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FOREWORD

The interaction of radiation and turbulent fluid motions is a problem
area of interest in many areas of natural science. In recent years, coherent
radiation propagation through a turbulent gaseous medium has become important
in airborne astronomical observations, guidance and control sensors, narrow
band airborne photography, and high energy laser propagation technology. In
order to further the understanding of the effect of turbulence on coherent
radiation, a basic research program known as the Aero-Optics Program was
Jjointly sponsored by the NASA-Ames Research Center, the Air Force Weapons
Laboratory and the Air Force Flight Dynamics Laboratory. Turbulence typical
of that found in aerodynamic applications, including atmospheric turbulence,

has been investigated by both aerodynamic instrumentation and direct optical
quality measurement techniques.

The basic experimental program consisted of a series of four wind-
tunnel tests using models that produced turbulent boundary layers, shear
layers and flow about a three-dimensional surface. The wind-tunnel data
established trends of optical degradation with flow Mach number, Reynolds
number and type of flow field. These trends were verified in full-scale
flight tests using the same instrumentation as in the wind-tunnel tests.

Another aspect of the program was an experimental investigation of the
mechanical jitter which results from aerodynamically-induced disturbances
on the aircraft structure and optical elements. The problem was initially
investigated in a series of both small and large scale wind tunnel tests,
with emphasis on windowless optical enclosures and multi-directional
pointing. Flight tests were again used to substantiate the load predictions
and the pointing stability analysis.

During the course of the Aero-Optics Program, aerodynamicists, physicists,
opticians and instrumentation engineers were involved in data acquisition
and analysis. As a result of their efforts, an extensive data base was
established. This data base provides insight into the causes and magnitudes
of expected optical degradation produced by aerodynamically generated
turbulence. Further, the measurement techniques developed in this program
are available to investigate any of a wide class of flow geometries in the
future. In order to make this information available to interested government
and industry personnel, the USAF/NASA Aero-Optics Symposium was held and
the bound proceedings published herein.
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TURBULENT TWO-DIMENSIONAL JET FLOW AND
ITS EFFECT ON LASER BEAM DEGRADATION

By
G. D. Catalano
G. F. Cudahy
J. T. Van Kuren
H. E. Wright



1t ABSTRACT

A laser beam traversing turbulence undergoes an intensity re-
duction which is correlated with the statistical behavior at re-
fractive index perturbations. The analytical relation predicts
degradation as a function of beam diameter, path length, wave number
and wave structure function. Refractive index perturbations are
approximated via the equations of state, using temperature and velocity
perturbations. An experiment was conducted in which visible wavelength
lasers traversed a well-documented two-dimensional jet. Temperature
perturbations vary from 0.25 to 1.80 °k and velocity fluctuations range
from 9.2 to 30.8 m/sec. Measured central spot intensities are as low
as 187 of the undisturbed beam, depending on jet Mach number, beam
position relative to the jet exit and wavelength. The average difference
between theory and experiment is two percent in terms of far field in-
tensity.

To supplement the flow field information, a laser Doppler veloci-
meter is developed to measure both mean and fluctuating velocities.

A photon correlator is used as a signal processor.

i INTRODUCTION
The effect that the turbulent flow field of a high subsonic Mach
number two-dimensional jet shear layer produces on a coherent light beam
is not precisely known. The refractive index perturbations cause a
decrease in the central spot intensity of the beam in the far field
because the total energy is spread over a larger area than in the un-
perturbed case. Furthermore, the long-time average at the mean location

of the central spot is decreased by beam wandering. Numerous theoretical



and experimental efforts have been presented concerning the propagation
of laser beams through natural atmospheric turbulence; however, in the
atmosphere the absolute intensities of the velocity, temperature and
pressure perturbations are relatively low; the beam path lengths are
usually long; and the turbulence scales are quite large compared to
beam di::uneter.l—6 Recently, lasers have been used for wind tunnel
diagnostics and in certain applications involving propagation out of
aircraft in which case the beams must pass through boundary layers and
free shear layers.

There are numerous examples in fluid flow problems where the local
turbulence intensities are very high. One of the few methods capable of
obtaining meaningful measurements in a very high turbulence environment
is a laser Doppler velocimeter used in conjunction with a frequency
shifting device. However, it is still the notable case that very little
information exists for fluid flow problems where the local turbulence
intensities exceed 307%. Thus, the need exists to develop a system that
can perform reliably in the high turbulence environment.

The present study was an attempt to correlate the degradation of the
far field central spot intensity formed by a collimated coherent light
beam traversing the high intensity turbulence of a shear layer. In addi-
tion an attempt was made to measure the spreading of the energy over a
larger area in the far field (termed broadening), and the motion of the
beam in the far field (called wandering).

It was necessary to design an experiment that would approximate in
a controlled manner the turbulent shear layer that exists over an open

cavity normal to a uniform high velocity stream. A two-dimensional jet



with a well designed settling chamber and subsonic nozzle was fabricated.
This set—up also provided double shear layers for added sensitivity. The
uniform velocity core-flow could be varied with Mach numbers ranging from
0.4 to 0.8 to emphasize the compressible regime. To determine if wave
length and beam size relative to turbulence scale were important, two laser
frequencies were used and three beam sizes were tried at each frequency.
The beam traversed the turbulent jet successively at 25, 50 and 75 nozzle
widths downstream from the nozzle exit.

Since the first published account of the use of a laser Doppler
velocimeter (LDV) appeared in 1964, much effort has been devoted to the
LDV's development. A nonintrusive fluid diagnostic technique such as laser
velocimetry allows for greater flexibility in the type measurements that
can be made in a given flow situation.

In the past, the common techniques for signal analysis and information
retrieval have often required relatively high powered lasers and sophisti-
cated electronics. In addition the two most common processing schemes
(i.e. (1) counter and (2) tracker) each required the inclusion of a light
scattering marker in the flow. A recent advance in data acquisition
utilizing the laser Doppler velocimeter technique involves the use of a
photon correlator. Photon counting techniques offer improved system sen-
sitivity by allowing velocity measurements to be made even when there are
insufficient signal photons available to define the classical scattering
signal.

In order to examine the effect(s) of high turbulence levels and/or
high mean velocities, the LDV setup is used to monitor the velocity field
of a compressed air jet. The data obtained from the LDV is compared to

hot-wire anemometer data when appropriate.
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IITI  SUMMARY

A summary of the significant results obtained in this experiment
will now be given.

This investigation correlated the degradation of the far field
central spot intensity formed by a collimated coherent light beam
traversing high intensity turbulence with the statistical behavior of
the turbulence generated refractive index perturbations causing the
degradation. Since refractive index perturbations could not be readily
measured a method to approximate these perturbations, via the equation
of state, using velocity and temperature perturbations was developed.

The turbulence quantities measured were path length, velocity correlation
function and temperature correlation function. The path length had a
minimum at the 25 cm test station. The rms velocity pertugbations had a
maximum of 30.8 m/sec at the 25 cm test station at 0.8 Mach and on an
axis minimum of 9.2 m/sec at the 75 cm test station at 0.4 Mach. The
corrected temperature perturbations had a maximum of 1.89 °k and minimum
of 0.25 °K at the above respective test stations and nozzle exit flow
conditions.

The actual far field central spot intensities were measured. The
4416 X, 50 mm beam traversing the 25 cm test station when the nozzle exit
velocity was 0.8 Mach had an intensity of 18 percent of the reference
intensity. At the 75 cm test station, with 0.4 Mach nozzle exit velocity
the 6328 X, 11.0 mm laser beam had a far field central spot intensity of
100 percent of the reference intensity.

The results of the experimentally measured central spot degraded

intensities were compared with the analytically predicted, using



experimentally determined turbulence characteristics, central spot in-
tensities. For the same laser beams traversing statistically identical
flow fields, the greatest difference between experimentally-measured and
analytically-predicted degraded,far-field,central-spot intensities was
8.2 percent. The average difference between the experimentally and
analytically determined intensities for all test conditions was less
than two percent. These results support the approximations used to
arrive at the analytical expressions which predict the laser beam for far-
field central spot intensity degradation caused by turbulent flow fields
and yield confidence in the ability to accurately predict those degrada-
tions using readily measurable turbulent flow field statistical parameters.

It was found that the frequency shifting crystal oscillator was needed
in order to detgrmine both the local mean velocity and the local turbulence
intensity in a highly turbulent portion of the flow. For example, the
downstream decay of the mean velocity at the centerline of the jet was
readily determined using the basic LDV without the frequency shifting
device. Typically, the turbulence intensities at the centerline do not
exceed 207% for the initial development region. Once the measuring volume
was located in the mixing region, the turbulence served to damp the auto-
correlation function so severely as to mask out the information needed to
determine the mean and rms velocities.

Due to the sampling rate having an upper limit of 50 nanoseconds,
high velocities create additional problems. Recalling that the Doppler

shift is given by:

_ 2U sin (6/2)

£ X

and if the largest shift detectable is less than 20 MHz then for very

large velocities either the half angle between the intersecting beams
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(6/2) must be made very small or the wavelength of the laser light (})
be increased. The first approach being much more practical than the
latter. Reducing the angle however also reduces the spatial resolution,
thus making the velocity field seem much larger than it really is and

also smearing out the finer scale turbulent occurrences.

IV  DATA DESCRIPTION

To document the reliability of the photon correlation laser Doppler
velocimeter, measurements are made in the flow field of a turbulent jet
exhausting into the atmosphere.

Mean velocities in the longitudinal direction are measured and
similarity profiles are shown for varying downstream locations and dif-
ferent exit Mach numbers (Fig.1l). The profiles are compared to theoreti-
cal curves developed by Gortler and Tollmien.

The decay of the centerline mean velocity with downstream displace-
ment is also shown (Fig.2) for different Mach numbers, and compared to
data obtained by use of a hot-wire anemometer (Fig.3).

Finally, an exit velocity profile using the LDV is compared to a
profile obtained by using a hot-wire anemometer (Fig,4). Note the dif-
ference in the flow widths.

