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ABSTRACT

While the classical methods of shadowgraph and schlieren do yield a shadow in the
neighborhood of a shock, they often suffer from low power densities and the need for
relatively long distances. Scanning methods may help in solving these problems. The
paper describes various scanning techniques, presents experimental data obtained by
mechanical scanning, and identifies conditions at which the data were taken.
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1. INTRODUCTION

Among flow visualization techniques, shadowgraph and schlieren are the two most
commonly used. A parameter that determines applicability of one or the other technique is
the degree of variation in the density (or refractive index) of the medium. Thus if the
medium of interest contains a sharp refractive index gradient then the shadowgraph is
employed. Shocks generated in a supersonic flow have a characteristic density profile
which is often described as an abrupt change in the density. Therefore the best results in
visualizing the shocks have been obtained using shadowgraphs 1.2 .

A classical shadowgraph consists of a collimated beam which transverses the flow
in the area of interest and is projected onto a screen. Any changes in the density are
observed at the screen as variations in the light intensity distribution. The greater the
variations in the density gradients in the flow, the higher contrast of the pattern observed
on the screen. A CCD array or photo camera may be used to record the intensity
distribution. Shadowgraph based flow visualizing instruments are simple and have been
used successfully in various diagnostic systems 3-5

Despite its simplicity, the classical shadowgraph has some drawbacks. One of
them is that light fills the whole aperture of the collimating lens, causing the spatial power
density to drop. In order to keep the power density high and the contrast of the resultant



pattern strong high power light sources have to be used. Another drawback is due to the
fact that the sharpness (or contrast) of the pattern generated by the instrument depends on
the distance ftom the inhomogeneity in the flow to the observation screen. To obtain a
good quality visualized image of the flow on the screen, it has to be placed reasonably far
away from the flow. These drawbacks seriously limit the applicability of the
shadowgraph, especially to airborne systems.

An approach we propose in this paper may help to minimize the problems
mentioned above. It uses a narrow pencil beam instead of a wide collimated one. The
pencil beam is scanned through the flow and inhomogeneities in the flow alter the
direction of the beam propagation. It has been reported already that shocks may cause
laser beam scattering in a free jet and in supersonic flow with a blunt body?:8. The
present paper describes and evaluates the interaction of a pencil beam with shocks
generated within converging-diverging nozzles.

2. OPTICAL SCANNING TECHNIQUES

The scanning mode shadowgraphs have a higher optical power density throughput
than conventional shadowgraphs. A common feature in these instruments is a scanning
element that makes a narrow beam of light scan through the aperture of the system in a
time sequential manner. Among various beam scanning mechanisms some of the best
known are electro-mechanical and acousto-optical. Electro-mechanical scariners are
optical mirrors or prisms that reflect light in a certain direction according to the law of
reflection.. By changing the position of the reflecting surface with respect to the incident
beam the direction of the reflected beam also will be changed. Two basic types of electro-
mechanical scanners, linear and angular, are represented.

In a system with a linear scanner (Fig. 1) a.réﬂecting Mmirror or prism moves
parallel to the flow direction and reflects the incident beam at a right angle. Thus, we
scan the beam through a region in the nozzle where we expect the shock to be.

In a sensing system with an angular scanner (Fig. 2) a reflecting mirror or prism
rotates around an axis producing a sector of light. The axis is located at the reflecting
surface of the scanner from which the incident beam reflects. The scanner is a part of a
transmitter and is located in the vicinity of the test section. The light beam reflected from
the scanner passes through a collimating lens. The scanner and the collimating lens are
positioned in a such way that the focal point of the lens lies on the axis of the scanner.

The principle of acousto-optical scanners is similar to electro-mechanical ones.
The major difference is that the electro-mechanically driven reflecting surface is replaced
by an acousto-optical deflector. The deflector is placed at the focal point of the
collimating lens in such a way that the beam that exits the lens is always normal to the
flow direction. '



3. DESCRIPTION OF EXPERIMENT

The experiment has been conducted using two converging-diverging (CD)
nozzles with transparent windows in the test sections. A description of the CD nozzle
principle can be found in a number of publications®10 . The CD nozzles were connected
to a 25.4 mm diameter shop air supply line. Both nozzles had minimum throats with a
square shape but their profiles and area variations were different. The area profile of the
first nozzle was computed for a maximum Mach number of 1.8 and the dimensions of the
minimum throat were 13.9 x 13.9 mm2. The other nozzle had the throat dimensions 17.9
" x 17.9 mm? and. the area was computed for Mach number 2.3. Both nozzles had
windows in their outer walls in the region of the minimum throat. By shining the beam
through the windows, perpendicular to the direction of the flow, one could observe the

effect of the flow on the spatial distribution of the beam intensity after passing through the
test cell.

