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Abstract

Many flow visualization techniques have been used to examine turbulent shear
flows. Some are intrusive and disrupt the flow, and others require the use of opaque
substances that can be photographed. The research reported here investigated the
use of a shearing interferometer wavefront sensor to determine the effects of shear-
layer turbulence on an optical wavefront. A collimated helium-neon laser beam was
propagated through a plane shear-layer produced by mixing helium and nitrogen at
different velocities. Since the gases have different indices of refraction, the optical
wavefront was distorted by different amounts by each gas. The shearing interfer-
ometer (SI) measured the wavefront slope across the sampled area of the wavefront.
The slope measurements were then used to reconstruct phase maps showing the
shape of the perturbed wavefront. The shear-layer was viewed from the side and the
top. This document contains shadowgraphs, interference patterns imaged by each
of the shearing interferometer’s six cameras, interferograms containing fringes with
separation proportional to the wavefront slope in the x and y directions, and phase
maps showing the shape of the perturbed optical wavefronts. The results show how
an optical wavefront is distorted by shear-layer turbulence. The side view showed
an area of steep slope along the mixing area of the two gases. The slope gradually
changed as the distance from the mixing layer region increased. For the top view,
the peaks and valleys grew as they propagated away from the shear-layer turbulence
generator. This indicated that the amount of distortion at a given location would os-
cillated between a peak and a valley. The results also indicated that the interference
patterns recorded by the SI cameras provide a simple way to visualize turbulence in

a manner that provides phase information about the wavefront.
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Flow Visualization of a Turbulent Shear Flow using an Optical

Wavefront Sensor

1. Introduction

1.1 Motivation

The Air Force is investigating the feasibility of using an airborne laser system
for defense against theater ballistic missiles. To destroy a missile, the laser beam
must remain focused on the fast-moving target and supply enough energy to destroy
the target. Since the laser would be mounted in an airplane, the laser beam has to
pass through the turbulent air flow that surrounds the airplane in addition to the
turbulent atmosphere. The boundary layer causes optical wavefront phase distortions
which degrade the optical quality of the laser beam. The turbulence-induced phase
distortions reduce the energy density at the target. This loss of energy density would,
as a minimum, force the use of a more powerful, expensive, and heavier laser, or,
in the worst case, cause the system to fail. Phillips Laboratory, who manages the
Airborne Laser (ABL) program, is currently researching ways to compensate for the

effects of turbulence.

In order to compensate for the laser beam degradation, the effects of turbu-
lence on the laser beam need to be characterized and understood. As a laser beam
propagates through the atmosphere, it encounters turbulent eddies of air formed by
the mixing of pockets of air of different temperature. The air pockets have different
indices of refraction. The path the laser takes through the air is altered by variations
in the index of refraction along its path. The cumulative result of these changes is
a de-focusing of the laser beam. This de-focusing is similar to the effect seen when

viewing an approaching car through heat rising from a hot road. The image of




the approaching car is altered or de-focussed as the light travels through pockets of
different index of refraction generated by the heat radiating off the road.

Flow visualization techniques such as shadowgraphs, schlieren photography,
and holographic interferometry have been used to view turbulent flows. These tech-
niques are used for visualizing turbulent flows, but do not result in the information

necessary to understand the effects of the turbulence on an optical wavefront.

Several researchers have published information on the effects of turbulence
on optical wavefronts. Chew and Christiansen propagated a laser beam through a
shear-layer flow and used far-field laser intensity profiles to investigate effects on
the laser beam propagation [1]. They concluded that coherent structures in the
shear-layer affect beam propagation and suggested that perturbing the shear layer
would change the fluid mechanics of the flow and improve the time-averaged Strehl
ratio. Jumper and Hugo examined turbulent flows using a small-apertured beam
[4]. They measured the off-axis movements of a small diameter laser beam as it
traversed a turbulent flow with varying indices of refraction. They found that they
could quantify the beam jitter and use the measurements to calculate the optical
path difference of the laser beam as it passed through the turbulent field. They
concluded that the technique would provide spatial and temporal information about

the expected effects of the turbulence on a much larger diameter laser beam.

Other researchers have used optical wavefront sensors which were designed to
measure the distortion of planar wavefronts after passing through areas of varying
index of refraction. Magee measured the effects of laboratory generated turbulence
on an optical wavefront directly with a shearing interferometer [5]. By measuring
the optical wavefront phase, he was able to calculate the phase structure function
and average optical transfer function (OTF) of an incoherent imaging system in a

manner that eliminated all assumptions about the structure of the turbulence.

For a more complete understanding of the index of refraction distribution

within turbulent fields, three-dimensional images have been examined. Researchers




have shown that two-dimensional projections of three-dimensional objects can be
combined by tomographic reconstruction techniques to produce three-dimensional
images. Example projections of an object are shown in Figure 1. When two-
dimensional projections of turbulent fields were taken with optical wavefront sensors,
the resultant three-dimensional images represented the index of refraction distribu-
tion in the turbulent fields. Hesslink discussed several tomographic reconstruction
techniques and a variety of flow visualization techniques that could be used to ob-
tain the projections [2]. He pointed out that although there are several difficulties
in acquiring simultaneous projections from a 180 degree arc around a flow field,
the three-dimensional representations that result from tomographic reconstruction
techniques can be obtained and provide much more information about a flow field
than two-dimensional techniques. One of the primary measurement techniques he

considered for acquiring his projections was holography recorded on film.

Figure 1. Examples of projections of an object. The three dark circles produce
different projections when viewed from different angles.