Turbulence Characteristics Used to Predict Laser Beam Degradation

The refractive index perturbations which have the major effect on
the laser beam degradation of this investigation were caused by turbulence
induced density variations in the active medium through which the laser
beam propagates. These density variations were not amenable to direct
measurement, thus the equation of state was used to determine turbulent
density variations via other readily measurable turbulence quantities.

It was determined that velocity and temperature perturbations could be

7



transformed into density and, subsequently, refractive index perturba-
tions. Since the frequency response of the temperature measuring device
was insufficient for the temperature field to be measured, a method was
developed to correct the temperature measurements obtained with this

device.

The measurement and recording of instantaneous turbulent flow field
characteristics for the entire flow field area of interest for a given
experimental configuration of investigation were not possible. Statis-
tical characterization of the turbulent flow field was, therefore,
resorted to, and the prediction of the laser beam degradation was then

necessarily limited to average degradation.

The turbulence parameters used to predict the laser beam degradation
were the spatial temperature correlation function, spatial velocity cor-
relation function, and the path length of turbulence field thickness
associated with each correlation function. The correlation functions
actually measured were temporal correlation functions. These functions
and Taylor's hypothesis were used to approximate the spatial correlation
functions.

Figure 5 shows examples of velocity correlation functions as they
appeared on the display element of the correlator and the spectrum display.
The frequency response of the constant temperature anemometer was suffi-
cient to measure the highest frequency component of the turbulent velocity

field.

Figure 6 shows examples of temperature correlation functions. Two
similar functions with different correlator display time bases are shown
in Fig 7(a). As discussed earlier, the frequency response of the con-
stant current anemometer system used to measure the temperature perturba-

tions of the turbulent field of this study was insufficient for many of
8



the flow conditions experienced.

Table I lists the rms velocity perturbations, rms measured tempera-
ture perturbations, temperature correction factors, corrected rms
temperature perturbations, thickness of turbulence field each of these
measurements represents, and mean velocity of the flow field for each
of these measurements. The Mach number and downstream test station of
each set of parameters is also given.

Predicted Versus Measured Unperturbed Laser Beam Far Field Spot Profiles

In order to compare the unperturbed beam intemnsity profile actually
detected with that which would be analytically predicted, Eq. 1l was
numerically integrated with TT set equal to unity. This yielded the far
field spot in the focal plane of the far field forming lens. Figures 7a,
b, ¢, d, e and f show the photographs of the test beam spots as projected
on the opal glass measured by the TV camera and portrayed on the oscillo-
scope. Figures 8 a and b show the analytically predicted beam spots.

As can be seen from the photographs and plots, the predicted and measured
beam spots agree quite closely for four of the six test beams.

Solution of the Laser Beam Degradation Equations

Equation 2 in combination with Egs. 3, 4, 5, and 6 is not amenable to
exact solution; thus, numerical techniques were resorted to in the en-
deavor to solve these equations. Simpson's Rule was used to integrate
numerically the equations with "Ar" of 0.125 mm. In order to utilize con-
veniently the temperature and velocity correlation functions in the
numerical integrations, the correlation functions were digitized values

using a least squares fit subroutine.



The solution of Eq. 2 using Eqs. 3 and 5 for TT took about 50 times
more computer time than the solution using Eqs. 5 and 6. The results of
the numerical integration of these equations are shown in Table II.
Solutions were obtained for measured input laser beam diameters and input
laser beam diameters which would yield the far field spot diameters measured.

Predicted Versus Measured Turbulent Refractive Index Induced Laser Beam
Degradations

Examples of the degraded far field laser beam spots as recorded on
the oscilloscope are shown in Figure 9. These photographs show the long
term average degraded laser beam spots as measured by the TV camera in
the regular scan mode. Since these examples show little motion of the
far field spot, it is apparent that any motion which contributes to the
overall degradation occurs at a frequency equal to or higher than the
reciprocal of the integration time of the TV camera system. This frequency
of motion will be discussed further when the results of the far field
measurements using the TV camera in a single line scan mode are presented.
Figure 10 shows the percentages of the detected long term average central
spot intensities for all laser beams, test locations and Mach numbers.
Table II 1lists these same data along with the solution of Eq. 2 using Egs.
35 45 55 .andl 6 for TT. Figure 11 shows in graphical form the detected far
field spot intensities versus those predicted by the solution of Eq. 2 using
Eq. 3 for TT with input beam diameters which would yield the far field spot
diameters measured.

Laser Beam Far Field Spot Broadening and Wandering

With the TV camera in the single line scan mode, the detection system
was able to detect motions with a frequency of up to 3000 Hz. Examples

were made of several measurements of the beam spots with the TV camera in
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the single line scan mode, and with several detected spots superimposed.
The area of maximum brightness closely coincided, in most cases, to the
long term average central spot intensity detected with a TV camera in
regular scan. Thus, this maximum intensity was taken as the intensity
remaining after degradation by broadening alone. The percentage of this
maximum which yields the long term average intensity was taken as the
intensity remaining after degradation by beam motion (or wandering)
alone. A laboratory schematic of the test configuration is shown in

Figure 12.

11
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TABLE TII

MEASURED AND CALCULATED LASER BEAM DEGRADED INTENSITIES

LASER CALCULATED

A BEAM MACH TEST MEASURED INTENSITY (Z)

! SIZE NO. STATION INTENSITY EQ. EQ. EQ. EQ.
(A) (mm) (cm) (%) 3 4 5 6
6328 50.0 0.4 25 93 92.8 91.6 89.4 92.7
6328 26.8 0.4 25 94 93.6 92.9 DB 94.2
6328 11:0 0.4 25 98 96.9 97.3 96.8 98.4
4416 50-0 0.4 25 90 85.8 8307 7957 85.8
4416 26.0 0.4 25 92 87.6 86.4 8332 88.8
4416 12.3 0.4 25 97 92.9 93.7 92.4 96.0
44 .6 210 0.4 25 92 88.8 88.2 85.5 90.7
4416 10.8 0.4 25 97 93.9 94.8 93.8 96.9
6328 50.0 0.6 25 70 712.8 69.9 63.6 74255
6328 26.8 0.6 25 76 75%8 74.3 69.0 79.4
6328 1350 0.6 25 86 87.7 89.7 87.6 94.0
4416 50.0. 0.6 25 56 591 49.8 42.9 56.8
4416 26.0 0.6 25 63 58.1 56.8 50.0 64.9
4416 1523 0.6 25 79 14 .2 77.5 73.6 85.9
4416 21.0 0.6 25 63 61.6 61.6 554 70.2
4416 10.8 0.6 25 79 T3 81l.1 77.8 88.9
6328 50.0 0.8 25 34 40.6 38.2 37952 452
6328 26.8 0.8 25 45 46.0 45.2 38.7 53.6
6328 1 o0 0.8 25 67 69.1 13D 69.9 83.2
4416 50.0 0.8 25 18 18.6 18.6 14.7 26.1
4416 26.0 0.8 25 25 24.2 25.7 21.3 35.4
4416 12,3 0.8 25 48 45.4 51..5 46.9 65.9
4416 21.0 0.8 25 25 28.4 30.8 26.2 42.0
4416 10.8 0.8 25 48 50.4 572 52.9 71.6
6328 50.0 0.4 50 96 95.3 95.9 94.8 9793
6328 26.8 0.4 50 97 96.0 96.7 95.8 97.9
6328 1130 0.4 50 98 98.4 98.9 98.6 99.5
4416 50.0 0.4 50 94 90.7 91.9 89.7 94 .6
4416 26.0 0.4 50 95 92 . % 93.5 91.7 95.9
4416 1293 0.4 50 98 96.2 97.3 96.7 98.6
4416 21.0 0.4 50 95 93.0 94.5 93.0 96.6
4416 10.8 0.4 50 98 96.8 97.8 97.3 98.9
6328 50.0 0.6 50 83 83.6 85.8 82.4 91.5
6328 26.8 0.6 50 86 86.0 88.3 85.5 93.3
6328 11.0 0.6 50 95 94.1 96.0 95.0 98.3
4416 50.0 0.6 50 78 69.8 73.6 68.1 83.6
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TABLE II

(Continued)
LASER CALCULATED

A BEAM MACH TEST MEASURED INTENSITY (%)

° SIZE NO. STATION INTENSITY EQ. EQ. EQ. EQ.
) (mm) (cm) (%) 3 4 5 6
4416 26.0 0.6 50 81 74.2 78.4 73.8 87.
4416 12.3 0.6 50 89 86.6 90.6 88.4 95.
4416 21.0 0.6 50 81 17:1 81.5 77.4 89.
4416 10.8 0.6 50 89 88.7 92.4 90.6 96.
6328 50.0 0.8 50 60 60.7 63.4 57.8 72
6328 26.8 0.8 50 68 65.6 69.0 64.2 78.
6328 11.0 0.8 50 85 83.9 87.8 86.1 93.
4416 50.0 0.8 50 41 38.2 42.1 36.2 54.
4416 26.0 0.8 50 51 45,2 50.2 44.8 62.
4416 12,3 0.8 50 12 67.3 74.0 78.8 84.
4416 21.0 0.8 50 51 50.0 55.6 50.7 68.
4416 10.8 0.8 50 12 115 78.0 15.3 87.
6328 50.0 0.4 75 97 96.9 97.5 97.0 98.
6328 26.8 0.4 75 98 97.4 97.9 97.6 98.
6328 11.0 0.4 75 100 99.0 99.3 99.3 99.
4416 50.0 0.4 75 98 93.8 95.0 94.1 96.
4416 26.0 0.4 75 97 94.9 96.0 95.3 97.
4416 12.3 0.4 3 99 97.7 98.4 98.2 99.
4416 2.10 0.4 75 97 95.6 96.6 96.1 97.
4416 10.8 0.4 75 99 98.1 98.7 98.6 99.
6328 50.0 0.6 75 91 90.6 92.7 90.8 95.
6328 26.8 0.6 75 92 92.0 94.0 92.5 96.
6328 11.0 0.6 75 98 96.9 98.0 97.6 99,
4416 50.0 0.6 75 83 81.8 85.7 82.3 91.
4416 26.0 0.6 75 87 84.8 88.5 85.7 93.
4416 1253 0.6 75 94 Q2.7 95.2 94.1 e
4416 21.0 0.6 75 87 86.7 90.2 87.8 94,
4416 10.8 0.6 75 94 9319 96.2 95.3 98.
6328 26.8 0.8 75 80 78.6 84.0 79.9 91.
6328 50.0 0.8 75 74 75.0 80.1 75.7 89.
6328 11.0 0.8 D 90 91.1 94.6 93.1 97.
4416 50.0 0.8 75 5. 56.6 65.3 S8l 79.
4416 26.0 0.8 75 65 62.7 71.4 65.2 84.
4416 : g 0.8 75 81 80.4 87.4 84.2 94.
4416 21.0 0.8 75 65 66.9 75.4 69.8 87.
4416 10.8 0.8 75 81 83.3 89.7 87.1 95.
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Figure 5 - Velocity Correlation Functions.