The configuration of the experiment is displayed in Fig. 3 . The experimental setup
consists of two laser systems LS1 and LS2, a CD nozzle with transparent windows, a
beam splitter B, beam splitting prism P, two photo detectors (CCD array and photo
camera), and signal processing equipment. The laser system LS1 contains a 3 mW HeNe
laser L1 and collimating device C1. This system creates a wide collimated beam with
uniformly distributed intensity and is a conventional shadowgraph. The laser system LS2
consists of a single 0.5 mW HeNe laser which emits a narrow pencil beam . Both beams,
the pencil beam and the collimated one, are sent through the beam splitting prism P in such
manner that they exit the beam splitter superimposed and aligned in the same direction of
propagation. The combined beam then passes through the windows of the CD nozzle.
Finally, via the beam splitter B, the beam reaches the photo camera and the CCD array .
The intensity distribution obtained by the CCD array is observed on an oscilloscope. Both,
the photo camera and oscilloscope, are connected to a ¢omputer for data acquisition and
analysis.

With the configuration described above, we can analyze the flow at the same
location using two different techniques. The shock is visualized by a collimated beam
produced by the laser system LS1 and the resultant shadow is observed . The pencil beam
from laser system LS2 also penetrates the flow in the vicinity of the shock. With this
configuration the laser systems LS1 and LS2 can be used independently from each other
under the same flow conditions. To evaluate phenomena of laser beam interactions with
shocks, the pencil beam is scanned across the test section transverse to the flow direction.
This is done by placing the beam splitting prism P on a translation stage (not shown in the
Fig. 3) which is controlled electronically. When the pencil beam passes through regions
in the flow with strong changes in density the circular cross sectional shape of the beam
becomes deformed.

Despite of similarities in the CD nozzles used in the experiment their operational
regimes are quite different. The nozzle with the smaller minimum throat area was
operated with higher up-stream and down-stream pressures than the nozzle with the



larger throat area . The lower pressures in the latter resulted in a lower air density and
also a lower refractive index.

4. RESULTS AND DISCUSSION

The results of the experiment using the CD nozzle with the smaller minimum
throat obtained by the photo camera and CCD array are shown in Figs. 4, 5, and 6 .
Figure 4 contains cross sectional intensity distributions of the pencil beam, after it passes
through the test section of the nozzle, under three conditions, no flow (Fig. 4a), with the
flow but no shocks (Fig. 4b), and with the beam intersecting the shock (Fig. 4c). It can be
seen from these pictures that the interaction of a pencil beam with a shock produces a
smearing of the beam. The smearing and tail associated with it occur in the direction of
flow. The phenomenon is explained by the fact that the air density of a subsonic flow
downstream of the shock is higher than the air density of a supersonic flow upstream of it.
The air density gradient causes the beam to refract in the direction of flow. Thus, the beam
smearing and tail result.

Using the smaller nozzle with CCD array placed 1 m away from the test cell, Fig. 5
contains the intensity distribution of the pencil beam at three different locations in the
nozzle under flow conditions which yield a shock. From Fig. 6 (the shadowgraph of the
test cell under the same conditions) we can readily identify the existence of a shock from
the bump on the graph. The intensity profile of the pencil beam is represented in "Fig. 5 as
a pulse-like signal of almost constant amplitude due to saturation of the CCD array. A
significant increase in the width of the pulse is observed when the beam is passing through
the shock. This increase is also a manifestation of the beam smearing and tail.

Similar results have been obtained using the CD nozzle with the larger minimum
throat. However, an attempt to use the shadowgraph to observe the shock “has ended in a
low contrast pattern with the shock being hardly seen by the CCD. Figure 8 shows a
signal obtained using the shadowgraph and the CCD array placed at a distance of 1 meter
from the nozzle. At the same time the pencil beam produced a quite noticeable tail (See
Fig 7). Locating the CCD array at 4 m distance has produced slight improvement in the
contrast of the pattern obtained using shadowgraph. The intensity distribution of the laser
pencil beam after passing through the shock is accompanied, again, by a significant tail.
Figures 9 and 10 show data from the scanning pencil beam approach and shadowgraph
respectively with the CCD placed at a distance of 4 meters from the test cell.

The data obtained using both CD nozzles have shown such similar features as
refraction of the pencil beam caused by the shock. At the same time the laser light
scattering by the shocks is insignificant and 1is barely seen. The refractive effects have
been manifested as a substantial increase in the beam width and may be used as an
indicator of the presence of the shock. The experiment has shown that these refractive
effects are stronger than those that govern the shadow formation. It makes it possible to
construct a compact shock "visualizing" system. Such a portable flow visualizing system
could find applications at test facilities. One of the shortcomings of the technique is the
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need to provide electric power to the scanning element. Providing this problem is solved,
the technique could also become a good candidate for such airborne instrumentation as a
- normal shock position sensor.
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FIG. 4. Photographs of a laser beam after passing through the windows of the nozzle.
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FIG. 5. Intensity distribution of the pencil beam in smaller nozzle at three locations under flow
conditions which yield a shock.
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FIG. 6. Shadowgraph image of the test cell under same conditions as in Fig. 5.
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