Johnson conducted a simulation that showed that tomographic reconstruction
techniques could be combined with an optical wavefront sensor to reconstruct three-
dimensional reconstructions of index of refraction distributions within turbulent flows

[3]. He found that an accurate (less than 3% average error) three-dimensional re-




construction could be generated when as few as six projections were used. Pedersen
verified that Johnson’s simulation results could be obtained in a laboratory exper-
iment [7]. He generated three-dimensional reproductions of the index of refraction
distributions within a few jets of warm air using 16 projections from a shearing

interferometer wavefront sensor.

1.2 Research Objectives

The scope of this effort was to use an SI optical wavefront sensor to visualize
the effects of shear-layer turbulence on an optical wavefront. Shear-layers have been
examined and visualized in many ways, but the effects of shear-layer turbulence on
an optical wavefront have only been approximated. This research presents a way to
visualize the optical wavefront distortion so that it may be understood. The shear-
layer turbulence was viewed with the well-known shadowgraph flow visualization
technique so that a comparison could be made between the structure of the flow as
shown in the shadowgraph and the effects on the optical wavefront as measured with

a shearing interferometer (SI) wavefront sensor.

1.3 Summary of Key Results

Phase maps showing the shape of distorted optical wavefronts after propagating
through a shear-layer of nitrogen and helium are presented in this research. Results
are presented for two orthogonal views of a shear-layer. One view shows that there
are very abrupt changes in the wavefront shape in the region of the shear. The other
view shows several peaks and valleys in the optical wavefront. For both cases, the
amount of wavefront distortion grew as the distance from the shear-layer turbulence

generator increased.

The results show a similarity between the basic structure viewed in the shad-
owgraphs and the shapes of the distorted wavefronts. Shadowgraphs are included

for all of the shear-layer flows presented in this thesis to allow for a comparison be-




tween the shadowgraphs and the SI outputs. The shadowgraphs provide the second
derivative of the indices of refraction in the flow, while the interference patterns pro-
vide information about the wavefront shape and phase. The interference patterns
viewed on each of the six cameras of the SI produced images of the turbulence that
provided a great deal of information about the structure of the turbulence and the
shape of the optical wavefront. They were generated by interfering two images of
the same flow. In the interference patterns, changes in intensity indicated changes in
wavefront slope. The interference patterns were produced with a single collimated
laser beam, a few mirrors, a polarizing beam splitter, and a camera. They could be

used by themselves as a useful flow visualization technique.

1.4 Organization

Chapter II explains the theory behind optical wavefronts and optical wave-
front sensors. Chapter III explains the design of the turbulence chamber and the
experimental setup and procedures used to generate the shear-layer turbulence and
then characterize the turbulence. Chapter IV presents the results of this research.

Concluding remarks and recommendations for further study are given in Chapter V.




II. Background

When an optical wavefront propagates through a field of varying index of re-
fraction, the wavefront is distorted. This chapter first defines optical wavefronts and
explains how turbulence distorts them. It then discusses the Hartmann wavefront
sensor and the shearing interferometer (SI) that have been used to measure phase

perturbations caused by atmospheric turbulence.

2.1 Optical Wavefronts

The stars in the night sky provide a good example of distorted wavefronts.
Stars appear to twinkle because of the distortion of planar wavefronts as they pass
through pockets of turbulent air in the earth’s atmosphere. Since stars are so far
away, they are considered to be point sources. The wavefronts generated by stars
are planar when they reach the top of the atmosphere. To reach the surface of
the earth, the planar wavefronts pass through the atmosphere which is made up
randomly sized moving pockets of air known as turbulent eddies. Eddies form when
air masses of different temperatures mix and break apart into smaller and smaller
eddies of different temperature [8]. Since the index of refraction of air is sensitive to
temperature, each of the pockets has a slightly different index of refraction. As the
planar wavefronts from the stars pass through randomly sized moving eddies of air,
the wavefronts become distorted. Figure 2 shows an example of wavefront distortion
due to turbulent eddies. This distortion varies with time and causes the twinkling

of the stars.

Laser beams used for communications or weapon systems become distorted
while passing through turbulence in the atmosphere. If the laser systems are mounted
in airplanes or missiles, the laser beams experience further distortion while passing

through the additional turbulence generated by the vehicle as it passes through the
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Figure 2. Wavefront distortion due to turbulent eddies.

air. The distortion degrades the performance of laser systems and can even cause

mission failure.

2.2 Optical Wavefront Sensors

It is possible to measure the distortion of planar wavefronts using wavefront
sensors. Wavefront sensors measure the slope of the phase along a wavefront. These
measurements can be used to produce phase maps showing the shape of the wavefront
after passing through a turbulent field. These measurements provide results that are
proportional to a line integral through the index of refraction distribution along
the direction of propagation of the wavefront but provide no information about the
density or placement of the various indices of refraction located within the field. The
two most common types of wavefront sensors are the Hartmann wavefront sensor and

the Shearing Interferometer (SI).

The Hartmann wavefront sensor consists of an array of lenslets. Each lenslet
focuses a segment of the wavefront onto an array of detectors. If the wavefront has
no slope, each lenslet focuses its portion of the wavefront onto a spot at the center of

its detector array. If the wavefront is tilted, the lenslets focus onto spots off center.
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Figure 3. Diagram showing operation of a Hartmann wavefront sensor.

Figure 3 shows how a Hartmann wavefront sensor works. The position where the

spot is focused is related to the slope by:

— tan~l (w3+y3)%
O(z,y) =1t (_fl ) ) (1)

where 6(z,y) is the slope angle, z. and y,. indicate the spot centroid location, and f;
is the lens focal length. The slope measurements from each of the lenses is combined

to obtain a phase map of the wavefront.

