark gap with inter-
changeable apertures, a beam splitter, a first surface spherical
mirror of 18-in. diam and 120-in. focal length, a flat mirror
model, as well as a focusing lens of 52.5-in. focal length, a
shutter and aperture, a camera box of adjustable length, and a
4- by 5-in. film holder, all mounted on an optical bench. In
practice, the beam splitter was replaced by a first surface
mirror to increase the lighting efficiency. It was set at an
angle of 45° and slightly off axis to avoid intercepting the light
rays returning from the test section. The optical paths from
the spark gap aperture and the focusing lens to the spherical
mirror were both set at 120 in., the focal distance of the
mirror. The focal length of the focusing lens and the length
of the camera box were calculated to obtain an image reduc-
tion of 3:1 with the model surface in focus. The model was a
flat plate with a 6- by 10-in. surface and a sharp leading edge.
It was made of stress-relieved mild steel, coated with nickel to
obtain an appropriate hardness, and polished to Ap/4 flatness.
This surface later was coated with a layer of vacuum-de-
posited aluminum and a protective layer of silicon monoxide.
A grid of 0.5-in. spacing was painted on this surface for refer-
ence.

In this optical system, the light from the spark gap first
reaches the spherical mirror, where it is reflected as a parallel
beam of light to the test section. At the mirror model, it is
reflected back to the spherical mirror and from there through
the focusing lens, shutter, and aperture to the film. To obtain
a shadowgraph of the density variations in the boundary
layer on the mirror model, it becomes necessary to focus the
system not on the surface of the mirror model but on a plane
closer to the spherical mirror. Ideally, focusing on the inside
surface of the wind-tunnel window would eliminate the image
of the density gradients of the window boundary layer while
permitting a clear view of the density gradients of the model
boundary layer.
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Council Postdoctoral Research Associateship supported by
NASA. The author is indebted to G. B. Schubauer of the
National Bureau of Standards, as the concept for this technique
originated in a discussion with him. I also would like to express
my appreciation to R. M. Brown, who carried out the analysis
for the optical system.
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Fig.1 Planview shadowgraph optical arrangement.

The “in focus”” distances between the lens and the film plane
were obtained by focusing on an incandescent miniature light
bulb located first at the inside surface of the wind-tunnel
window and then at the model surface. These distances were
103 em for the window surface and 101 em for the model
surface. An additional optimization test was made to deter-
mine the distance between the lens and the film plane at
which the shadowgraph image would be strongest for the
model surface relative to the image for the window surface.
This was done by taking shadowgraphs of two lit candles, each
next to one of the two surfaces and laterally offset to permit
the identification of the density patterns from their flames.
Results showed that while diserimination was never very
marked, the optimum setting was indeed obtained when the
window surface was in focus. When the focused plane lay
even closer to the spherical mirror, both shadowgraph images
were found to become more intense simultaneously.

The shadowgraph of Fig. 2 shows the mirror model in the
wind-tunnel test section with no airflow and the signature from
a hemispherical shock wave surrounding the electrode holder
(black button). This shock wave was generated by a single
spark from a pair of electrodes embedded in a boron nitride
holder flush with the model surface. The shadowgraph was
taken 50 usec after the spark discharge, the energy input to
the spark was 1.45 joules, and the test was carried out at a
pressure of 255 torr. The leading edge, on the left side, and
the area surrounding the electrode holder appear distorted due
to some lack of surface flatness.

With the wind tunnel operating at M., = 3.53, the shadow-
graph in Fig. 3 shows the disturbance generated by a spark of
1.45 joules energy at a time interval of 50 usec and a static
pressure of 35 torr. Now, the signature of the spherical shock

Fig. 2 Shadowgraph of a hemispherical shock wave gen-

erated by a spark discharge at the surface of the mirror

model with no airflow, 255-torr pressure, energy input of
1.45 joules, time delay of 50 usec.
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Fig. 3 Shadowgraph of the disturbances generated by a

spark discharge at the surface of the mirror model at M, =

3.35, ps = 35 torr. Energy input, 1.45 joules; time delay,

50 usec. The black dots indicate the position of the dis-
turbances.

wave is displaced 4.6 em downstream of the electrode location,
and a disturbance can be discerned in the center of the circle
and trailing upstream of it. Both disturbances are shown out-
lined by black dots. A turbulent structure is also visible over
the entire surface. Since the testing conditions were known
to result in a partly laminar and partly turbulent boundary
layer over the surface of the model, this over-all turbulence
must correspond to the window boundary layer. The near
horizontal trails on the upper left side are the image of oil
streamers on the inside surface of the wind-tunnel window.
It was found that, during wind-tunnel operation, the slight
variation in the angle of the model surface due to the deforma-
tion of the model supporting sting had to be compensated by
adjusting the optical bench to render the model visible again
on the film area. No difficulties were experienced with vibra-
tion since the discharge of the spark gap, which is of the order
of 0.1 usec, was fast enough to stop any low-frequency motion.