(a) Mach 0.6 50 cm Station Y=0 cm

(b) Mach 0.4 24 cm Station Y=1.5 cm
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Figure 7 - Measured Beam Images.
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Figure 7 - Measured Beam Images (Cont'd).
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Figure 8 - Calculated Beam Image.
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Figure 9 - Degraded Beam Images.
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Figure 9 - Degraded Beam Images (Cont'd).
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Figure 10 - Average Degraded Intensities.
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Figure 10 - Average Degraded Intensities.
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Figure 12 - Laboratory Schematic,
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OVERVIEW OF 6-X 6-FOOT WIND TUNNEL AERO-OPTICS TESTS

Donald A. Buell
Ames Research Center

SUMMARY

The paper describes the splitter-plate arrangement used in tests in
the 6-x 6-Foot Wind Tunnel and how it was configured to study boundary
layers, both heated and unheated, shear layers over a cavity, separated
flows behind spoilers, accelerated flows around a turret, and a turret wake.
The flows are characterized by examples of the steady-state pressures and
of velocity profiles through the various types of flow layers. An intro-
duction to the instrumentation used by other authors is included.

INTRODUCTION

A series of wind-tunnel tests was conducted as a cooperative program
between NASA, the Air Force Weapons Laboratory, the Air Force Flight Dynamics
Laboratory (AFFDL), and their contractors over a period of U4 years. The
goal was to simulate flows representative of the airflow around an airplane,
to measure the characteristics of optical wave propagation through the flow,
to quantify the aerodynamic disturbances that distort the optical beam, and
to confirm assumed relationships between aerodynamics and optics. The
6-x 6-Foot Wind Tunnel was selected because it permitted the use of models
large enough to give a reasonable resolution with existing instrumentation.
It also provided transonic flow, controllable Reynolds number, and less
optical distortion than other Ames facilities.

This paper is an overview of the tests, with descriptions of the
models and the steady-state flow characteristics of each model. In ensuing
papers, Mr. Raman will describe the dynamic pressures which he measured in
the flow and on the model surfaces; Capt. Wade Bailey will describe optical
measurements that he and others from the Air Force Weapons Laboratory made
by passing laser beams through the flows; Dr. Trollinger will describe his
interferometry; Drs. William Rose and Dennis Johnson will describe the
dynamic density characteristics inferred from their measurements with hot
wires and a laser doppler velocimeter; and Dr. August Verhoff will compare
optical degradations computed from the density characteristics with the
degradations observed. The author is indebted to Mr. Raman for the boundary-
layer profile data presented herein and to Maj. John Otten for his efforts
in organizing and coordinating the test program. The basic model was
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designed and built by McDonnell-Douglas Corporation under contract to the
Air Force Weapons Laboratory. Later modifications were made in NASA shops
at Ames Research Center.

Many of the tests (with pins, fences, and a cavity) have been reported
in reference 1, and figures from that reference have been used where
relevant. Later tests with a turret model have not been reported elsewhere
and are described in somewhat more detail. The turret model was a small-
scale replica of the "coelostat" model on which loads have been measured
both at NASA and AFFDL. The "coelostat" loads data will be discussed in
later papers on the large-scale aero-optics tests. This particular turret
configuration was not selected because of its attributes but rather because
of the availability of the model from AFFDL and the availability of
comparison data.
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SYMBOLS

static-pressure coefficient, +* ~ Pe

q
mass flow of air injected into cavity, kg/sec

free-stream Mach number at a station 97 cm downstream from the
plate leading edge

time-averaged local Mach number at arbitrary point in the flow

2
static pressure at point of measurement, N/m

total pressure at point of measurement, N/m2

free-stream static pressure where M is defined, N/m2

free-stream total pressure where M is defined, N/m2

2, N/m2

free-stream Reynolds number per meter, Pe Voo

uoo
component parallel to splitter plate of distance from center
of turret to external probe, cm

free-stream dynamic pressure, 1/2p_ V_

free-stream velocity where M is defined, m/sec
coordinate in downstream direction (figs. 2 and 6), cm

coordinate in cross-stream direction parallel to plate (figs. 2
and 6), cm

distance from surface of plate, cm
BP are equal, deg

azimuth angle of turret cavity and cavity probe (fig. T7), deg

azimuth angle, when ecp and 6

azimuth angle between stream direction and REP (fig. 6), deg

free-stream viscosity where M is defined, kg/m-sec

free-stream density where M is defined, kg/m3

time-averaged quantity

.
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MODELS

Splitter Plate

Figure 1 shows the splitter plate used to isolate the modelled
flows from the wind-tunnel boundary layer. The flows of interest were
examined in the region between the return mirror and the plate. A
window in the plate permitted laser beams to be passed through the pylon
and the flow to the mirror and back to the instrumentation outside the
wind tunnel.

In preliminary entries, the mirror was not used; instead, a splitter
plate was attached to both wind-tunnel walls, and the beam was passed
across the entire wind tunnel. However, it was found that the free-
stream introduced enough unwanted disturbances to make the optical
signal/noise ratio marginal, and the mirror was then added.

Pin/Fence/Cavity Models

Figure 2 is a view of the splitter plate from the center of the
wind tunnel in two of many configurations. The figure also shows the
probe supports for holding hot wires, pressures probes, etc. One of the
supports was remotely adjustable in x and z, while the other was manually
adjustable in 3 dimensions. The turbulence-generating pins were intended
to thicken the boundary layer and improve the probing resolution. Other
arrangements of pins were used in preliminary tests and are the subject
of reference 2. The seeding pins were the means of adding particles to
the flow to enhance the signal to a laser doppler velocimeter and were
left in for most of the tests. Porous spoilers of various sizes and
porosities could be attached ahead of the test volume. A cube-shaped
cavity could also be installed in place of the window. A glass bottom
in the cavity allowed a laser beam to be passed through the shear layer.
It was also possible to change the front wall of the cavity to a porous
wall for the purpose of injecting air into the cavity.

Cavity flow is an essential part of the simulation because it is

often desirable to omit windows in the optical system being simulated. The
power levels of projected high-energy lasers are such that window materials
generally absorb enough energy to induce significant index of refraction
variations. This, in turn, causes serious degradation in far-field intensity.
Fences have proven to be an effective means of inhibiting cavity resonance.
Hence, it was deemed useful to simulate the shear flows from cavities and
fences, both separately and in combination. The various model configurations
are described in table 1. Fence details are sketched in figures 3 and 4.

Heated Model

Figure 5 shows the splitter plate with a heated copper plate installed
upstream of the test volume. It was possible to maintain the plate
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temperature about 50°C above the total temperature of the wind tunnel to
simulate a heat leak from an aircraft. However, the amount of energy
added by this means was small relative to that in the nearby airstream,
and only a few of the configurations were tested in combination with the
heated plate.

Turret Model

Figures 6 and T show details of the turret and fairing mounted on
the plate, and figure 8 is a photograph of the turret configuration. For
these tests, the "external" probe support was made remotely adjustable in
3 directions, necessitating the opening of a large cavity in the downstream
portion of the pylon. The fence is not intended to affect the flow around
the turret, but only to protect the wiring in the pylon cavity. The turret
azimuth could be controlled remotely, and a probe support in the turret
was also remotely adjustable along an imaginary optical beam emanating
from the turret cavity. It should be noted that no optical measurements
were actually made with the turret configuration, except for interferometer
studies by Dr. Trollinger. In order to cover the mechanism, the turret
and fairing were mounted on a thin plate bolted on top of the aft 2/3 of
the original splitter plate.

The fairing used in some of the tests with the turret was intended to
reattach the flow downstream of the turret and to move the shock waves off
of the turret surface. Coordinates of the fairing are given in table 2.

A gap of about 0.16 cm existed between the fairing and turret.

INSTRUMENTATION

Optical measurements were under the direction of the Air Force
Weapons Laboratory and consisted of sending laser beams of various wave
lengths and diameters through the flow to detectors. Both line-spread
function and modulation transfer function were evaluated with fast-
scanning devices that minimized vibration interference.

Instruments for determining aerodynamic characteristics of the flows
included hot wires, operated at both high and low over-heats, and pressure
transducers, both dynamic and steady-state. These devices were operated
in pairs or in greater multiples to obtain correlations from which scale
lengths could be deduced and statistical averages could be determined.

The pin, fence, and cavity flows were also probed with a laser-doppler
velocimeter, which measured particle velocity, and with various forms of
interferometry. Details of these measurements are reported elsewhere in
this conference paper. Preliminary results from the hot wires and laser-
doppler velocimeter have been reported in reference 3.

39




The flows were also probed with a multiple-tube total-pressure rake
and by a 5-hole hemisphere-head directional probe similar to that described
in reference 4. In addition, steady-state pressure taps and high-response
pressure transducers were distributed about the plate and turret surfaces.
A1l of the aerodynamic instrumentation except the directional probe are
described in greater detail in reference 1.