The other commonly used wavefront sensor, the SI, uses a less direct method of
measuring phase distortions in a wavefront. The SI measures the slope of a wavefront
by interfering the wavefront with a spatially displaced (sheared) version of itself. The
interference pattern produced is proportional to the slope of the wavefront in the
direction of shear. By measuring the slope in two orthogonal shear directions, the
wavefront can be fully characterized [5]. A diagram of the SI used in this research

is shown in Figure 4.

The two legs of the ST operate the same way, but have orthogonal polarizations.

One leg measures the slope in the z-direction and the other leg measures the slope
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Figure 5. Lateral shear for the ¢ and y directions.

in the y-direction. When the two sets of measurements are combined, a phase map
showing the overall slope of the wavefront can be calculated. Figure 5 shows how
the wavefront is displaced in the z and y directions, and Figure 6 shows the optical

components used to produce a lateral shear.

Since the mathematics associated with the z-direction and y-direction lateral
shear are basically the same, only the z-direction will be presented in this section.
Let the complex amplitude, ®(z,y), of the wavefront entering the SI be described
by:

8(z,y) = Alz,y) exp*=), @)

where A(z,y) is the amplitude, ¢(z,y) is the path integrated phase, and z and y are

transverse spatial coordinates. ¢(z,y) is related to the index of refraction, n(z,y, z),
by:
L
¢($7y) = k/O ’l’L(CC,y,Z)dS, ' (3)

where k is a constant, L is the distance through the turbulence, and ds is the

incremental length along the propagation path.

A spatially shifted version of the optical field is described by:
O(z + Az,y) = Az + Az, y) exp ¢4, (4)

10
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Figure 6. Optical components used to produce lateral shear. (a) No lateral shear.
(b) Lateral shear produced by rotating the PBS.

where Az is the shear distance in the z-direction. The interference pattern formed by
combining the fields described in Equations (2) and (4) is described by the squared

magnitude of the sum of the amplitudes:
|8(z,y) + @(z + Az, y)|* = 24°[1 + cos(Ad)], (5)

where

A¢ = ¢(z,y) — ¢(z + Az,y) (6)

and A(z,y) is assumed constant with respect to z. The intensity captured by each

camera of the SI, apart from the scaling factor, is of the form:

I =1+ cos(Ag). (7)

Figure 4 shows three cameras on each leg of the SI. The first camera on each

leg captures the sheared interference pattern described by equation 7 and the second

11




and third cameras capture:

I, =14 cos(A¢ + %) (8)
and
I =1+ cos(Ad + 2—375). )

The SI determines the phase difference, A¢(z,y), of the wavefront by analyzing
the interference patterns given in Equations (7), (8), and (9) [5]. The SI software
combined the two orthogonal sets (z and y-directions) of interferograms collected
by the SI and used least squares reconstruction [14] and three-bin reconstruction [9]

algorithms to produce phase maps showing the optical wavefront phase.

2.8 Shadowgraphs

A shadowgraph is generated by transmitting light through a turbulent flow and
recording the intensity pattern produced. The light is refracted and bent as it passes
through the turbulence in response to changes in index of refraction. A particular
light ray that would arrive at point (z;,y;) in the image plane without any turbulence
present would get deflected to a point (z*,y*) with turbulence present. The resulting
intensity, I*, at point (z*, y*) results from all intensities that are deflected to the new
point. The resulting intensity, I*(z*,y*) with turbulence present is given by [6]

e e Ii(l’i;yi)
) = 2 o, ) alag) |

(10)

Assume a single point, (z,y), is mapped into (z*,y*) and that the new coordinates

are

z* =2+ Az(z,y),y* =y + Ay(z,y), (11)

12




where Az and Ay describe the displacement [6]

10n
Az =1 ——d 12
¢ L n oz % (12)
and
10n

[ is the distance from the recording plane to the exit plane of the test flow, n is the
index of refraction, L is the width of the turbulence. A linearization of the mapping
function is found by assuming that Az and Ay are small and that products and
higher powers of Az and Ay can be neglected. The Jacobian is then

o(z*, y*) Az OAy
bl L ADANT — 14
0(z,y) | 14

| Oz Oy’

With the above linearization, the relative changes in light intensity in the image

plane are given by

)(In n)dz. (15)

I I

(I*=1I) A _ /( 02 N o2

L 0z?  0z?

The index of refraction, n, of a gas is related to the gas density, p, and the Gladstone-
Dale constant, K, by [6]:

n—1=Kp. (16)

The Gladstone-Dale constant depends on certain characteristics of the gas as well
as the frequency or wavelength of the light used. A few examples of Gladstone-Dale
constants are shown in Table 1 [6]. By applying the Gladstone-Dale formula, Equa-
ti(;n 16, it becomes evident that the shadowgraph responds to the second derivative

of flow density. Figure 7 shows a simple shadowgraph optical set-up.

Shadowgraphs give different results than the SI interference patterns. The

SI interference patterns show phase information about the optical wavefront. The

13




Table 1. Gladstone-Dale Constants for Different Gases

Gas K Wavelength | Temperature
(em’/g) | (um) (K)

Air | 0.2239 0.6074 288

Nitrogen 0.238 0.589 273

Helium 0.196 0.633 295

Reference or
Recording Plane

]

Test I

|

Light Area i
Source '

Camera
Lens

Figure 7. Optical components for producing a shadowgraph with parallel light
through the test field.

interference patterns described by Equations (7), (8), and (9) are related to the index
of refraction of the flows by the integral shown in Equation (3). The shadowgraphs
respond to the second derivative of flow density which is related to the index of

refraction as shown in Equation (16).

