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Aero-Optical Analysis of Compressible Flow
Over an Open Cavity

Philip E. Cassady,* Stanley F. Birch,t and P. John TerryJ
Boeing Aerospace, Seattle, Washington

The optical rays that form the image of an object viewed through an open port in a high-altitude transonic
aircraft are refracted by the unsteady density variations in a compressible turbulent shear layer. A time-depen-
dent, two-dimensional Navier-Stokes computer code has been used to model the flowfield including the
reattachment process. Optical ray tracing and image formation codes using fast Fourier transforms have been
developed to generate both intensity profiles and intensity contours at the focal plane. Values of centerline
intensity loss, steady and unsteady beam steering, and image distortion were extracted from the results of
calculations made over a range of Mach numbers between 0.6 and 0.8 at altitudes of 40,000-50,000 ft.
Two-dimensional predictions of image steering agree with those generated by a less detailed self-similar model.
Image distortion was found to be almost entirely made up of wavefront tilt without appreciable higher-order
distortion. Higher-order image distortion is shown to depend on the details of coherent structures in the shear
layer that are presently very difficult to predict theoretically.

Introduction

AT the present time, there are both civilian1 and military2

programs using an optical sensor mounted aboard a high-
altitude aircraft platform where the presence of warm material
windows introduce unacceptable background noise in the in-
frared wavelength regions of interest and geometric con-
straints limit the use of cooled windows. The optical rays that
form an image of an object viewed through an open port in the
side of a high-altitude transonic aircraft will traverse the com-
pressible turbulent shear layer that forms between the ambient
external flowfield and the air internal to the optical cavity on
the airplane. These optical rays are refracted by the unsteady
density variations in the turbulent flow and diffracted by the
fine-scale structure of the turbulence.3'4

Analyses of the degradation of optical beams passing
through turbulent media involve two coupled models: a fluid
dynamic description of the turbulent medium and an analysis
of optical propagation through the described distribution of
gaseous properties. This paper uses recent advances in com-
puter capabilities that allow a more realistic description of
compressible turbulent mixing layers. Then, optical ray trac-
ing and propagation analyses using fast Fourier transforms
are used to calculate intensity profiles and intensity contours
of optical images in a focal plane located behind a turbulent
mixing layer.

The scattering of electromagnetic waves by the turbulent
atmosphere has been a subject of interest to astronomers and
applied mathematicians for many years.5 Investigations of
optical transmission through turbulent boundary layers using
analogous methods showed a significant loss in optical resolv-
ing power.6'7 Similar analyses have been used to determine the
medium quality requirements for flowing gas lasers.3 The
discipline of aero-optics has evolved combining the fields of
fluid dynamics and electromagnetic wave propagation.4'8

Table 1 Classification of aero-optical effects
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The application of modern fluid dynamic analyses of turbu-
lent mixing layers to aero-optical phenomena introduces a new
emphasis on the fluid dynamic predictions. Classically, the
aeronautical engineer has been interested in accurate predic-
tion of pressures and velocities in regions of the flowfield near
boundaries because these flowfield properties determine the
forces and moments on airfoils. Aero-optical analysis places a
new importance on the accurate prediction of steady and
unsteady density fields in regions of the flow traversed by
optical rays that may be far from aerodynamic surfaces. A
similar interest also is represented in recent studies of turbu-
lent combustion phenomena.

Optical degradations introduced by turbulent flowfields
may be classified by the ratio of the size of the flow-induced
density disturbance to the size of the optical aperture as shown
in Table 1. Flow disturbances much smaller than the aperture
size scatter optical energy by large angles, causing some to
miss the optical aperture and thereby producing an attenua-
tion of image intensity that is measured by a decrease in the
Strehl ratio.3 Larger flow disturbances that are a fraction of
the size of the optical aperture redirect optical rays within the
aperture, introducing steady and unsteady higher-order image
distortion that affects the size and shape of the intensity
distribution in the image plane. Flow disturbances that are
equal or larger in size than the aperture steer the rays in a
relatively uniform manner across the aperture, introducing
steady and unsteady steering or wavefront tilt that causes
movement of the image in the focal plane.