The directional probe measured mean pressures at the intersection of
the hemisphere surface with the axis of symmetry and on 4 equally-spaced
rays from the center of the hemisphere and 45° from the axis. The probe
was calibrated in a 5-cm jet at Mach numbers from 0.3 to 1.5 to give angle
of attack, angle of sideslip, local Mach number, local total pressure, and
derived parameters. The probe was recalibrated at zero flow angle in the
6-x 6-Foot Wind Tunnel. Figure 9 shows how the Mach number indicated by a
ratio of pressures on the probe varies with true Mach number. Its
sensitivity to such parameters as Mach number was limited but marginally
usable at supersonic speeds. The calibration was checked at a high flow
angle over the entire range of Mach numbers in the 6-x 6-Foot Wind Tunnel.
The results are shown in figure 10. Errors are generally less than 5 percent
except at M = 1.2. These results were obtained with curve fits of the
parameter versus indicated flow angle and indicated Mach. number. It is
recognized that in the wake there would be an additional error of unknown
magnitude due to fluctuation of the pressures being measured.

TESTS

The tests of the pin, fence, cavity, and heated plate models were
performed in three wind-tunnel entries at free-stream Mach numbers from
0.6 to 0.9 and Reynolds numbers of 6.6 and 9.8 million/m (2 and 3 million/ft).
Tests of the turret model in a separate entry were performed at free-stream
Mach numbers from 0.62 to 1.49 at a Reynolds number of about 4.9 million/m
(1.5 million/ft) and at Mach numbers from 0.62 to 0.95 at Reynolds numbers
of 9.8 million/m (3 million/ft). For calibrations of the directional probe,
the Mach number range was extended to 0.4 and 1.7 at the lower Reynolds

number.

Model configurations 3 through 6 were investigated with a rake and
surface static pressures only. Optical measurements were made on all other
models except the turret. Selected models were ,chosen for an additional
detailed probing of the flow, and these are indicated in table 1.

The total temperature of the wind tunnel varied from 290° to 305° K.

RESULTS

The results to be presented here consist only of steady-state pressures
measured on the models, on the total-pressure rake, and on the directional
probe. The presentation is intended to characterize the various flows

simulated in the tests.
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Plate Pressures

Figures 11 through 18 show pressure coefficients for the pin model,
the fence model, and the cavity model with and without a small fence, for
both high and low subsonic speeds. The data are taken from reference 1,
which has additional data for these and other models. The test volume
which was the object of both optical and aerodynamic probing lies between
x =0 and x = 20 cm.

The pressure data indicate a high speed flow over the pin area near
the leading edge, a deceleration in front of the return mirror, some
asymmetry in the tunnel flow as the plate pushed the air towards the
opposite side, and a little asymmetry across the plate in the y direction,
probably due to the concentration of the seeding pins at the center of the
plate. None of these factors was thought to significantly detract from
the objectives of the test. The fences are seen to cause considerable
disturbance, and the cavity pressures indicate an appreciable gradient in
the z direction. Reynolds number effects were typically negligible.

It should be noted here that the solid-wall cavity resonated in a
depth mode at the low Mach number and in a fore-aft mode at the high Mach
number. When the upstream cavity wall was made porous to permit air
injection from a plenum next to the cavity wall, the acoustical absorp-
tion was sufficient to inhibit resonance even without air injection. The
thick boundary layer approaching the cavity is thought to have also
contributed to this result. Despite the dynamic air movement induced by
the resonance, the steady-state pressures were not appreciably affected
by the resonance, and the data of figures 15 and 16 are reasonably
representative of either case.

Turret Pressures

Figures 19 through 23 present steady-state pressure coefficients over
the turret and on the plate beside the turret. The turret cavity azimuth
was 120°, at which angle the static-pressure taps in the turret were
approximately streamwise. The figures show that there was little pressure
recovery on the downstream side of the turret at high Mach numbers. Even
the plate pressures in figures 20 and 22 indicate the presence of a sizable
wake at a Mach number of 0.95. The main effect of the fairing appears to
be increased velocities over and beside the turret except in the cutout
region between the turret and fairing.
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Boundary-Layer Profiles

Figures 24 through 26 show velocities calculated from pressure
measurements in the pin, fence, and cavity boundary layers. One can see
in figure 24 that the 2 cm boundary layer without pins was tripled in
thickness by either the turbulence pins or seeding pins and that the
combination (model 1) yielded a layer 8 cm thick. While not duplicating
the profile of a naturally occurring boundary layer, this layer was thick
and repeatable and was the subject of extensive measurements. Reference 1
shows that Mach number, Reynolds number, and fore-aft position had only
minor effects on the profile. Figure 25 shows the large fence shear layer
which proved to be detrimental to optical propagation. The mirror is seen
to have negligible effect. Figure 26 shows profiles over the cavity which
are little affected by resonance (model 14 to model 8) and are actually
fairly close to the profiles of model 3, which also had seeding pins but
no cavity. The effects of fence height and porosity are evident. Both
model 13 and 14 were probed extensively.

Figures 27 and 28 show rake measurements upstream and downstream of
the turret. Although no attempt was made to calculate velocities, it is
apparent that the approaching boundary layer was similar to previous models
without pins. Figure 28 indicates that the wake enlarged abruptly as Mach
number was increased. Hot wire measurements in the wake have led to
calculated values of optical degradation that were very large under some
conditions.

A more relevant picture of the velocity distribution around the
turret was given by measurements with the directional probe. This probe
was positioned not only at different heights above the plate, but also
at different radii from the center of the turret along the line of sight
from the turret cavity. Figures 29 through 31 are representative of the
magnitude and direction of the Mach number vector at one height above the
plate. A large lateral spread of the wake is evident from these data at
the higher Mach numbers.

Figures 32 through 35 show the absolute magnitude of the Mach number
vectors at different heights above the plate. It is apparent that the
wake at an azimuth angle of 150° and a Mach number of 0.95 was much larger
than at the other conditions. Even the 90° azimuth position shows a
disturbed region of accelerated flow at the higher Mach number which helps
to make the higher Mach numbers a special problem in optical propagation.
Mach number effects are summarized for one height in figures 36 and 37. The
latter figures also illustrate the small Reynolds number effect. A
similarly small effect of the fairing is shown in figures 38 and 39.

Figures 40 through L3 give local density data for conditions
comparable to the Mach number data shown previously. Density gradients
were again most troublesome at the higher Mach number. Both the local
mean density and Mach number distributions are required to convert the hot
wire readings to density fluctuations, as will be discussed in Dr. Rose's
paper.
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CONCLUDING REMARKS

This paper has described a series of models which created various
flow disturbances in transonic wind-tunnel tests and provided a vehicle
for exploring the relationship between aerodynamics and optical propagation.
The paper has presented characterizations of the disturbed flows by means
of steady-state pressure data and derived parameters measured on the
surface, on a rake, and on a directional probe. The flows included
thickened boundary layers, shear layers over a cavity and behind porous
spoilers, accelerated flow around a turret, and a turret wake. Detailed
optical and aerodynamic measurements made in the flows are presented in
subsequent papers.

43



REFERENCES

Buell, Donald A.: Aerodynamic Properties of a Flat Plate With Cavity
for Optical-Propagation Studies. NASA TM-T8487, January 1979.

Otten, L. J.; and Van Kuren, J. T.: Artificial Thickening of Transonic
Boundary Layers. AIAA Paper T76-51, 1976.

Johnson, D. A.; and Rose, W. C.: Turbulence Measurements in a
Transonic Boundary Layer and Free-Shear Flow Using Laser Velocimetry
and Hot-Wire Anemometry Techniques. AIAA Paper T6-399, July 1976.

Armistead, Katharine H.; and Webb, Lannie, D.: Flight Calibration

Tests of a Nose-Boom-Mounted Fixed Hemispherical Flow-Direction
Sensor. NASA TN D-T461, October 1973.

44



TABLE 1.- MODEL CONFIGURATIONS

Seed Turbulence- Fence Fenge Cavity Lavity
No. . Return hefsh Fence hole wall Ste Probs
ping SRETEE mirror ek orosit diameter CRVAES ¥ads HeLs )
pins cm P y 2 poroBEEY diameter,height measure-
ok cm cm ment
I X X X - - ~ - - - -~ X
2 X - X 541 0.49 0.37 - - - - X
3 X - X - - - = - - - —
4 X - - - - - - - - - -
55 X - - 5.1 0.49 0.37 = = - ~ =
6 X X - - - - - - - - -
7 X - X ifad b 053 0.95 = - - ~ =
8 X - X - -~ - X 0 = =
9 X - X 2.3 0.38 0.24 slits X 0 - - -
10 X - X 253 0.38 0:52 X 0 - - -
1Lk X - X 4.6 0.38 0552 X 0 - - X
152 X - X 4.6 0.58 0.99 X 0 - - -
183 X - X 243 0.58 0.99 X 0 - - X
14 X - X - - - X 0.49(Upst) 0.32 - X
115 X - X - - - X - 0.64slot - -
16 X - X 2.3 0.58 0.99 X 0.49(Upst) 0.32 - -
18 - - X - - - - - - 0. 64 -
19 - - X - - - - - - - -
20 - X X - - - - - - - -
21 - X X - - - - - - 0.64 -
Turret - = - 4,6% 0.58% 0.99% Fig.7 0535 0.16 X