14




III. Ezperimental Setup and Procedures

A turbulence chamber was designed and constructed for the purpose of ap-
plying optical wavefront sensor flow visualization techniques to an actual flow field
with a complicated three-dimensional structure. The turbulence chamber was de-
signed to allow two gases with different indices of refraction to be brought together
at different velocities forming a turbulent mixing layer. The shear-layer turbulence
generated by this type of chamber has been studied by many different researchers
using several flow visualization techniques [1, 11, 12, 15]. The wavefront phase of a
collimated helium-neon laser beam was measured by an SI after passing through the
turbulence. The phase differences, or slope measurements, were then reconstructed

to form a phase map showing the structure of the phase.

Figure 8 shows a block diagram of the experiment. Plane-waves were propa-
gated through the shear-layer turbulence. The perturbed wavefronts were sensed by
the optical wavefront sensor and converted into two-dimensional arrays containing
the slope of the wavefronts. The wavefront slope estimates were then converted to
wavefront phase and displayed in the phase maps. The phase maps represent the

shape of the optical wavefront.

In this chapter, a description is given of the equipment, optical setup, and
procedures used to generate the phase maps. Section 3.1 presents some information
about the shearing interferometer. Section 3.2 describes the shear-layer turbulence
generator and the method used to measure the output gas velocities. Section 3.3
discusses the optical setup. Section 3.4 explains the experimental procedures used

to calibrate the SI and acquire and analyze the data.

3.1 Shearing Interferometer

The shearing interferometer and associated software located in the AFIT Adap-

tive and Atmospheric Optics Laboratory was used to measure the optical wavefronts

15
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Figure 8. Block diagram of the experimental setup.

during the experiment. The spatial resolution of the sensor at the measurement
aperture was approximately 0.5 millimeters. The SI has a sensitivity of 0.0237 waves
and could sense phase changes as large as 0.1 waves per pixel [5]. A 75 milliwatt
helium-neon laser at a wavelength of 632.8 nm was collimated, propagated through
the turbulence, and measured by the SI. Figure 4 shows the Shearing interferometer

used for this experiment.

Each of the six SI cameras captured interference patterns that are described in
the background section of this thesis. These interference patterns were viewed real-
time during the experiment on television monitors. The images showed the structure
of the shear-layer flow. Figures 36, 37, and 38 show the relationships of Equations
7,8, and 9. Figures 39, 40, and 41 show the same relationship, but in an orthogonal

direction. The effect of changing gas velocities was viewed real-time.

The gas velocities used in this thesis were picked by viewing the interference
patterns on the television monitors and selecting the velocities that showed the most
structure within the aperture. Once the flow was established by setting the gas

velocities, a set of frames were captured.

Figures 42 and 43 show computer generated interferograms. The interference

patterns were produced by digitally computing the interference pattern resulting
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from interfering the calculated wavefront with plane waves having a tilt of 10 waves
in the either the x-direction or the y-direction. The interferograms generated during
this research for the shear-layer were included as another means of visualizing the
turbulence. They are analogous to holograms and contain fringes that are separated
by distances proportional to the slope of the wavefront in the x or y directions. For a
more detailed description of the shearing interferometer, including the mathematics

describing its operation, the reader is referred to Magee [5].

Once the six interference patterns were captured, the SI generated two sum im-
ages containing the scaled sum of the three x-direction images and three y-direction
images. The SI used the scaled sums to calculate the x and y direction tilt for each
point within the aperture. The wavefront slope estimates were then combined in a
linear fashion and converted to wavefront phase. Examples of phase maps are shown

in Figures 44, 45, and 46.

3.2 Shear-layer Turbulence Generator

The small low-speed wind-tunnel contained two chambers separated by a split-
ter plate. The tunnel allowed two streams of gas to mix at a sharp trailing edge and
form a shear-layer. A side view of the shear-layer turbulence generator is shown in
Figure 9, and a top view of the shear-layer turbulence generator is shown in Figure

10.

The outer dimensions of the box were 14 cm x 14 cm x 43 cm. It was con-
structed out of 2,54 cm thick aluminum. All seams were sealed with rubber tubing
so that the box would not leak any gas. Each gas entered a 9 x 4.5 cm stilling cham-
ber through 0.635 cm plastic tubing and exited through a 2.5 x 1.25 cm opening
creating a 13:1 contraction ratio. The chamber size was reduced following a third
order polynomial. Referencing the center of the box as (0,0) and starting at a point

10 cm from the output end of the box, the polynomial on each curve goes from 4.5
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Figure 9. Side view of the shear-layer turbulence generator.

cm to 1.25 c¢m following the equation:
y = 0.00802> — 0.11202* — 0.0005z + 4.4695. (17)

A pyramid filled with 0.5 cm holes was placed in each chamber to distribute the
flow of gas evenly across each chamber. Honeycomb and screens were placed in the
tunnels to straighten the flow and reduce the free-stream turbulence. The splitter
plate was made out of 0.32cm thick bronze plate and was tapered over 10 cm to a
sharp edge. The inside of one of the chambers can be seen in Figure 11 and the front

of the turbulence generator can be seen in Figure 12.

To view the structure of the shear-layer turbulence, the gases had to have
different indices of refraction from each other and the room temperature air. Where
the gases mixed together, the change in index of refraction was measured by the SI.
Areas in the flow that experienced a gradient in the index of refraction were displayed

by the SI as areas with changing slope. Areas of constant index of refraction appeared
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Figure 10. Top view of the shear-layer turbulence generator.

Table 2. Indices of Refraction of gases at 1 atm and 0° C

Gas Index of Refraction
Air 1.000294
Nitrogen 1.00030
Helium 1.000036

flat. The two gases used were Helium and Nitrogen. The indexes of refraction of the

gases are listed in Table 2.

