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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

10



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.
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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.
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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 l.- Three-view drawing of the splitter plate with return mirror.
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Figure 2.- Top views of the pin, fence, and cavity models (return mirror removed).
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Figure 9.- Mach number calibration of the directional probe.
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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.

62



—-—o y:O

0O y=58cm
O y=1220cm
A y=30cm —
— — 4 LOWER SIDE
X OPP. WALL P
-~== I CAV.BOT. f ‘ | vy
CAV. TOP
. R s ~
-2 —
Cp 0
?
2 —
4 | | | | |
-160 -120 -80 -40 0 40 80

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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Figire 17.- Static-pressure coefficients on the plate, wall, and cavity; fence-cavity
model 13, M = 0.89, R = 9.8 million/m.
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Figure 18.- Static-pressure coefficients on the plate, wall, and cavity; fence-cavity

model 13, M = 0.60, R = 9.9 million/m.
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Figure 20.- Static-pressure coefficients on the turret and plate; M = 0.95, R = 4.9 million/m, © = 120°,
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Figure 21.- Static-pressure coefficients on the turret and plate; M = 0,62, R = 5.0 million/m, © = 120,
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Figure 22.- Static-pressure coefficients on the turret, fairing, and plate; M = 0,95, R = 4.9 million/m, © = 120°.
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Figure 25.- Velocity profiles with and without fence and mirror; M = 0.60,
R = 6.6 million/m, x = 11.4 cm, y = O.
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Figure 26.- Velocity profiles for cavity configurations; M = 0.60,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 30.- Local Mach number vectors for various turret

azimiths; M = 0,95, R = 4.9 million/m, z = 2.0 cm.
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Figure 32.- Local Mach numbers along the line of sight from the turret cavity; M = 0.95, R = 9.8 million/m,

e = 90°.
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Figure 33.- Local Mach numbers along the line of sight from the turret cavity; M = 0.95, R = 9.8 million/m,

e = 150°.
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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,
e =90 .
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Figure 35.- Local Mach numbers along the line of sight from the tursret cavity; M = 0,62, R = 10,0 million/m,

@ = 150°.
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