* Fence downstream of turret




TABLE 2.- TURRET - FAIRING COORDINATES

Upper Surface Lower Surface
Xy Ol Yy, Cm Zy CH y, cm Zjy. cm
=0:23 0.00 4.65
0.00 0.00 4.83 0.00 4.52
0.00 0.23 4.75
0.00 0.36 4.52
.37 0.00 5.00 0.00 4.39
He 37 0.28 4.98
1l 2%/ 0.56 4.83
1.37 0.69 4.37
3.56 0.00 5.08 0.00 3.51
3.56 0.28 D105 0.48 3.48
356 0.56 5.00 0.94 3.40
3.56 0.84 4.85
3.56 107 4.67
356 1.27 4.39
3.56 1.:35 4.11
3.56 18y 3.84
3.56 1.35 3.56
3556 .35 3.38
4.67 0.00 5.03 0.00 257
4.67 0.28 5.00 0.41 2.54
4.67 0.56 4.98 0.79 2.49
4.67 0.84 4.91 Ll 2.41
4.67 1.2 4.80 1.55 2.29
4.67 1.42 4.65
4.67 170 4.37
4.67 1.80 4.11
4.67 1.88 3.84
4.67 1.91 3.56
4.67 1.91 3.28
4.67 1.85 3.00
4.67 1.80 272
4.67 1.80 2.44
5.82 0.00 4.93 0.00 0.99
5.82 0.28 4.93 0.25 0.99
5.82 0.56 4.88 0-51 0.97
5.82 0.84 4.83 0.76 0.89
5.82 T2 4.72 1.02 0.81
5.82 .42 4.60 1527 0.71
5282 .70 4.42 1.50 0.61
5.82 1.98 4.19 1570 0.46
5.82 2.23 3.84 1.91 0.30
5k 82 2.39 3.56
5..82 2.46 3.28
5.82 2551, 3.00
5582 2.54 2572
5.82 2<67 2.13
5.82 2382 1L.85
5.82 2.97 1557
582 315 1:30
5.82 3433 1.02
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X, Cm

5.82(cont.)
5.82
5.82

6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93
6.93

8.08
8.08
8.08
8.08
8.08
8.08
8.08
8.08
8.08
8.08
8.08

10.90
10.90
10.90
10.90
10.90
10.90
10.90
10.90
10.90
10.90
10.90

TABLE 2.- Continued

Upper Surface

y,cm Z, Cm
3.56 0.74
3881 0.46
4.19 0.00
0.00 4.80
0.28 4.80
0.56 4.75
0.84 4.70
2 4.62
1.42 4.50
1.70 4.39
1.98 4.24
2.26 4.04
2.46 3.84
2.69 3.56
2.84 3.28
2.97 3.00
3.05 272
3.15 2.44
3:28 2908
3.43 1.85
3.61 157
3.78 1.30
4.01 1,02
4.24 0.74
4.52 0.41
4.88 0.00
0.00 4.65
0.56 457
a2 4.42
1570 4.22
2526 3.89
2.82 3.43
3.38 2.79
3.96 1.88
4.52 0.99
5.08 0.30
52 0.00
0.00 4.17
0.:53 4.14
1.09 4.01
1.63 3.81
2.18 3033
272 go12
3.28 2.67
siatll 1,72
4.34 0.91
4.90 0.28
SHad G, 0.00
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XK Gl

13.72
118572
1.3, 72
1372
132
132
13,72
13.72
13072
13.72
13.72

16.54
16.54
16.54
16.54
16.54
16.54
16.54
16.54
16.54
16.54

19.35
19.35
19,35
19.35
19.35
1935
19.35
19.35
19.35
19.35

22.17
22,17
22,17
22.17
22. 17
22.17
22517
221
22207
22.17

24.99
24.99
24.99
24.99
24.99
24.99

27+38

Upper Surface

, cm

0.00
0.51
1.02
1.55
2.06
2 5,
3.07
3.58
4.09
4.62
4.83

0.00
0.43
0.94
1.40
1.85
2.34
2.79
3.25
3373
4.34

0.00
0.41
0.82
1.22
17563
2.01
2.41
2.82
3.23
3.73

0.00
0.33
0.66
0.99
127
1.63
1.96
229
2.62
3.00

0.00
0.43
0.86
17
570
2.18

0.00

Z, Ccm

3.61
3.56
3.48
3.33
3.07
2.72
221
1.52
0.81
0.23
0.00

802
3.00
2.90
2.77
2. 57
2.26
1.85
1.27
0.69
0.00

2.41
2.39
2.31
2523
2.03
1.80
1.50
1.04
0.58
0.00

1.65
1.63
1.60
1.50
1.40
1.24
1.04
0.74
0.41
0.00

0.79
0.76
0.69
0.53
0.28
0.00

0.00
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Figure 1ll.- Static-pressure coefficients on the plate and wall; pin model 1, M = 0.89,
R = 9.8 million/m.
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Figure 12.- Static-pressure coefficients on the plate and wall; pin model 1, M = 0.60,
R = 9.8 million/m.
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Figure 13.- Static-pressure coefficients on the plate and wall; fence model 2, M =

R = 9.8 million/m.
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Figure 14.- Static-pressure coefficients on the plate and wall; fence mod=1l 2, M = 0.60,
R = 9.8 million/m.
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Figure 15.- Static-pressure coefficients on the plate, wall, and cavity; solid-wall cavity
model 8, M = 0.89, R = 9.8 million/m.
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Figure 16.- Static-pressure coefficients on the plate, wall, and cavity; solid-wall cavity
model 8, M = 0,60, R = 9.8 million/m.
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model 13, M = 0.89, R = 9.8 million/m.
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Figure 29.- Local Mach number vectors for various turret azimuths; M = 1.49, R = 4,8 million/m, z = 2,0 cm.
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Figure 34'5 Local Mach numbers along the line of sight from the turret cavity; M = 0.62, R = 10.0 million/m,
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Figure 36.- Local Mach numbers along the line of sight from the turret cavity; © = 900, z = 2.0 cm.
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Pressure and Temperature Fields Associated with Aero-Optics TestsT

K.R.Raman
Raman Aeronautics, Inc.

Summarz

This paper describes the experimental investigations carried out in the
6 x 6 ft Ames wind tunnel at Moffett Field, California, on four model configu-
rations in the Aero-Optics series of tests, and presents the data obtained on
the random pressures (static and total pressures) and total temperatures from
these tests. In addition, the data for static pressure fluctuations on the
Coelostat turret model are presented.

These measurements indicate that the random pressures and temperatures
are negligible compared to their own mean (or steady state) values for the four
models considered, thus allowing considerable simplification in the calcula-
tions to cbtain the statistical properties of the density field. In the case
of the Coelostat model tests these simplifications cannot be assumed a priori
and require further investigation. Some correlation data obtained using two
identical probes, are also presented here. From these correlation plots
appropriate scale lengths can be determined.

Symbols
M Free-stream Mach number X Position vector,(x,y,z),L
) Static pressure,N/m2 e Angular orientation of cavity
in the Coelostat turret model,deg
P RMS value of static pressure,N/m2 T Time delay,sec.
Pr Total pressure,N/mZ Subscripts and Superscripts
3} RMS value of total pressure,N/m2 © Free-stream conditions
PSD Power spectral density,(N/mZ)2 ~ RMS value of the parameter
q Dynamic pressure,N/m2 - Steady state value of the
parameter considered
Re/m Reynolds number per meter,1/L
1 Local conditions

RMS Root mean square value of
parameter under consideration

T Total temperature, °K
TT RMS value of total temperature,®K

AT  Surface temperature increase of
splitter plate,®K

Uo Free-stream velocity,m/sec

t This reported work was carried out under contract NAS 2-9920 funded by
NASA/Ames Research Center,Moffett Field,CA.
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Introduction

A laser beam from an Airborne Laser Laboratory (ALL) degrades in its
performance as it passes through the aerodynamic flow field shrouding the
aircraft. This performance degradation is directly dependent on the re-
fractive index variations in time and space in the media. The refractive
index itself is related to the local density, a parameter not readily amenable
to direct measurements. In order to obtain the density field data indirectly
one needs the measurements of all the pertient aerodynamic flow field para-
meters, namely, pressure (static and total pressures), temperature and
velocity in the selected regions of interest. In this series of tests
several experimenters participated, each contributing in his own field of
expertise, and through the combined efforts a considerable amount of knowledge
has been gained. The data concerning the pressure and temperature field will
be discussed in this paper. Using the results from this experimental investi-
gation along with some additional measurements of their own regarding the
velocity field (using a Laser Doppler velocimeter) and the mass flux data
acquired with the use of hotwire anemometry, an assessment of the density
field was made by Rose and Johnson in their paper entitled '"Unsteady Density
and Velocity Measurements''.

In addition, the information regarding scale lengths along the look
direction of the pointing and tracking systems is required in order to
determine the Strehl ratio along the optical path.

Experimental Facility

The wind-tunnel test facility and all the model configurations used in
these tests are described fully by Buell in his paper '"Overview of 6 x 6 ft
Wind-tunnel Aero-Optics Tests'' and in Ref.1. These tests were carried out
with the following wind-tunnel test section flow conditions:

0.50 < free-stream Mach number, (Mo)< 1.00
6x106 < Reynolds number/meter < 107
290° K < total temperature of test stream < 310° K

In fig. 1 the four models that were considered in this investigation are

sketched with all significant components identified in order to point out
the differences between each of the models tested.

Instrumentation

A rake consisting of 20 total pressure tubes and 2 static pressure tubes
spanning 17 cm normal to the splitter plate was used to obtain the steady
velocity profiles in the regions of interest. The surface static pressuret

Static pressures being constant through the boundary layer (verified by our

measurements) is the reason for using surface static pressures in calculations.
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and free-stream total temperature data were necessary in these velocity
calculations from the rake pressure data.

A specially designed " multi-probe " was used to measure steady and
unsteady components of static pressures,total pressures and total temperatures
in the region between the splitter plate and the return mirror and in regions
above the cubical cavity opening. In fig.2 details of the multi-probe are
schematically illustrated. The probe contains several components, all of them
labelled in the sketch and briefly described in the figure itself. Two
differential pressure sensors,I and II, monitor the fluctuations in total
pressures and static pressures about their local mean pressures. The electri-
cal leads are omitted in this illustration to avoid confusion. Tube AA (sensing
the total pressure) is connected to a 4 meter long small capillary tubing
(diam= 0.5 mm) in order to damp all the unsteady components before it is branch-
ed into two tubes. One of the branches is connected to A'A' and thus becomes
the reference pressure for sensor I; the other branch is connected to an
appropriate sensor for obtaining the steady state total pressure. Similar
procedure is adopted for the static pressure sensor IT to obtain the fluctua-
tions about its local mean static pressures.

