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This paper discusses similarities and differences for aft-looking angles of the aero-
optical environment over flat windows on a three-dimensional hemispherical turret and
two-dimensional cylindrical turret. Both fluid-mechanic and aero-optical data for the base-
line flows over the turrets and with two types of passive flow devices are presented and
discussed for relatively-high, subsonic Mach numbers. Although the flow around the hemi-
spherical turret was found to be far-more complex than over the cylindrical turret, the flow
physics over the windows themselves were shown to be very similar; this similarity afforded
an opportunity to study the flow over the window in more detail for the cylindrical turret
and to easily examine a range of flow devices for improving its aero-optical environment,
selecting two devices, presented here, for further study on the hemispherical turret. For
both turret configurations the most aberrating flow environments were cased by separated
flows. For small aft-looking angles the separated flows reattach over the windows and the
devices were shown to be effective in preventing the separation altogether and greatly im-
proving the aero-optical environment. Once fully separated, neither device improved the
environment.

I. Introduction

Turbulent flows generate a non-uniform and highly unsteady density field. Changes in the density field
directly effect the index-of-refraction field,

n′(~x, t) = KGDρ′(~x, t) (1)

where n′ and ρ′ are the fluctuations in index-of-refraction and density, respectively, and KGD is the Gladstone-
Dale constant. If a collimated laser beam is propagated through this variant index-of-refraction field, different
regions of the beam are advanced while other regions are retarded, resulting in an aberrated beam.1,2 The
disruption of laser energy from the ideal diffraction limited pattern can greatly reduce the usefulness of the
laser beam. When the laser is carried aboard an aircraft, there are two main causes of beam aberration;
the turbulent air flow immediately around the aircraft (layer thickness on the same order or less of the
beam aperture), coined the “aero-optics” problem by Gilbert [3], and the many orders of magnitude longer
atmospheric-propagation problem from an aircraft to a target. Modern beam control and adaptive optics
can compensate for the low-frequency effects of the atmospheric problem. For the aero-optic induced beam
degradation, however, the aberrations of the turbulent flow occur at frequencies on the order of kHz’s, plac-
ing beam control outside of current correction capabilities. The relatively high frequencies of adaptive optic
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systems can be reduced if the near-field flow is properly conditioned or regularized. These venues have been
studied at the University of Notre Dame to regularize or otherwise modify turbulent boundary layers and
shear layers2,4, 5

Hemispherical turrets are of particular interest due to their preceded large field of regard. On the other
hand, a complex flow topology around turrets and associated aero-optical effects not only render aft field
of regard unusable, but present a difficult problem to study [6]. In two previous papers, Gordeyev, et al.
presented results for the fluid-mechanic and aero-optical environment associated with a three-dimensional
hemispherical, flat-windowed turret with a short cylindrical base1 (Figure 1), and a two-dimensional, flat-
windowed cylindrical turret2 (Figure 2). For the hemispherical turret, the measurements were made for a
fixed elevation angle (Figure 1, right) of 30◦ and a range of azimuthal angles from 90◦ to 140◦. While the
flow over the hemispherical turret was shown to be extremely complex, the aero-optical character of the
flow over the flat window was most-influenced by separation at the surface discontinuity at the leading edge
of the window. At smaller azimuthal look-back angles the flow separated and reattached over the window,
transitioning to fully-separated flow at the larger angles. This flow was surprisingly two-dimensional, with the
aberrating flow structures aligning themselves spanwise to the oncoming flow. This inspired the development
of the simplified, two-dimensional, flat-windowed cylindrical turret with the same surface-discontinuity angle
as the leading edge of the hemispherical turrets window; as reported on in Reference 2, the cylindrical
turret afforded the opportunity to study the baseline flow over the window in more detail. These studies
showed that the most-aberrating phenomenon in the flow was due to separation at the surface discontinuity.
At the lower aft-looking angles the flow separated and reattached causing the formation of an unsteady
separation bubble, which irregularly ejected aberrating structures into the reattached turbulent boundary
layer to convect over the window. At the larger aft-looking angles the flow transitioned to fully-separated
flow with Kelvin-Helmholtz type structures developing in the shear layer as it convected over the window.
The cylindrical-turret tunnel configuration (see Figure 2) also allowed for a wide range of passive flow
devices to be tested in an attempt to favorably modify the aero-optical environment over the window. Two
type devices, rows of small pins and a row of small vortex generators, were shown to greatly improve the
aero-optical environment for the smaller aft-viewing angles by preventing the flow from separating at the
surface discontinuity. At higher aft-looking angles, these devices were ineffective in favorably affecting the
aero-optical environment. When tested on the hemispherical turret these two type devices were shown to
similarly improve the aero-optical environment for the smaller aft-looking azimuthal angles; the results from
the cylindrical and hemispherical tests are reported here.