3.2.1 Velocity measurements. Prior to acquiring data, the gas velocities

were measured. The velocities, v, were calculated using a form of Bernoulli’s equa-

- BT o

where AP is the difference between the pressure measured leaving the chamber and

tion:

atmospheric pressure, and p is the gas density [10]. AP was measured directly and

p was calculated with the following formula:

=P
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Figure 11. Top view of the turbulence generator showing the pyramid, honeycomb,
and screens that fit inside one of the chambers.

Figure 12. Front view of the shear-layer turbulence generator. The splitter plate
can be seen in the center of the 2.5 cm x 2.5 cm opening.
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Table 3. Engineering Gas Constants

Gas Engineering Gas Constant
R
(N m/kg K)
Air 286.8
Nitrogen 296.5
Helium 2076.8

where p is the pressure of the gas, R is the engineering gas constant, and T is the

gas temperature. The gas constants are listed in Table 3 [13].

A micro manometer was used to measure AP in inches of water. It was accurate
up to 0.001 % 0.0005 inches of water (0.00254 + 0.00127 cm of water). This error
in AP translates into a velocity uncertainty of & 0.09 m/sec for helium and £ 0.07

m/sec for nitrogen in the velocity range reported in this research.

The regulator for each gas was adjusted to provide the desired velocity. This
allowed the gas flows to be turned on and off several times during each data gathering
session. The velocities were also measured after the data was collected to make sure
the velocities remained constant. Throughout the experiment, the averages of the

velocities were 8.3 & 0.3 m/sec for the helium and 1.5 &+ 0.2 m/sec for the nitrogen.

3.3 Optical Setup

The experimental setup used by Magee [5] and Pedersen [7] was expanded for
use in the current experiment. Figure 13 shows the optics used on the optical bench

to visualize the turbulence.

The 75mw helium-neon laser beam was collimated and passed through a one
inch polarizing beam splitter (PBS). The vertically polarized one inch square beam
passed through the turbulence. A plane in front of the shear-layer turbulence gener-
ator was then imaged through lens 1 to a point at aperture 1. The aperture was set

to a small opening to filter out noise. Lens 2 re-imaged the turbulence after passing
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Figure 13. Diagram of the optical setup.

through a wave plate that rotated the polarization to horizontal. Lenses 3 and 4 re-
imaged a demagnified image of the turbulence at aperture 2. Aperture 2 is the 1.8
cm diameter input aperture for the SI. The PBS after lens 4 passes only horizontally
polarized light. Lenses 5 and 6 re-image the turbulence at the SI. The wave plate
between lenses 5 and 6 was used to adjust the polarization of the laser beam during
calibration of the SI. A camera was placed after lens 7 to capture a shadowgraph of
the turbulence. The shadowgraph camera was placed within the focal length of lens
7 at the point where the field of view of the shadowgraph camera was the same as

the field of view of the SI cameras.

3.4 Ezperimental Procedures

The general procedure followed to gather the data using the SI was very similar
to that followed by Magee [5] and Pedersen [7]. Details for each procedure are

explained in [5]. A general description will be presented here with the reason for
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each procedure. This section begins with a description of the SI calibration and ends

with a description of the data acquisition and analysis.

3.4.1 Calibration. After an initial 30 minute warm-up of the laser, the
camera gains were calibrated to each other by measuring laser intensities through
several optical filters. Any inconsistencies between the camera measurements were
compensated for by adding or subtracting an offset for each pixel value on each
camera. This adjustment was accomplished so the cameras would all measure the
same intensities for each pixel. This calibration was important since the intensity
of each pixel carries the data needed to produce the phase map. Next, the cameras
were aligned to each other so they would all image the same wavefront. Finally,
the shift and shear measured by each of the cameras were calibrated. Small points
of laser light produced by placing a pinhole in the aperture plane of the SI were
viewed on each of the cameras for single polarizations. The centroid of the spots
were measured for each camera. By doing this measurement at both horizontal
and vertical polarizations, the lateral shear distance shown in Figures 5 and 6 were

measured. An average of several shift and shear measurements was used to calibrate

the SI.

3.4.2 Data acquisition and analysis.  Once the SI was calibrated and the gas
velocities measured, data was collected. Sets of reference data were collected prior
to and after each shear-layer data set. The reference data measured the distortion of
the system with no turbulence present in the optical path. In theory, the reference
wavefront should be planar, but imperfections in the optics and slight misalignments
of the optical components caused the reference wavefront to be non-planar. During
analysis, the reference wavefronts were subtracted from the wavefronts acquired with
the shear-layer turbulence in the laser path. The resulting wavefront represented the

phase perturbation caused by the shear-layer turbulence only. The stability of the
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reference wavefronts was checked by taking several reference frames during the data

acquisition.

Several sections of the shear-layer turbulence were viewed during each data
gathering session. Since the aperture used on the SI was an 1.8 cm circle, the shear-
layer chamber was moved 1;8cm between each data set. Data was gathered at 0.0 to
1.8 cm, 1.8 - 3.6 cm, and 3.6 - 5.4 cm locations. The measurements were taken from
the front of the shear-layer turbulence generator to the laser beam edge as shown in

Figure 13.
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IV. Results

In this chapter, the results of the experiment are presented. The first section
presents the results of viewing the shear-layer turbulence from the side as shown in
Figure 14. This view showed the nitrogen on the top, the helium on the bottom,
and the region where the gases mixed in the center. These images will be referred
to as the side view images in this thesis. The next section presents the results of the
orthogonal view of the shear-layer turbulence as shown in Figure 15. These images

will be referred to as the top view images.