A hot-wire probe is mounted ahead of the total pressure opening(see fig.2).
The bent prong tips are made of Nicoll wire and the 5 microns tungsten wire is
welded to these tips. The hot-wire itself is located well ahead of the pressure
port in order to avoid the wake influence from the hot-wire or the tips. The
frequencies present behind the wire due to vortices (assuming a Strouhal
number of 0.2 ) that are shed are well above the operating range of the sensor I.
For temperature measurement the hot-wire is operated at low overheating ratio
and in a constant current mode of operation. Appropriate compensation electron-
ic circuitry was built to rectify for the inherent thermal lag in the hot-wire
anemometer and thus the signals from the wire itself are valid up to 10 KHz in
these tests.

All required signal conditioning electronics, amplifiers for various
sensors, power supplies for excitation voltages etc are standard procedure
and will not be discussed in this paper. Similarly, the use of tape recorders,
RMS modules,Correlators etc will not be considered here. All through the
data acquisition and data analysis phases,proper calibration of the
electronic units needs to be carefully made and proper records of the
gains, zero offsets etc are to be kept. In all this bookkeeping of the

above described electronic units,the HP-9830 desk computer has been programmed
and relied on.

Results and Discussion.

The velocity profiles for models 1 and 13 are presented in fig. 3 and &
for free-stream Mach numbers equal to 0.60 and 0.89 and Reynolds number/meter
equal to 9.8x106. The combination of turbulence generating pins and seeding
pins in model 1 and the seeding pins alone in model 13 yield comparable
boundary-layer thicknesses satisfying the power law profile with 7 <n 9.
Thus the seeding pins alone are sufficient to generate the necessary thick
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boundary layer for the series of tests considered here.

The splitter plate surface temperature was elevated above the adiabatic
wall temperature by 44° - 56° K (through heating the plate) in order to
increase the total temperature fluctuations in the boundary layer and thereby
bring about an increase in density fluctuations adjacent to the plate. The
effects on the optics performance could then be examined. However, heating
the plate did not greatly affect the velocity profiles or the unsteady pressures,
so the addition of heat in these tests was inadeqate to bring about the
anticipated effects.

In figures 5(a) and 5(b) the normalized pressures, namely the ratios of
RMS static pressure to the mean free-stream static pressure, P /Pw, and the
RMS total pressure to the mean free-stream total pressure, P, / PT.» are given
for model 1, M =0.60 and M_=0.89 respectively. Similar data are presented in
figures 6,7 and 8 for models 2,13 and 14. From these we note that the normaliz-
ed pressures satisfy

0.007 < ¥ /7P, < 0.020 and 0.020 < P /P, < 0.080

The measurement of unsteady total temperature as obtained by hot-wire
anemometer in a constant current operation are given in figures 9,10,11 and 12
for M ,=0.60 and M_=0.89 for all the four models considered. The essential
features to observe from these measurements are

i) the surface heat addition to the splitter plate did not greatly
influence the ratio§~pf the RMS total temperatures to the free-stream
total temperatures, TT i TT , and

ii) the ratio of ?} /.wa in all cases considered is less than 1 %.

Using two identical multi~probes as illustrated in figure 13, and vary-
ing the separation distance between these two probes ( in our investigation
the normal distance to the splitter plate was varied), various cross-
correlation functions were obtained. From these the scale lengths were ex-
tracted for each of the flow parameters under investigation.

In figs. 14(a), (b), and (c) the cross-correlation functions are given for
static pressure, total pressure and total temperature respectively for
model 1, M, = 0.89. Similar plots are given for model 13, M, = 0.89, in
figs. 15(a), (b), and (c). The correlation scale lengths obtained for static
pressure in general are greater than that for total pressures or total
temperatures. The solid curves in these correlation plots were obtained by
assuming an exponential form for the decay with increasing d and using a least
square fit analysis. From this analysis the integral scale lengths are
deduced. Further, if the hot-wire frequency range could be improved beyond
10 kHz, the scale length obtained from the total temperatures is expected to
be comparable to the scale lengths obtained for total pressures (the pressure
sensor frequency range is beyond 20 kHz).
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During these tests the cross correlation functions involving fluctuations
of static pressures, p, mass flux , pu,total pressure, Pr > and total tempera-
tures, T., were observed. The results indicate these correlations to be nearly
zero; thgt fiS)s plpu5, PPy ,pT and Pr P-T- are nearly zero. Thus the influence of
these quantities in their contrlbutlon Io RMS density values could be ignored.

In figure 16 ,the ratio of RMS static pressures to the local steady static
pressures on the Coelostat turret | model is plotted as a function of X distance.
As can be seen in this case, the P/ P, can be as large as 8% and can play a major
role in the RMS density calculations. In figure 16 the pressure data are indicated
by A,B,C,D and E and correspond to sensors on the turret itself(A,B & C) and
on the splitter plate (D & E). These are designated in order to present data of
the power spectral analyses in figuresl7 and 18 corresponding to these sensors.
The pressure ports A and C are located on each side of the pressure sensor B in
the cavity itself. Pressure sensors D and E are located downstream of the turret
model .

In figures17 and 18 the frequency content of the unsteady pressures corre-
sponding to the sensors A to E (as given in figure 16) are presented. These power
spectral density analyses were carried out at Ames Research Center using anexisting
Hybrid Spectral Analyzer program. In these plots the power spectral density peaks
appearing at 1 kHz are due to the wind tunnel itself while the peaks at 500 Hz
are due to flow associated with the Coelostat Turret model. Sensor C located on
one side of the cavity does not show the peak at 500 Hz while the sensor A on
the other side of the cavity shows the peak in the spectral plots. The influence
of these peak signals downstream of the turret model is apparent from the results
given in figure 18. As expected there is a high degree of coherence between the
pressures between A,B,D and E sensors and slightly lower coherence value whenever
sensor C was involved.

Reference

1. Buell,Donald A. Aerodynamic Properties of a Flat Plate with Cavity for
Optical-Propagation Studies. Jan 1979. NASA Tech.Memo. 78487.
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Figure 1. Sketch of the Four Selected Models Tested in 6x6 Foot Wind Tunnel.
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Figure 13 . Two Multi-probes in the Test Section for Correlation Measurements.
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Static Pressure Correlations Coefficient

Model 1
1 <z<6cm

QO M.,=0.89 heat on

O M.,=0.8 heat off

cor.len. = 4,163

Separation Distance,d, cm

Figure 14(a). Static Pressure Correlation Coefficient versus
Separation Distance for Model 1.
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Total Pressure Correlation Coefficient

Model 1
1<z<6cm

O Mo=0.89 heat on
U M=0.89 heat off

cor. len. = 0.969

Separation Distance, d, cm

Figure 14(b). Total Pressure Correlation Coefficient versus

Separation Distance for Model 1.
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Total Temperature Correlations Coefficient
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Figure 14(c). Total Temperature Correlation Coefficient versus
Separation Distance for Model 1.
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Static Pressure Correlations Coefficient
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QO M= 0.89 heat on
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Figure 15(a). Static Pressure Correlation Coefficient versus
Separation Distance for Model 13.
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Total Pressure Correlations Coefficient

Model 13
1 <z <8 cm

O M,=0.89 heat on
D Me= 0.89 heat off

cor.len. = 0.714

Separation Distance,d, cm

Figure 15(b), Total Pressure Correlation Coefficient versus
Separation Distance for Model 13.
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Total Temperature Correlations Coefficient
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Figure 15 (c). Total Temperature Correlation Coefficient versus
Separation Distance for Model 13.
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Line Spread Instrumentation for Propagation Measurements

Wade H. Bailey Jr., Captain, USAF

Air Force Weapons Laboratory/LRO
Kirtland AFB, NM 87117

Abstract

The Air Force Weapons Laboratory (AFWL) has been involved
in the study of laser propagation from airborne platforms. A
Line Spread Device (LSD) capable of yielding direct measure of
a laser beam’s Line Spread Function (LSF) was developed and
employed in propagation tests conducted in a wind tunnel by
AFWL to examine optimal acoustical suppression techniques for
laser cavities exposed to simulated aircraft aerodynamic environ-
ments. Measurements were made on various aerodynamic fences
and cavity air injection techniques that affect the LSF of a prop-
agating laser. Using the quiescent tunnel as a control, the rela-
tive effect of each technique on laser beam quality was deter-
mined. The optical instrument employed enabled the compari-
son of relative beam intensity for each fence or mass injection.
It was found that fence height had little effect on beam quality
but fence porosity had a marked effect, i.e., 58% porosity allevi-
ated cavity resonance and degraded the beam the least. Mass
injection had little effect on the beam LSF. The use of a direct
LSF measuring device proved to be a viable means of deter-
mining aerodynamic ‘“seeing” qualities of flow fields. It could
also be applied to static atmospheric “seeing” measurements
through various gases and pollutants.

Introduction

An important aspect of the Air Force High Energy Laser Pro-
gram is the examination of propagation effects associated with
operating a laser from an airborne platform. This program
studies in detail how the atmosphere would effect laser propaga-
tion, and, in particular, how the atmosphere would effect laser
propagation in a dynamic situation, i.e., aerodynamic interfer-
ence in the form of turbulent boundary layers, regions of sepa-
ration, shock waves and other aerodynamic parameters associ-
ated with a possible airborne laser system. In conducting propa-
gation measurements, large transonic wind tunnels were used to
simulate conditions that could confront possible laser aircraft
which may be employed in future weapons systems.

In order to quantify the optical performance of the numer-
ous laser turret and aircraft models a device was required to
measure laser beam quality as it was transmitted from these
models into the surrounding flow field. Thus a device capable
of direct measurement of the line spread function of coherent
light evolved. The first generation Line Spread Device (LSD)
was used in a wind tunnel test in April of 1975. An improved
LSD instrument was planned for use in the follow-on wind tun-
nel test scheduled for July 1976. This latter series utilized the
NASA Ames Research Center 6 x 6 foot transonic wind tunnel
located at Moffett Field, California. The purpose of these tests
was to develop cavity quieting techniques which permit efficient
transmission of a laser beam from this exposed cavity into the
surrounding flow field.