Figure 1. The hemispherical turret installed in the wind tunnel (left) and turret system of coordinates (right).

Also, to further compare aero-optical effects between hemispherical and cylindrical turrets, extensive
velocity measurements at several downstream-looking angles were performed over the cylindrical turret using
a single hot-wire and compared with similar measurements over the hemispherical turrets. It was shown
that qualitatively, the flow structure over the flat window on the simplified cylindrical flow was similar to a
flow structure on the hemispherical turret.
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Figure 2. Cylindrical turret test section (left) and schematic of the cylindrical test section (right).

II. Optical Measurements on Hemispherical Turret

Extensive studies of the baseline optical and fluid-mechanical measurements on the three-dimensional
hemisphere-on-cylinder turret with a flat window at different elevation and azimuthal angles are reported
in [1]. It was shown that for downstream-looking angles the main cause of optical aberrations is the flow
separation over the flat window. Despite highly three-dimensional nature of the flow around the turret in
general, the flow structure over the window was shown to be mostly spanwise-uniform. Based on these
findings, optical effects over a simpler two-dimensional cylindrical turret with a flat window were more
extensively studied in [2]. It was demonstrated that several passive flow control devices placed upstream of
the window dramatically improve aero-optical quality of the flow at certain angles. Inspired by these results,
selected passive control devices were tested on the hemispherical turret in order to see whether they have
a similar effect on the aero-optical environment on the hemispherical turret. A complete description of the
experimental set-up is described in [1] and here we highlight only essential details about measurement set-up.
All measurements were conducted in the Subsonic Wind Tunnel at the US Air Force Academy, Colorado
Springs, Colorado. Tested Mach numbers were 0.35, 0.4 and 0.45. Wind tunnel tests were conducted on
the turret model shown mounted on the upper wall of the Academy tunnel in Figure 1, left. The 12-inch
diameter hemispherical turret made use of a 5.4 inch mirror as a surrogate flat window. The hemisphere
was mounted on a cylindrical base, 12 inches in diameter and 4.5 inches tall. The elevation angle was fixed
at 30 degrees. The cylinder was mounted on the tunnel wall and could be rotated to any azimuthal angle.

The turret’s system of coordinates is shown in Figure 1, right. The origin for all measurements was placed
at the center of the mirror. The x-axis and the y-axis lie in the mirror’s front surface plane, with the x-axis
aligned horizontally and the y-axis normal to the x-axis. The z-axis is normal to the mirror surface. The
flow over the turret was studied for one elevation angle of 30 degrees and two azimuthal angles of 100 and
135 degrees relative to the flow heading. Spatial topology of optical aberrations normal to the mirror surface
were measured by a 2-D wavefront sensor and studies of optical distortions at the center on the mirror were
performed using the Malley probe.1

For comparison, baseline measurements were re-taken along with passive flow control devices, small pins
and small vortex generators (SVG) placed upstream of the flat window insert, see Figure 3. These devices
were proved to be the most effective devices to disrupt flow separation over the cylindrical turret and reduce
optical aberrations [2].

II.A. Malley Probe Measurements

A Malley probe1 was used to study optical aberrations at the middle of the window. High sampling rates
allow obtaining highly resolved temporal information about optical distortions. The two Malley-Probe laser
beams were positioned in the middle of the flat window separated in the streamwise direction by 5.5 mm
for the 100 degree azimuthal angle and 4.5 mm for the 135 degree azimuthal angle. The beams’ deflections
were recorded at 200 kHz sample rate.
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Figure 3. Passive control devices, small pins, left, and small vortex generators (SVG), right, tested on hemispherical
turret.