For each data set, shadowgraphs, images from some of the SI cameras, inter-
ferograms for the x and y directions, and phase maps are presented. The turbulence
was viewed at three different locations through a 1.8 cm circular aperture. It was
viewed at 0.0 - 1.8 cm, 1.8 - 3.6 cm, and 3.6 - 5.4 cm downstream from the output
of the shear-layer turbulence generator as shown if Figures 14 and 15. All images
represent views where the gas flows were moving from right to left. Figures 16 -
20 and Figures 27 - 31 show three images. The left image in each figure represents
the same instant in time, the center images all represent another instant in time,
and the right images all represent a third instant in time. Each figure illustrates a
different method of viewing the same turbulence. The three images in each figure
are presented together to show how the turbulence increased as the distance from
the turbulence generator increased. They do not represent a continuous gas flow,

but do represent the same gases at the same velocities at different times.

4.1 Data showing side view of shear-layer turbulence

The shadowgraphs in Figure 16 show the vortices that are commonly seen in
side view images of shear-layer turbulence. The lines follow the mixing region where
the two gases mix. They were generated as a simple way to view the turbulence.

The intensity changes in the shadowgraphs are related to the second derivative of
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Figure 14.
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[
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(a) The orientation of the turbulence chamber and effective aperture
locations for side view images. The nitrogen flows from the top, the
helium flows from the bottom, and the mixing region is in the center.
(b) Laser propagation through the shear-layer for the 0.0 - 1.8 cm, 1.8
- 3.6 cm, and 3.6 - 5.4 cm locations as measured from the front of the
turbulence generator. (c) Orientation of the turbulence generator for
side view images.
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(a) The orientation of the turbulence chamber and effective aperture

locations for top view images. The laser propagates through the nitrogen
and helium in a direction that is orthogonal to the mixing layer of the
gases. (b) Laser propagation through the shear-layer for the 0.0 - 1.8
cm, 1.8 - 3.6 cm, and 3.6 - 5.4 cm locations as measured from the front
of the turbulence generator. (c) Orientation of the turbulence generator
for top view images.
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the index of refraction. There are also diffraction effects seen in the shadowgraphs
due to using a monochromatic laser source to illuminate the turbulence rather than
white light. Diffraction lines are present for the lines showing the mixing layer and
around the edges of the images. The shadowgraphs allow for a comparison of a well

known flow visualization technique to the outputs of the SI wavefront sensor.

The interference patterns in Figure 17 show the basic structure contained in the
shadowgraphs in Figure 16. The lines in the shadowgraphs fall in the same locations
as some of the lines in the interference patterns. The interference patterns have wide
regions of changes in intensity rather than just lines like the shadowgraphs. These
changes in intensity indicate changes in wavefront slope in the vertical direction (y-
direction shown in Figure 14 ) of the images. The interference patterns represent the
wavefront shape and has intensities variations that are related to the wavefront phase
by Equation (7). Therefore, the interference patterns provide information about the
turbulence like the shadowgraphs, but the interference patterns provide additional
information about the optical wavefront shape. The images in Figure 18 provide
information about the wavefront slope in the horizontal direction (x-direction shown
in Figure 14 ). They do not resemble the shadowgraphs as well as the y-direction
interference patterns, but do show that there are changes in wavefront slope in the
horizontal direction. This indicates that the majority of the structure viewed in the

shadowgraph is due to gradients in the index of refraction in the y-direction.

The images shown in Figures 19 and 20 are similar to holograms. They were
generated by digitally interfering a tilted plane wave with a data set containing
the wavefront slope information. The fringe separation in Figure 19 is proportional
to the wavefront slope in the x-direction and the fringe separation in Figure 20 is
proportional to the wavefront slope in the y-direction. These images present the
same information as the interference patterns in Figures 17 and 18 through fringe

separation rather than changes in intensity.
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Phase maps are shown in Figures 21 - 23. They were displayed in a manner
that would allow their shape and the structure shown in the shadowgraphs and
interference patterns to be compared. The curves shown in the phase maps follow
the same curves shown in the shadowgraphs and interference patterns. The phase
maps show the overall phase of the optical wavefront after passing through the shear-
layer turbulence. The x-direction and y-direction slopes of the interference patterns
were linearly combined for each pixel and converted to phase maps showing the
overall phase of the optical wavefront. There are areas of zeros within the phase
maps where the gases combine. This can be explained as regions where the slope
is too steep for the resolution of the SI. The SI is only capable of measuring a
slope change of 0.1 waves per pixel. If the slope exceeds this amount, the pixel is
assigned a value of zero. Another possible explanation for some of the zeros is that
the light was refracted so much in those regions that little or no light reached the
cameras. The phase maps in Figures 24, 25, and 26 show side views of the same
data so the amplitudes can be seen. The phase maps of the side view show that
there are very abrupt changes in the wavefront shape in the region of the shear. For
these results, the wavefront was distorted by as much as six waves (1 wave = 632.8
nm). The amount of distortion also grew larger as the downstream distance of the
measurement location from the shear-layer turbulence chamber increased. A planar
wavefront with no distortion would have an amplitude of zero. The smooth slopes in
the figures show that the gases on either side of the shear-layer affected the optical
wavefront also. The smooth slopes on both sides of the mixing regionvcould indicate
that the gas densities decreased as the distance from the mixing region increased.
With decreasing density, the overall index of refraction changes affecting the optical

wavefront would also decrease.

29




Figure 16. Shadowgraphs for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm, and 1.8 cm - 0.0 cm
from the shear flow chamber (side view). Gas flow is from right to left.
Helium velocity is 8.3 m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 17. Camera 1,1 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 18. Camera 0,0 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.
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Figure 19.

z-direction interferogram patterns for 5.4 ¢m - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). The fringe
separation is proportional to the wavefront slope in the x direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.