1453 received August 30, 1977. This paper was presented at the SPIE
Seminar on Laser Technology for the Atmospheric Sciences, August
25-26, 1977, San Diego, California, and appears in SPIE Proceedings
Volume 125.
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Line Spread Device

The Line Spread Device (LSD) was conceived as a simple instru-
ment capable of measuring directly the optical quality of a laser
beam after it has been propagated through an optically distorted
medium. In theory, sweeping the focal spot of a coherent light
source across a slit that is narrower than the focal spot, and de-
tecting the intensity of the light as it traverses the slit yields an
integrated slice of the Airy Disc. This is referred to as the Line
Spread Function (LSF) of the beam and is illustrated in Figure 1.

Atry
Disc

[ LASER

LSF
From ARy
Disc

Figure 1. Principle of line spread function.
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Figure 2. Output of optical disturbances.

Distortion of the line spread function occurs when the beam
encounters an optically distorted medium, e.g., turbulence (see
Figure 2).' A measure of beam degradation can be made by com-
paring the undistorted LSF to the distorted LSF. Beam quality
can then be expressed using various methods. The first method
would be a simple intensity ratio determined directly from the
LSF. A simple beam quality figure of merit is then the ratio of
the intensity of a distorted LSF(I) to an undistorted LSF in-
tensity (I ;). A second method would be to take the undistorted
LSF and distorted LSF together and perform a Fast Fourier
Transform which would produce a Modulation Transfer Func-
tion (MTF) of each. Taking the volume under each MTF and
ratioing them as in the intensity method, a Strehl ratio can be
determined. Phase tilt information can also be determined from
the distorted beam as the tilt can cause lateral displacement of
the LSF from a predetermined center line.

The line spread device used in the July 1976 wind tunnel
test was relatively simple in construction and was composed
entirely of off-the-shelf equipment. The optical components
utilized in the LSD were of the highest quality. Figure 3 details
the LSD as configured for the test. A 50 milliwatt helium-neon
laser, Spectra-Physics model 125/250, was the source laser. A
Spectra-Physics 2.5 centimeter collimator containing a micro-
scope objective lens and a pinhole was used to spatially filter




LSF 0 ﬂn H ’-//DITHERING
i = MIRROR
DetecToR— n\ H
DousLE ST
Disc
WIND TUNNEL
Winpow
CoLLimating |, ReTro
Beam ExPANDER Lens. .\ MIRROR
HE-NE LASER
50% BeaM SPLITTER L’

Figure 3. Line spread device configuration.

the beam. The beam exited the pinhole and expanded through a
7.6 x 5 x 1.5 centimeter 50% beam splitter for 6328 A wave-
length light. The beam continued its expansion until it en-
countered a 10.2 cm lens. This lens was the compound colli-
mating lens of a Tropel Model 280 laser collimator. The laser
beam now collimated at 10.2 cm passed through an 11 ¢m diam-
eter iris capable of stopping down to 0.5 cm diameter. The colli-
mated beam then traversed the flow field being studied. A retro-
mirror immersed in the flow field returned the beam back along
its original path. Results from the wind tunnel test of April
1975 indicated that when the laser beam was allowed to pass
completely across the six-foot test section of the wind tunnel
and sampled on the opposite side of the tunnel, the inherent op-
tical degradation of the wind tunnel flow overshadowed any
model-induced degradation. The placement of a retro-mirror in
the flow shortened the beam path in the wind tunnel and thus
permitted the effects of the various models to be discerned.

The beam returned from the retro-mirror, impinged the beam
splitter, and was turned towards another mirror. This mirror was
dithering at 60 Hertz and was controlled in amplitude by a Gen-
eral Scanning Model AX-100 motor control. Frequency was
controlled by a Wavetek model 144 sweep generator. The dither
mirror was oriented so as to turn the beam 90° and sweep the
focused beam in a back-and-forth motion across a pair of 2 mi-
cron slits separated by 400 microns. The disc containing the slits
was positioned directly over a photovoltaic detector which mea-
sured the line spread function of the laser beam. The complete
line spread device as shown in Figure 3 was enclosed in a card-
board housing. A cardboard tube was constructed to enclose the
beam as it exited the LSD housing until it entered the wind
tunnel. The enclosures were employed to minimize the effects
of the ambient room turbulence on the measurements.

LSF Data Acquisition System

As the focused beam was swept across the slits, the beam in-
tensity was detected by a United Technology photovoltaic
PIN-10 detector. The frequency response of the detector was
enhanced by a bias circuit. The signal then went through a PAR
amplifier Model 110 via triaxial cabling. The amplified signal
was monitored on an oscilloscope which served to control signal
level into the tape recorder. When proper voltage levels were
achieved the signal was placed on a Bell and Howell 14 track
tape recorder Model M-14G. IRIG B time was also recorded
from a Datametrics time code generator.

Experimental Setup

The experimental objective was to determine the optically de-
grading effect on a laser beam that might occur as it propagated
from an open cavity on an aircraft in flight. Figure 4 shows the
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Figure 4. Top view of wind tunnel model configuration.

experimental setup. A splitter plate (3 m x 1.2 m) was mounted
on a 25 centimeter pylon and placed on the side wall of the
NASA Ames 6 x 6 foot transonic wind tunnel test section. A 6
inch cubical cavity was set into this plate. The bottom of the
cavity (towards the wall) was constructed of high optical quality
quartz. A “wing’’ was mounted on the plate to provide a mount
for a return mirror which was 12 inches from the surface of the
plate. Thus, an open cavity immersed in a high speed flow from
which a laser could be propagated was simulated in the wind
tunnel. This open cavity laser wind tunnel model was designed
to simulate aircraft-induced effects.

The problems associated with airborne laser operation
through an open cavity involve both acoustical and optical
effects. The former are generated within the cavity and induce
jitter within optical components. Optical effects are due mainly
to the aerodynamic shear layer at the cavity exit. Methods to
alleviate these effects were employed in this test. Metal bars
referred to as “fences” were placed on the flat plate upstream
of the cavity in an effort to suppress cavity acoustical noise.
The fence heights ranged from 2.3 cm to 5.1 cm, which were
one and two times the existing boundary layer height on the flat
plate. Each fence varied in porosity, i.e., holes were drilled in
the fences to permit mass flux through the fence. A method of
injecting high pressure air into the cavity from the front wall
was tried as an alternate means of quieting the cavity. As each
technique was tested, the LSD made measurements of the LSF.
Mach number was varied from M= 0.6 to M= 0.89 and Reynolds
number was adjusted to either Re=2% 108 per foot or Rg =
3 x 106 per foot. These aerodynamic parameters were varied for
each cavity suppression technique tested. Table 1 presents a
listing of techniques and parameters tested with the LSD in
this experiment for which an LSF was obtained.

The procedure in obtaining the LSF was first to calibrate
the LSF signal for apertures ranging from 2 cm to 8 cm at one
centimeter intervals. These calibrations were accomplished with
the wind tunnel sealed and no air flowing. All calibrations were
recorded on analog tape. Gain settings of the oscilloscopes and
amplifiers were noted for each aperture calibration. An example
of a two centimeter calibration can be seen in Figure 5. At the
completion of the calibration series the wind tunnel was acti-
vated and allowed to stabilize at a particular Mach number and
Reynolds number. At each aerodynamic condition, LSF data
was recorded on tape. As each aperture was scanned during the
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Table 1. Wind Tunnel Model Configurations and the
Aerodynamic Parameters Varied on Each

Aperture
Model Configuration Scan (cm)  Reynolds No. Mach Number
Flat plate, no 2,4,6,8 2x:10° 6,575 98529
cavity 3% 10*
Flat plate, cavity, 2,4,6,8 2x10¢ :6;.7, .8.:9
fence: 5.1 cm high 3% 10°
49% porosity
Flat plate, cavity, 2,5.18 3x.10° 6575 8,19
porous upstream
cavity wall
Flat plate, cavity, S, 3 x:10° 7,9
fence: 2.3 cm high
58% porosity, porous
upstream cavity wall,
air injection into cavity
Flat plate, cavity, ols 2x 106 £65:275%-9
fence: 2.3 cm high 3x10¢
58% porosity
Flat plate, cavity, 2557 2x 10¢ -6,..7,-.9
fence: 4.6 cm high 3x10¢

58% porosity

Il L ] ||

Figure 5. Example of LSF calibration 2 cm aperture.

LR LA ok A

Figure 6. Example of LSF after traversing an optically degraded flow
field 5 cm aperture.

run, the oscilloscope and amplifier settings were repeated as
dictated by the calibration runs. The LSF of a degraded beam is
shown in Figure 6 after it experienced an active flow field.
When the wind tunnel was stopped for a configuration change,
an additional calibration run was accomplished.

Discussion

The reduction of the data was to utilize the recorded line spread
function in conjunction with a Tektronic DPO 1221 system.
Strehl ratios were calculated by employing programs developed
for the Tektronix system. In particular, 10 to 100 distorted
LSFs for a test run were centered according to area in relation
to a predetermined coordinate system thus producing an average
LSF. (It is known that by centering the LSFs and averaging,
phase tilt information is lost; however, due to the vibrational
environment of a wind tunnel, jitter of the beam cannot be sep-
arated from the motion of the optics or jitter induced by the
flow field.) With the average LSF, a Fast Fourier Transfer can
be performed using the Tektronix to produce a modulation
transfer function (MTF) of the beam. By comparing the peak
MTF of the calibration signal for a particular aperture and the
MTF of the degraded signal, one can obtain a Strehl ratio. This
data reduction has merits because it permits comparison of this

data to other data taken on previous tests by other methods. A
quick and simple form of data reduction can be applied by
taking the average peak intensity of the LSFs and making a ratio
of the calibration intensity, i.e., I/,

Results

During the experiment it was discovered that jitter due to the
vibrating optics, especially the retro-mirror in the wind tunnel,
was introduced into the measurements thereby spreading the
beam but not affecting peak intensity. The only method viable
for use in data reduction was an intensity ratio of averaged test
points to its corresponding calibration run. The data tape was
placed on strip charts for each configuration tested. The calibra-
tion runs were also placed on strip charts. Samples of these are
-shown in Figures 5 and 6. From the strip charts an average peak
intensity for each case was determined by using a Hewlett-Pack-
ard plot package. An average intensity of each case was tabu-
lated using 40 LSFs and compared to the calibration case. These
intensity ratios for each cavity suppression technique were plot-
ted and trends were scrutinized to determine the technique that
degraded the beam the least. Figures 7 through 10 show the re-

O Fence 13
J 4+ A Fence 12
e
. \
(o]
171, Ay
A
R
3 4 A
-, b
B + + t + —
1 2 3 4 5 £
APERTURE (CM)

Figure 7. Comparison of two fences at M = 0.9 and Rg = 2 x 10° /ft.
Fence 13: 58% porosity and 2.2 cm in height. Fence 12: 58% porosity
and 4.5 cm in height.
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Figure 8. Comparison of Mach number dependence. Cz ity model with
Fence 13. Rg = 3 x 10° /ft.

sults in comparison form. From the trends in the LSF data it
was determined that 2.2 c¢cm, 58% porosity fence was the best
optically and that mass injection had little effect on better
“seeing.” Reynolds number increase degraded optical seeing as
well as an increase in Mach number. Since this was the first
time an attempt to measure the optical quality of cavity noise
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Figure 10. Comparison of Reynolds number dependence. Cavity model
with Fence 13. M= 0.7.

suppression techniques was made, no earlier results are available
for comparison.