II.A.1. 100 Degree Case

For the azimuthal angle of 100 degrees, the flow over the flat window is characterized by the presence of
a weak separation bubble. Both types of flow control devices modified the incoming boundary layer and
disrupted the formation of the separation bubble; however, the devices appeared to result in different overall
optical effects. Pins shed small vortical structures and introduce more turbulence into the incoming boundary
layer, while vortical generators create strong streamwise vortical structures. Malley-Probe deflection angle
power spectra for the 100 degree case for the baseline, pins and SVGs for M = 0.4 are presented in Figure
4. Spikes between 0.1 and 0.8 kHz are due to mechanical vibrations from the tunnel and may be ignored.
Each of representative spectra are labeled for baseline, small vortex generators (SVG) and pins in Figure 4.
The peak in the baseline spectra is around 1.5-2 kHz. As can be seen in Figure 4, the small pins reduce the
spectra over the entire range of frequencies. SVGs drastically reduce the spectra for the range of frequencies
up to 5-10 kHz. It should be noted that a reduction in spectra is a direct indication of a reduction in the
aberration environment, which is usually reported as optical path difference (OPD).

Cross-correlating the Malley-Probe beams gives information about the convective speed of optically
active structures.1 Convective speeds for the baseline, pins and SVGs normalized by the incoming free-
stream velocity are presented in Figure 5. The baseline convective speeds drop from 0.9 of the free-stream
speed for M=0.35 to 0.72 of the free-stream speed for M=0.45.

The dependence of the normalized convective speeds on incoming Mach numbers can be explained by
the presence of a weak separation bubble over the flat window; it is known that the dynamics of the bubble
is sensitive to the incoming velocity.

Figure 4. Deflection angle power spectra for 100 degree case for M = 0.4.
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Figure 5. Normalized convective speeds for 100 degree case for different Mach numbers.

The pins introduce small disturbances into the boundary layer and do not significantly modify mixing
over the flat window, thus, convective speeds are roughly the same as for the baseline case. The SVGs
introduce strong mixing into the separated flow over the window and increase convective speeds up to the
free-stream speed.

The one-dimensional optical-wavefront, OPD(x), can also be computed from the Malley-Probe beam
deflection angles by multiplying the convection speed by the deflection angles and integrating in time, see
[1] for details. Resulting OPDs were processed for a 4.5 inch aperture, removing a residual tilt from each
apertured OPD, calculating root-mean-square variation of the wavefront OPDrms and averaging OPDrms

over the entire time series. As mentioned above, the low-frequency peaks are not relevant and were removed
from the deflection-angle time traces by applying a low-pass filter with a cut-off frequency of 0.8 kHz prior
to integrating in time to obtain OPDs. OPD results for the 100 degree case are shown in Figure 6. It
is interesting to note that while the OPD trends for the flow-control devices follow the expected “ρM2”
dependence reported elsewhere,1,8 the baseline only mildly increases with ρM2; this will be revisited in the
conclusions.

One can see that both devices disrupt the weak separation bubble and therefore cause levels of optical
aberrations to drop below the baseline values. The most effective device is SVG, followed by pins configura-
tions. Also note that for both devices OPDrms follows “ρM2” trend.

Figure 6. Apertured OPDrms for different devices for 100 degree case for different Mach numbers.
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II.A.2. 135 Degree Case

SVG control devices were also tested at higher azimuthal angle of 135 degrees. The flow at this angle is
characterized by a strong separation region present over the aperture. The Malley-Probe deflection angle
power spectra for this case are shown in Figure 7.

Figure 7. Deflection angle power spectra for 135 degree case for different incoming Mach numbers.

At this azimuthal angle, SVG introduce significant optical distortions at lower frequencies, between 0.5
and 1.5 kHz, compared to the baseline case, while keeping the spectra unchanged at higher frequencies,
above 2 kHz. Thus they introduce additional large-scale structures into the flow and degrade the optical
distortions.

Apertured averaged OPDrms are presented in Figure 8. Indeed, SVG do not improve the optical envi-
ronment over the flat window for the azimuthal angle of 135 degrees. The baseline and SVGs follow the
expected “ρM2” trend.

Normalized convective speeds for the azimuthal angle of 135 degrees are given in Figure 9. The SVG
enhance the mixing and increase the convective speed.

Figure 8. Apertured OPDrms for different devices for 135 degree case for different Mach numbers.
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Figure 9. Normalized convective speeds for 135 degrees case.