To allow a comparison of the planview disturbance patterns
with conventional profile shadowgraphs, Fig. 4 shows results
from similar experiments carried out in the same wind tunnel,
using a half-cylinder model with a sharp leading edge! and a
single-pass focused shadowgraph arrangement. In Fig. 4, a)
is a static test at ap ressure of 116 torr, and b) is a test at M, =

a) Static test, ps = 116 torr.

b) M, = 2.36, p, = 115 terr.

Fig. 4 Shadowgraph of the disturbances generated by a
spark discharge at the surface of a half cylinder model.
Energy input, 1.45 joules; time delay, 50 usec.



MAY 1970

2.36 at a static pressure of 115 torr. In both tests, the energy
input to the spark was 1.45 joules, and the time delay 50 usec.
For the tunnel in operation, similarities between the dis-
turbances viewed in planview and in profile are clearly ap-
parent.

The main drawback of the planview shadowgraph technique
in its present form proved to be its inability to show anything
but the strongest boundary-layer disturbances, due to the
masking effect of the boundary layer on the inside surface of
the wind-tunnel window. It would be highly desirable to
perfect this technique to the point where the finer details of
the boundary layer could be observed in planview. For
example, boundary-layer transition could be observed simi-
larly to the way in which Emmons observed the appearance of
turbulent spots in shallow water.2 To achieve this, it is sug-
gested that a) the focal length of the spherical mirror and
consequently its f-stop be increased substantially to reduce the
depth of field and permit minimizing the disturbance from the
window boundary layer, and b) that the turbulent boundary at
the near wind-tunnel wall be bled away upstream of the win-
dow, leaving only a thin, newly formed, boundary layer
covering the inside surface of the window. While neither of
these refinements is simple or inexpensive, the potential
rewards in terms of basic information on boundary-layer be-
havior may still warrant their implementation, particularly
since no other techniques with such capabilities are known.
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Condensation in Carbon
Dioxide Jet Plumes

Avrrep E. BEvucg®
NASA Marshall Space Flight Center, Huntsville, Ala.

ONSIDERABLE difficulties exist in caleulating the flow-
field of jet plumes such as those that issue from the
attitude control engines of space stations, especially if con-
densation and changes in the specific heats occur in the flow.
In order to obtain information about the condensation in
these plumes, a simple experimental approach was made.

A model nozzle (0.56 mm throat diam, 11° half angle, and
40:1 exit to throat area) was used to produce a CO: jet plume
in a vacuum chamber with LN, cooled eryogenic panels.
With a chamber background pressure of about 10~ torr, a
ratio of stagnation to background pressure, po/p=, could be
maintained up to 10%. Nozzle wall temperature 7, and
stagnation temperature Ty were controlled. The use of CO.
has, apart from the ease of cryopumping very large mass
flows, importance because 40-609 of actual combustion
products in control engines consist of CO, plus 0. Thus
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NRC Postdoctoral Resident Research Associateship supported
by MSFC. The author wants to thank J. L. Sims from MSFC
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Astrodynamics Laboratory for making these experiments pos-
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Fig. 1 Distribution of scattered light intensity (arbitrary
units) at different distances z from the nozzle exit for stag-
nation pressure Py = 8 bar, stagnation temperature T, =
293°K, and chamber background pressure P, = 10~ torr.

condensation effects in the flow can be fairly well simulated
and studied. ,

Light scattering, which is a simple and often applied
method,!? was used to detect the condensation. A He-Ne-
laser and a photomultiplier were arranged with each of their
optical axes perpendicular to the plume axis. The nozzle
could be moved in three directions so that it was possible to
measure the intensity of the scattered light at different
points in the flow. By rotating the plane of polarization of
the incident beam, one is able to make a first estimation
about the particle size. In all experiments, this yielded a
typical Rayleigh-type scattering. Thus the particle radius
must be smaller than 6328 A/2x. In the case of Rayleigh
scattering one can only measure the product n-r% where n
is the number density and r a weighted mean radius of the
condensed clusters. Thus knowledge of the amount of con-
densed mass is necessary to interpret the intensity measure-
ments. In some cases this information can be obtained
from calculation. = Absolute values of n-r® were obtained by
comparing the intensity of the scattered light with the in-
tensity of one pinhole of known size.

For an isentropic expansion® the vapor pressure line is
crossed at about Mach 2, for pp = 1 — 10 bar and T, =
300°K, thus condensation should start slightly downstream
the throat. The supersaturation required for starting the
nucleation will move the condensation zone a small distance
more downstream, but it will remain inside the nozzle. Thus
condensation should, at low temperatures T, always be de-
tected right up to the nozzle exit.

A survey of the intensity measurements in the jet plume
is given in Fig. 1. A remarkable property of the scans arcoss
the plume are the two peaks that appear on either side of the
axis. The position of these maxima relative to the nozzle is
shown on the right-hand side of Fig. 1, as well as the lines
of 50 and 109, intensity, compared to the intensity I(z,y =
0) on the axis. The influence of the stagnation temperature,
Ty, on the intensity distribution across the plume at a fixed
distance of 2.86 noszzle exit diam D is given in Fig. 2. With
rising temperature T, the peaks move closer together;
finally they merge to one peak and two additional side peaks
appear. If one keeps the stagnation temperature constant