The objective of the research reported in this paper is to
analyze the optical distortions that are caused by a compress-



JUNE 1989 AERO-OPTICAL ANALYSIS OF FLOW OVER AN OPEN CAVITY 759

ible, unsteady turbulent shear layer across an open cavity. The
approach is described in the following two sections. Results
that meet the stated objective are described and discussed in
the fourth section and several conclusions and recommenda-
tions are presented in the final section.

Flowfield Analyses
Three theoretical models of the turbulent compressible

shear layer over an open cavity were used in this study. The
first model addressed only the shear layer between the external
stream and the quiescent cavity air without consideration of
the cavity internal flowfield, separation process, or reattach-
ment process. This self-similar analytical model of shear layer
growth9 was initially used to examine the magnitude of optical
effects and to provide a physical understanding of the phe-
nomena. This model used an empirically derived shear layer
velocity profile10 and a measured compressible shear layer
growth rate,11 as

U 1— COS7T0/0!

u =——2—— (1)

where «is the flow velocity, 0 the angular position in the shear
layer referred to the origin of the shear layer and its cavity side
edge, subscript 1 the freest ream conditions, and Oi the empiri-
cally derived shear layer growth angle. The steady density field
was calculated from this velocity field using the Crocco rela-
tion,

Pi h2/Hl + (1 - hz/HJiU - (1 - (2)

where p is the density, h the static enthalpy, and H the total
enthalpy. Variation of the refractive index is related to density
variation through the Gladstone-Dale relation. A mixing
length turbulence model was included. The overall angular
light ray deviation was calculated by numerically integrating
the nonlinear equation describing a light ray path through the
disturbed medium,

rftpiA (C + 2DU) sm(irO/6i) tan(cx - 0)
(3)

where a is the angular deviation of the ray, /3 the Gladstone-
Dale constant referred to p5, and
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Fig. 1 Comparison of shear layer velocity measurements with parab-
olized Navier-Stokes predictions (Mach 0.8).

Air on the cavity side of the mixing layer was assumed to be
isentropically stagnated from freestream conditions. Since this
self-similar shear layer model has no length scale, it cannot
include the effect of an incoming boundary layer, the separa-
tion process, the cavity internal flowfield, or the reattachment
process.

The second theoretical flow model used a two-dimensional
compressible boundary-layer analysis to include the effects of
an upstream boundary layer, the separation process, and the
shear layer curvature.12 The computer code used a parabolized
form of the Navier-Stokes equations limited to modeling flows
with a predominant flow direction and with no recirculation in
that direction. An advanced turbulence model that solves
partial differential equations for turbulence kinetic energy and
turbulence energy dissipation rate13 was used, and the dis-
cretized nonlinear equations were solved using an iterative
fully implicit marching scheme,

d(pu) [ d(pv)
dx dy (8)

(9)

d(puH)
dx

d(puk) d(pvk)—-—— -j- —-——

d(pue) d(pve)
dx dy

k2

—

(12)
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where u and v are the two-dimensional velocity components, /*
the laminar viscosity, /*, the turbulent viscosity, H the total
enthalpy, Pr the laminar Prandtl number, oh the turbulent
Prandtl number, k the turbulence kinetic energy, and e the
turbulence energy dissipation rate. Five constants were cho-
sen: CD = 0.09, Ci = 1.44, C2 = 1.92, <jk = 1, and a£ = 1.30.

This code was used to model the aerodynamic flowfield
associated with the shear layer across a 33 cm long wall cavity
in a transonic wind tunnel operating at Mach numbers be-
tween 0.5 and 0.8. The calculations accurately predicted mea-
sured profiles of pressure and velocity. A comparison between
measured and predirected velocity profiles in this shear layer is
shown in Fig. 1. Although density predictions were not di-
rectly verified, these results indicate the ability of this code to
predict steady flowfield properties. Steady flow density pro-
files for the optical ray tracing computations were calculated
from the compressible flow equations. This two-dimensional
parabolized Navier-Stokes model did not include unsteady
effects, the cavity internal flowfield, or the effects of the flow
reattachment process at the downstream end of the cavity.