Figure 20.

y-direction interferogram patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 c¢m,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). The fringe
separation is proportional to the wavefront slope in the y direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.
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Figure 21.

Figure 22.

051

SIXY A

Phase map for 1.8 cm - 0.0 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec.

SIXV A

Phase map for 3.6 cm - 5.4 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec.
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Figure 23. Phase map for 5.4 cm - 3.6 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec.
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Figure 24. Phase map 2 for 1.8 cm - 0.0 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x and y axes in this figure correspond to the
y and z-directions respectively)
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Figure 25. Phase map 2 for 3.6 cm - 1.8 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x and y axes in this figure correspond to the
y and z-directions respectively)
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Figure 26. Phase map 2 for 5.4 cm - 3.6 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x and y axes in this figure correspond to the
y and z-directions respectively)
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4.2 Data showing top view of shear-layer turbulence

The shadowgraphs in Figure 27 show the top view of shear-layer turbulence.
They were generated so the structure viewed within the shear-layer could be com-

pared to the outputs of the wavefront sensor.

The interference patterns shown in Figure 28 show the basic structure con-
tained in the shadowgraphs shown in Figure 27. The lines in the shadowgraphs fall
in the same locations as the changes in intensity in the interference patterns. The
changes in intensity indicate changes in wavefront slope in the horizontal direction
(x-direction) of the images. The intensities in the interference patterns are related
to the wavefront phase by Equation (7). Figure 29 represents the wavefront slope in
the y-direction. They are not as closely related to the shadowgraphs as the interfer-
ence patterns shown in Figure 28, but show changes in the wavefront slopes in the

x-direction. A complete set of images for all of the SI cameras is in the Appendix.

The fringe separation in Figure 30 is proportional to the wavefront slope in
the x-direction and the fringe separation in Figure 31 is proportional to the wave-
front slope in the y-direction. These images are digitally generated holograms of
the wavefront. These images were generated by digitally interfering a tilted plane
wave with a data set containing the wavefront slope information. They show the
same information as the interference patterns in Figures 28 and 29 through fringe

separation rather than changes in intensity.

The phase maps are shown in Figurés 32 - 34. They show the same basic
structure as the shadowgraphs and interference patterns. The peaks and valleys of
the phase maps fall in the same locations as the intensity changes in the interference
patterns. Slowly changing intensities correspond to slowly changing slope and major
changes in intensity correspond to steep slopes. The amplitudes of the phase maps
indicate the height of the peaks and the depth of the valleys of wavefront distortion
grew as the distance from the shear-layer generator increased. The wavefront was

distorted by as much as two waves (1 wave = 632.8 nm).
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Figure 27. Shadowgraphs for 5.4 cm - 3.6 ¢cm, 3.6 cm - 1.8 cm, and 1.8 cm - 0.0 cm
from the shear flow chamber (top view). Gas flow is from right to left.
Helium velocity is 8.3 m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 28. Camera 0,2 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3

m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 29. Camera 1,0 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.
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Figure 30.

z-direction interferogram patterns for 5.4 ¢cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). The fringe
separation is proportional to the wavefront slope in the x direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.

Figure 31.

y-direction interferogram patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). The fringe
separation is proportional to the wavefront slope in the y direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.
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Figure 32.

Figure 33.

Phase map for 1.8 cm - 0.0 cm from the shear flow chamber (top view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x axis in this figure corresponds to the
y-direction)

Phase map for 3.6 cm - 1.8 cm from the shear flow chamber (top view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x axis in this figure corresponds to the
y-direction)
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Figure 34.

Phase map for 5.4 cm - 3.6 cm from the shear flow chamber (top view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x axis in this figure corresponds to the
y-direction)
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V. Conclusions

The experiment showed that the distortion a planar optical wavefront expe-
riences when passing through a shear-layer flow can be visualized and quantized.
A shear-layer was viewed from the side and top by a shearing interferometer (SI)
optical wavefront sensor. Shadowgraphs of the turbulence allowed a comparison to
be made between the outputs of the SI and a well known flow visualization tech-
nique. Interference patterns from each of the six SI cameras showed wavefront slope
information. Interferograms, similar to holograms, contained fringes with separation
proportional to the wavefront slope in the z and y directions. Phase maps provided
a way to view and quantize the shape of the optical wavefronts after passing through
the turbulence. The turbulence was visualized at 0.0 - 1.8 c¢m, 1.8 - 3.6 cm, and 3.6

- 5.4 cm regions as measured from the shear-layer turbulence generator.

A shear-layer turbulence generator was designed and built that produced re-
peatable shear-layer flows. The basic structure of the flow could be repeated by
maintaining the gas velocities. The helium velocity was maintained at 8.3 £+ 0.3
m/sec and the nitrogen velocity was maintained at 1.5 £ 0.2 m/sec. The shad-
owgraphs showed the vortices that are commonly seen in shear-layer turbulence by
other flow visualization techniques. A comparison was made between the structure
seen in the shadowgraphs and the images produced by the SI wavefront sensor. It
was also found that lines in the shadowgraphs were oriented in the same location as

either peaks or valleys in the distorted wavefront.

The interference patterns viewed by each camera of the SI provided much more
information about the turbulence than the shadowgraphs. The intensity variations
in the interference patterns followed the general shapes shown in the shadowgraphs,
but also indicated changes in wavefront slope. The interference patterns are related
directly to wavefront phase. The shadowgraphs are only related to the index of re-

fraction in the flow by a second derivative. The interference patterns required only
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a few more optical components than the shadowgraph, and provided more informa-
tion about the turbulence. With a single laser beam, two mirrors, and a polarizing
beam splitter, the interference patterns showed a pattern that was proportional to
the wavefront phase. It should be noted that the interference patterns only repre-
sent the wavefront slope in a single direction, but that was enough to provide much

insight into the effects of the turbulence on the optical wavefront.