Conclusion

It can be concluded from the data results shown in Figures 7
through 10 that the line spread device is an instrument capable

of direct measurements of light transmission quality through
various atmospheric media. The LSD configuration employed
introduced errors through optical component jitter caused by
the severe wind tunnel environment. The component jitter may
explain anomalies in the graph, e.g., optical “seeing” improving
with increased aperture. Another source of error may lie in
quirks of wind tunnel operation, in that certain tunnel condi-
tions could alter the optical qualities of the flow. The “wing”
that housed the retro-mirror produced a Venturi effect that was
not anticipated. This effect may have “smoothed” the flow at
high Mach numbers. The experiment as performed, and the LSD
as configured, produced useful information pertinent to design
of airborne laser optics.

Recommendations

The data as acquired by the LSD are applicable to many other
areas of atmospheric transmission measurements to be made in
the visible. The ‘“‘seeing” quality of various gases and pollutants
can be determined utilizing a line spread device. Additional
work can be seen for this device and an improved model is being
designed and fabricated by the author at this time. In order to
alleviate the jitter experienced by the LSD in the severe vibra-
tional environment of the wind tunnel, the new design will
make use of a high speed rotating mirror. The high speed rota-
tion will freeze any optical component jitter and maintain the
integrity of the necessary constant velocity across the slit de-
tector.
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AERO-OPTICAL CHARACTERIZATION OF AIRCRAFT

OPTICAL TURRETS BY HOLOGRAPHY, INTERFEROMETRY AND SHADOWGRAPH

J. D. Trolinger
Spectron Development Laboratories, Inc.

3303 Harbor Blvd., Suite G-3
Costa Mesa, Ca. 92626

ABSTRACT

A number of laser based instruments have been used to character-
ize the optical properties of a flow field combined with an aircraft
window. Density variations in the aircraft boundary layer, turret
wakes, and shock waves create distortion of an optical wavefront through
associated refractive index variations. Such effects can be observed
directly through optical flow visualization. This paper describes the
application of holographic interferometry, wave shearing interferometry,
and laser shadowgraph to observe and quantify such effects.

Examples of the results from five different wind-tunnel tests
are presented. The examples show that such diagnostics have provided
valuable qualitative and quantitative data. These include (1) wake
dimensions, (2) optical strength of the flow field, (3) turbulence
characterization, (4) shock location, and (5) direct observation of

aero-optical effects.
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1. INTRODUCTION

When optical systems are used in aircraft, it is often required
to construct windows of high optical quality to provide optical access
to the outside of the aircraft. In some cases, it is necessary to mount
such windows in turrets so that the window location can be scanned and
pointed in a wide range of directions. Such access to the outside may
be required to project optical energy from the aircraft to the outside
(such as a laser weapon system) or it may be used as a port to receive
optical information (such as a reconnaissance port for a camera). 1In
either case, regardless of the quality of the window and the optical
system inside the aircraft, aberrations are introduced on the wave
front by the atmosphere outside the aircraft. Such aberrations are as-
sociated with density variations in the atmosphere. Such variations
exist in the free atmosphere because of temperature gradients and at-
mospheric turbulence and they also exist because of the perturbation
of the atmosphere by the aircraft and the optical turret. A high qua-
lity optical system can be severely limited in resolution by such ef-
fects. Interfacing to the outside involves either the design of opti-
cal windows which introduce the least possible aberration or some type
of active system which takes that aberration into account and corrects
for it. Although it is probably not possible to entirely remove the
effects of the aircraft, studies have provided methods to minimize
such effects and determine under what conditions the effects are most
severe. They can provide measurements for active optical systems to

correct for such aberrations.
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These types of studies fall generally under the category of
aero-optics. Such studies have involved theoretical analysis and
modeling, wind tunnel studies, and full-scale aircraft studies of
turrets and optical windows. The approaches to the studies are made
both from optics as well as aerodynamics points of view. The aero-
dynamic approach includes measurements with pitot tubes, hot wires
and pressure gauges, laser velocimeters and computations from bound-
ary layer theory.

Optical characteristics have been measured by propagating
beams across and from within the turret to provide measures of the
optical transfer functions or its related characteristics such as
point spread function, modulation transfer function, or pupil function.
These studies have included wave-shearing interferometers, holographic
interferometry, Schlieren, shadowgraph, and direct measures of the
point spread function.

By properly modeling of the flows, optical properties can be
computed from aerodynamic measurements. Such computations are at
best limited because the complexity of such flows places their under-
standing at the very state-of-the-art in aerodynamics. No aerodynamic
measurement can guarantee the required optical information. This can

only be derived from a beam projected from the turret.

2. BACKGROUND

During the summer of 1976, flow visualization holography was
added to the Air Force Weapons Lab Measurement Capability as a diag-

nostic tool for studying the optical properties of windows and turrets.
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With few exceptions, flow visualization had been excluded from the
studies before 1976. Examining the flow over the turret by conven-
tional flow visualization is practically impossible because of the
geometrical properties of the turret. Much of the interesting flows
lies in corners or against opaque surfaces of the model, making trans-
illumination impossible. Propagation from within the turret is dif-
ficult because return mirrors must be mounted in the wind tunnel.
Holography at first met a great deal of skepticism and wide-
spread feeling that it was not applicable to this problem in some
of the locations of the test. The first holography including test
was accomplished in the NASA-Ames 6x6 Supersonic Wind Tunnel. These
tests were extremely successful producing the first diagnostic method
which actually depicted directly the aerodynamics and the optic pro-
perties of the aircraft window in the same data. Since this test
series, four more applications of holography have been conducted in
test series which included an optical cavity model, an aircraft model
and scaled turret models. The application of holography appears
finally to have attained a certain respectability as a reliable
method for providing some of the most useful and clearly definitive

information to be acquired in such tests.

3. SUMMARY AND DISCUSSION OF THE METHODS USED

In five tests, we have employed a variety of holographic inter-
ferometry, conventional interferometry and shadowgraph, to study the

optical effects of flow over a window cavity model, propagation from
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a one-third scale turret model, the flow over a one-seventh scale F-15
turreted model, and flow over a one-third scale turreted model.

The problem of retrieving an optical wavefront which has passed
through the flow field is illustrated in Figure 1. The various geo-
metrical and window conditions have required reflecting from retrore-
flective material, replicated mirrors, or mirrors positioned in the
tunnel. All of the methods shown have now been used successfully.

Both the replicated mirror techniques and retroreflective techniques
were developed during these studies.

Figure 2 illustrates the holography system which has evolved
during the studies. For all holography studies so far, a pulsed ruby
laser with pulse of duration 10—8 seconds possessing multiple pulse
capabilities has been used. Typical output energies are 50 millijoules
per pulse. The output from this laser is split into two waves -- a ref-
erence wave and an object wave. The reference wave is is passed through
a series of mirrors which carry it over an optical path length which is
equal to that traveled by the object wave. The object wave passes
into the wind tunnel through the flow field of interest where it picks
up the appropriate modulation caused by the flow field and is recorded
in the hologram to be later analyzed through interferometry, Schlieren
or shadowgraph.

In some cases, where it was neither possible to provide a mirror
within the flow field nor to pass the light through the test chamber,
the retroreflective material similar to that used on street signs was
used to coat the model to return light antiparallel to the initial

direction.
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One particular advantage of the latter case is the ability to
scan and cover quite large areas of the model by sweeping the beam
over the area of the model and producing a number of holograms for
any given condition. So far, in tests for the Air Force Weapons Lab,
over 1,000 holograms have been made using these configurations.

The type of holography which has provided the most useful data
has been double-pulsed hologram interferometry in which two pulses
of light are produced during one laser flash lamp pulse producing two
holograms on the same plate during a period separated by 50 to 100
microseconds. As will be shown, this technique is one of the most
tractable methods for observing turbulent flow in a severe environ-
mental condition.

The hologram stores an optical wave front in sufficient detail
to allow its reconstruction at a later time. Therefore, when a wave
front which has passed through a flow field of interest is recorded,
it can be compared at a later time with a reference wave front to
determine through interferometry how much the wave was distorted by
the flow field.

In double-pulsed hologram interferometry, two wave fronts are
recorded on the same hologram representing the optical system and
flow field at two different times. When these two wave fronts are
reconstructed, they produce (through interferometry) fringes which
characterize changes which took place in the flow field in the time
separating the passage of the two wave fronts through the flow field.
This type of recording is especially useful in the viewing of turbu-

lence since the flow can be compared with itself at two different
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times. This can be done with time separation short enough so that vi-
brations and other common changes associated with wind tunmnels do not
affect the observation. Furthermore, since both wave fronts pass through
the same optics and windows, the optical quality of such compon<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>