The third theoretical flow model, an unsteady, compress-
ible, two-dimensional Navier Stokes analysis, using the split
explicit predictor-corrector algorithm of MacCormack and an
algebraic eddy viscosity turbulence model, included the inter-
nal cavity flowfield, the reattachment process, and unsteady
flow effects.14 The equations were written in a strong conser-
vation form for a nonorthogonal, body-fitted, transformed
coordinate system. A finite-volume formulation was used in
the derivation of the finite-difference equations. The effects of
turbulence were simulated with a Baldwin-Lomax turbulence
model and wall functions were used to minimize the mesh
requirements in the steep gradients near solid surfaces. The
ability of this code to predict density variations was not exper-
imentally verified. However, its demonstrated ability to pre-
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diet flow stability and reattachment location14 offered the best
capability to predict complex shear layer flow properties that
was readily available. Density profiles calculated for Mach
0.75 flow of air at 40,000 ft altitude are shown in Fig. 2. The
large-density disturbance associated with the reattachment
process is apparent.

Flowfield property variations calculated from these analyses
were used with optical analyses to provide estimates of large-
angle scattering and unsteady optical steering. Since the turbu-
lence models used in these analyses were not capable of pre-
dicting the evolution of coherent structures in the shear layer
that are a fraction of the size of the optical aperture, optical
analyses based on them do not predict higher-order image
distortions.

Optical Analyses
An optical ray trace code was used to follow individual rays

in a bundle from a flat phase front located far away from the
influence of the shear layer, through the shear layer, and onto
an optical aperture located on the cavity side of the shear
layer. The flat phase front initial condition with uniform
intensity distribution and uniform phase distribution repre-
sents a wave from a distant point source. Such near-field
calculations using geometrical optics are suitable for the
ranges of wavelengths, turbulence scale sizes, and optical
pathlengths through shear layer flowfields of interest.15 After
the rays entered the optical aperture, a full two-dimensional
Fraunhofer diffraction calculation was used to develop the
image of the distant point source through ideal focusing op-
tics.

The ray propagation equation was integrated for each opti-
cal ray as it progressed through the refractive index variations
associated with the time-dependent density field prescribed by
the flowfield calculations described above. The optical path-
length was calculated for each ray in a bundle that uniformly
covered the optical aperture, and a wavefront distortion was
calculated at the aperture plane, which was located at a pre-
scribed position and angle inside the wall cavity. Using these
rays, the near-field optical pathlength difference (OPD) was
calculated as a function of time and position in this aperture
plane, and the wavefront tilt, defocus, and rms OPD variation
were determined. The Strehl ratio, which is a measure of
image centerline intensity loss,3 was calculated from the tilt-
corrected rms OPD variation a using the Merechal approxima-
tion,

Density levels, kg/m3

I/I0 = exp - (14)

where k is the optical wave number. Since the calculated
centerline intensity loss was very small, the Strehl ratio calcu-
lation was not corrected for defocus or intensity aberrations.
The image steering angle caused by wavefront tilt was calcu-
lated from the least squares fit to the OPD distribution, which
gives the wavefront tilt, and also from the translation of the
peak intensity in the image plane that was caused by this
wavefront tilt.

The aberrated wavefront was projected into the image plane
using a propagation code based on a discrete two-dimensional
fast Fourier transform algorithm. A computer plotting routine
was used to present both intensity profiles and intensity con-
tours of the image in the focal plane at times for which
flowfield data were calculated.

Results and Discussion
Calculations were made for air over a range of Mach num-

bers between 0.6 and 0.8 and standard altitudes of
40,000-50,000 ft. Various look angles between the flow axis
and optical axis were examined. The image of a distant point
source (plane illuminating phase front) on the focal plane of
an ideal optical system located within the cavity was calcu-
lated.

Since the self-similar model of the flowfield has no length
scale, its density profile can introduce only optical steering.