The SI also provided interferograms that are similar to holograms. They were
produced by digitally interfering a tilted planar wavefront with the distorted wave-
front. These interferograms provided slope information in two orthogonal directions.
The fringe separation is proportional to wavefront slope. The interferograms didn’t
provide any new information, but did provide a different way to view the wavefront

slope. They may also be useful to readers who are used to working with holograms.

By combining two orthogonal sets of interference patterns, the SI produced
phase maps showing the phase of the optical wavefronts after passing through the
shear-layer turbulence. The curves shown in the phase maps follow the curves shown
in the shadowgraphs and interference patterns. The phase maps also allowed the
amount of distortion of the wavefronts to be quantized. For the side view, the
wavefront was distorted by as much as six waves (1 wave = 632.8 nm). For the top
view, the wavefront was distorted by as much as two waves. The amount of distortion
grew larger in both cases as the distance from the shear-layer turbulence chamber
increased. There were also peaks and valleys in both cases. For the side view,
there was a steep slope along the mixing area of the two gases. The slope gradually
changed as the distance from the mixing layer region increased. For the top view,
the peaks and valleys grew as the propagated away from the shear-layer turbulence
generator. This indicated that the amount of distortion at a given location would

oscillated between a peak and a valley.

Follow on work could be done with the shear-layer chamber used in this re-

search. One possible area of research could include the use of different gases. The
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helium and nitrogen had such different indexes of refraction that the SI could not

reproduce the steep slopes between the gases. Possibly, nitrogen and compressed or

heated air would produce better results.

Another area of possible research could involve faster cameras. The cameras
on the SI were too slow to capture any temporal changes in the turbulence. From
frame to frame, the flow appeared to jump around rather than progress forward or
propagate away from the shear-layer turbulence generator. Another use for faster
cameras could be to simultaneously capture the flow from different angles. This
approach would allow tomographic reconstruction algorithms to be used to produce
three-dimensional reconstructions of the turbulence. Several Hartmann wavefront
sensors would be more practical to use than the SI for this approach, but the Hart-
mann wavefront sensors would not produce the interference patterns that appeared

so interesting in this research.
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Appendiz A. Complete data set for side view of shear-layer

turbulence

Figure 35. Shadowgraphs for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm, and 1.8 cm - 0.0 cm
from the shear flow chamber (side view). Gas flow is from right to left.
Helium velocity is 8.3 m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 36. Camera 1,0 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.
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Figure 37.

Camera 1,1 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3

m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 38.

Camera 1,2 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3

m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 39.

Camera 0,0 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.
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Figure 40.

Camera 0,1 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 41.

Camera 0,2 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 42.

z-direction interferogram patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). The fringe
separation is proportional to the wavefront slope in the x direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.
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Figure 43. y-direction interferogram patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (side view). The fringe
separation is proportional to the wavefront slope in the y direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.
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Figure 44. Phase map for 1.8 cm - 0.0 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec.
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Figure 45. Phase map for 3.6 cm - 1.8 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec.
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Figure 46. Phase map for 5.4 cm - 3.6 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec.
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Figure 47.

Figure 48.
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Phase map 2 for 1.8 cm - 0.0 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x and y axes in this figure correspond to the
y and z-directions respectively)
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Phase map 2 for 3.6 cm - 1.8 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x and y axes in this figure correspond to the
y and z-directions respectively)
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Figure 49. Phase map 2 for 5.4 cm - 3.6 cm from the shear flow chamber (side view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x and y axes in this figure correspond to the
y and z-directions respectively)
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Appendiz B. Complete data set for top view of shear-layer turbulence

Figure 50. Shadowgraphs for 5.4 ¢cm - 3.6 cm, 3.6 cm - 1.8 cm, and 1.8 cm - 0.0 cm
from the shear flow chamber (top view). Gas flow is from right to left.
Helium velocity is 8.3 m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 51. Camera 1,0 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.
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Figure 52.

Camera 1,1 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 53.

Camera 1,2 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the y-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 54.

Camera 0,0 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.
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Figure 55.

Camera 0,1 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 56.

Camera 0,2 interference patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). Shear is
in the z-direction. Gas flow is from right to left. Helium velocity is 8.3
m/sec. Nitrogen velocity is 1.5 m/sec.

Figure 57.

z-direction interferogram patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). The fringe
separation is proportional to the wavefront slope in the x direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.
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Figure 58. y-direction interferogram patterns for 5.4 cm - 3.6 cm, 3.6 cm - 1.8 cm,
and 1.8 cm - 0.0 cm from the shear flow chamber (top view). The fringe
separation is proportional to the wavefront slope in the y direction. Gas
flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen velocity
is 1.5 m/sec.
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Figure 59. Phase map for 1.8 cm - 0.0 cm from the shear flow chamber (top view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x axis in this figure corresponds to the
y-direction)
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Figure 60.

Figure 61.
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Phase map for 3.6 cm - 1.8 cm from the shear flow chamber (top view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x axis in this figure corresponds to the
y-direction)

Phase map for 5.4 cm - 3.6 cm from the shear flow chamber (top view).
Gas flow is from right to left. Helium velocity is 8.3 m/sec. Nitrogen
velocity is 1.5 m/sec. (The x axis in this figure corresponds to the
y-direction)
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