.204

.205

.2055

.20575

.206

.207

.208

.209

.20925

.2095

.21

.215

Fig. 2 Density contours for compressible flow over open cavity
(40,000 ft, Mach 0.75).

^Self-similar code
shifted by -5.7° ~8

look angle

Fig. 3 Steady image steering through compressible turbulent shear
layer (45,000 ft, Mach 0.8).

Unsteady beam steering was modeled parametrically by in-
cluding motion of the shear layer reattachment point with
magnitudes derived from shear layer measurements taken with
a schlieren system in a small transonic wind tunnel. Estimates
of higher-order image distortions were generated by forcing
the simple shear layer profile to follow shape variations that
were taken from similar schlieren photographs.

Calculations of optical beam steering using the self-similar
flowfield model and the steady two-dimensional flow model
are shown in Fig. 3. The two-dimensional model calculation
included the effect of a 2.5 cm thick upstream turbulent
boundary layer. Predictions of steering angle variation with
look angle using the self-similar model agree with those from
the more complex two-dimensional model when a small shift
in shear layer location is included. It is remarkable that the
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Fig. 4 Focal plane intensity profiles of a distant point source viewed
through a compressible turbulent shear layer at various look angles
(square aperture, 3 /*m wavelength, 45,000 ft, Mach 0.8).
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Fig. 5 Focal plane intensity contours of distant point source viewed
through compressible turbulent shear layer (square aperture, 3 /*m
wavelength, +30 deg look angle, 45,000 ft, Mach 0.8).

self-similar model is capable of predicting this nonlinear vari-
ation with only a small angular shift to account for the effects
of the upstream boundary layer developing into a shear layer12

and flow field curvature. Although the two-dimensional flow
model allows flow field curvature and attendant optical distor-
tion, the near-field OPD was found to be almost entirely made
up of wavefront tilt without appreciable higher-order distor-
tion.

The Strehl ratio at 3.0 /xm wavelength, calculated from the
tilt-corrected rms OPD using Eq. (14) for the conditions

shown in Fig. 2, was 0.98, indicating very little large-angle
scattering. Because of its exponential dependence on the
square of the wavelength shown in Eq. (14), the Strehl ratio
would be considerably decreased at shorter wavelengths in the
visible spectrum. This effect is shown clearly in Fig. 11 on p.
36 of Ref. 4. Although this figure was calculated for a turbu-
lent boundary layer rather than the free turbulent shear layer
considered here, it also indicates only a few percent on axis
intensity loss at 3 pm wavelength for Mach number and alti-
tude conditions shown in Fig. 2.

Focal plane intensity profiles with propagation directions
normal to the freestream and inclined 60 deg in the upstream
and downstream directions are shown for 45,000 ft altitude
conditions in Fig. 4. The dimensionless abscissa is the devia-
tion angle times the aperture width divided by the wavelength.
The peak image intensity is lowered for the inclined look
angles by the increased OPD variations over the longer tilted
pathlengths, but the image does not appear distorted. The
image spot size is essentially determined by the diffraction
pattern of the optical aperture with its location shifted corre-
sponding to the tilt introduced into the near-field OPD by the
shear layer.

A focal plane intensity contour map is shown in Fig. 5 for
the same flow conditions and a look angle of 30 deg upstream.
Similar dimensionless coordinates are used in this figure. The
calculation was done for a square aperture to be consistent
with the two-dimensional flow analysis. For these conditions,
within the limitations of the model, the flow does not appre-
ciably distort the image and the image intensity contour is
essentially determined by the diffraction pattern of the square
aperture displaced by tilt introduced into the near-field OPD
by the shear layer. Comparison of the .y-axis variation, which
was completely free of flowfield induced distortion in the
two-dimensional flowfield model, to the *-axis variation,
which included the full flowfield distortion effect, reveals a
very small redistribution of image intensity into the higher
pattern orders. This redistribution will be accentuated when
the optical wavelength is shortened because the OPD, mea-
sured in units of optical wavelengths, will correspondingly
increase for a given flow disturbance.

Unsteady flow results calculated using the two-dimensional
model show unsteady beam steering that has a temporal pe-
riod similar to the time required for a flow disturbance to
convect across the open cavity and then acoustically feed back
upstream to the flow detachment point. The magnitude of the
unsteady steering component was found to be much smaller
than the steady component of beam steering for this configu-
ration.

The optical calculations were found to be very sensitive to
the accuracy of the fluid dynamic density calculations in the
freestream regions of the flow because optical traverses
through these regions involve long path lengths, and small
local differences in optical pathlength can accumulate to ap-
preciable OPD values. The flowfield as shown in Fig. 2 was
partitioned into three regions to investigate this problem. Sep-
arate calculations revealed negligible optical effects caused by
the very low Mach number internal cavity region. The shear
layer region introduced appreciable optical effects, as ex-
pected. In addition it was found that a stream wise density
variation as small as 0.43% across the aperture dimension at
a freestream location 10 m away from the external surface
introduced 2.5 jurad of beam steering. This level of freestream
definition accuracy, which was sufficient to provide stable,
convergent fluid dynamic solutions for conventional aerody-
namic calculations, was found to be insufficient to support
aero-optical calculations. One must be very careful either to
calculate density levels in the freestream very accurately or to
truncate the optical integrations in a manner that avoids unre-
alistic density variations. Optical calculations reported in this
paper were truncated to avoid the unrealistic streamwise den-
sity gradient.

The two-dimensional analyses described here have not been
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used to model the internal flowfield of a cavity with optical
equipment installed. The shape of such equipment and the
flow around it require the use of a three-dimensional model
for adequate description.

The present analysis is unable to accurately predict higher-
order image distortion because the flow analyses are unable to
realistically model shear layer structures of the size that will
introduce higher-order image distortions. It will be necessary
to accurately calculate the generation and evolution of large
coherent structures in the shear layer to accurately predict the
effects of higher-order image distortions.

A specific flow configuration has been chosen in this paper
to illustrate the application of the present aero-optical analy-
sis. As described in Ref. 14, the flow separation and reattach-
ment geometry depicted in Fig. 2 was carefully designed to
reduce flow disturbances and unsteadiness that could ad-
versely affect the optical quality of a beam entering the cavity.
This design is new and is being patented. An optical turret is
an earlier design approach intended to provide a large field of
view from a high-altitude transonic aircraft. Even with exten-
sive fairing this design introduces inviscid flowfield lensing
and wakes4 that have not been included in the analyses re-
ported here. Another approach uses a perforated fence to
deflect and artificially thicken the upstream boundary layer,
provide a thick turbulent shear flow that is relatively insensi-
tive to the separation and reattachment processes, and sup-
press the formation of cavity acoustic resonances. This ap-
proach has been used on the Kuiper Airborne Observatory.1
The geometry depicted in Fig. 2 was designed to avoid the
thick turbulent shear flow generated by such an upstream
fence. Although the Kuiper aircraft flies at a similar altitude
and Mach number, its flow configuration is considerably dif-
ferent than that of the design reported in this paper. Because
of our interest in maintaining a narrow shear flow, we have
not pursued the fence design approach and have not per-
formed aero-optical analyses of the Kuiper flow configura-
tion.

Conclusions and Recommendations
The aero-optical effects of the turbulent compressible shear

layer across an open viewport in a high-altitude transonic
aircraft have been calculated within the limitations of the
two-dimensional, turbulent, compressible Navier-Stokes fluid
dynamic analyses used. The primary aero-optical effect was
found to be beam steering. A simple self-similar model pre-
dicted the nonlinear variation of this beam steering as well as
more complex two-dimensional flow models. Very little high-

er-order image distortion was predicted since the flow analyses
were unable to realistically model diffractive scattering struc-
tures in the shear layer. It is recommended that large eddy
simulation codes be extended to applicable flow regimes to
allow the more accurate prediction of higher-order aero-opti-
cal effects. Experimental verifications of unsteady density
distributions are also required, particularly for the transonic,
three-dimensional flowfields of interest here.
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