II.B. 2-D Wavefront Measurements

Additionally, 2-D wavefront measurements were made on the turret. A circular laser beam 5 inch in diameter
was directed into the tunnel test section normal to the flat-window mirror which reflected the beam back
coaxially to the optical bench, see Figure 10. The optical distortions were measured using a 2-D Shack-
Hartmann wavefront sensor with a 33 by 44 lenselet array mounted in front of a digital camera. The
wavefronts were made using a pulsed Ne-YAG laser with a pulse width of 3 nsec. The wavefronts were
sampled at 10 Hz. Several hundred wavefronts were recorded for azimuthal angles of 100, 110, 114 and
135 degrees and a range of Mach numbers 0.35, 0.4, 0.45. Piston and tip/tilt modes were removed from
each wavefront and both the mean and fluctuating parts of the optical wavefronts were computed. Levels
of optical distortions were characterized by a root-mean-square of the fluctuating optical path difference,
OPDrms, over the aperture and these were averaged over all frames.

Figure 10. Schematic of wavefront optical set-up.

Results for the baseline and passive flow control devices are presented in Figure 11. As expected, results
for 100 and 135 degrees correlate quite well, both qualitatively and quantitatively with Malley probe results,
Figures 6 and 8, at the same angles. For instance, the baseline OPDrms for the 100 degree case, Figure 11
depends weakly on the incoming Mach number and is around 0.075..0.08 microns, which is the same trend
and values observed in Figure 6.
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Figure 11. 2-D wavefront results for different azimuthal angles and Mach numbers.

The pins show a reduction in optical distortions over the range of azimuthal angles from 100 to 114 degrees;
the SVG also reduce optical aberrations at 100 degrees, but higher azimuthal angles introduce additional
vortical structures into the flow and consequently degrade the optical environment. For higher azimuthal
angle above 110 degrees the baseline results follow the expected “ρM2” trend. Again, it is consistent with
Malley probe data presented in Figure 8. At 135 degrees none of the tested devices improve the optical
environment over the flat window, as also found for the with Malley probe results in Figure 8.

Figure 12 shows selected wavefronts for the 100-degree baseline case. Flow goes from left to right, the
black circle outlines the full window. Although the flow over the turret is essentially three-dimensional, the
optical structure over the window is almost two-dimensional in the spanwise direction. The pins introduction
of the small scale turbulence into the incoming boundary layer clearly disrupts the spanwise organization of
structures, reducing optical aberrations, see Figure 13. Although not presented here, the SVG completely
eliminate the structures at this azimuthal angle.

A summary of OPDrms for the pins and SVGs at different azimuthal angles for the incoming M=0.4 is
given in Figure 14. At 100 degrees, our interpretation of hot-wire, Malley-probe data, wavefronts and surface
flow visualization lead us to conclude that the two-dimensional structures indicative of Figure 12 are caused
by a weak separation bubble that forms at the upstream edge of the window and structures are subsequently
detached and convected over the window with the reattached boundary layer, causing optical distortions that
are larger than we observed in turbulent boundary layers in the absence of separation bubbles. The pins
tend to break up these spanwise structures reducing the aberrations but still allow for separation bubbles to
form, while he SVGs prevent separation. At higher azimuthal angles, 110 degrees and above, the separation
no longer re-attaches in the baseline case, but becomes a strong separation region with a shear layer present
over the aperture. At these angles, OPDrms follows the theoretical prediction “∼ 1/ sin(Az.Angle)”, as can
be seen in Figure 14, indicating that the laser is projected through a similar shear layer at over increasing
slant angles.
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Figure 12. Selected wavefronts for the baseline 100 degree case. M=0.4.

Figure 13. Selected wavefronts for the pin control devices, 100 degree case. M=0.4.

Figure 14. OPDrms for baseline and selected devices for different azimuthal angles.

II.C. Comparison of the Optical Results between Hemispherical and Cylindrical Turrets

For physically similar flows, OPDrms ∼ ρM2D, where D is the turret diameter, and it is possible to re-scale
results obtained for the 4-inch cylindrical turret and compare them with the 12-inch hemispherical turret,
as long as relative aperture sizes (relative to cylinder/hemisphere diameters) are the same. Rescaled results
are compared in Figure 15. OPD results are very similar both in values and trends. It points toward two
important conclusions. First, three-dimensional effects on the flow over the flat window for hemispherical
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turrets are small and the main underlying physical mechanism is the separated flow over the surface slope
discontinuity. Thus, the flow over the flat window and effects from passive devices can be modeled and
studied using much simpler cylindrical turrets. Second, the scaling law OPDrms ∼ ρM2D works for complex
geometries and provides systematic means of extrapolating wind tunnel results toward real applications, see
comments on separation bubbles in conclusions.

Figure 15. Properly scaled OPDrms for hemisphere-on-cylinder turret (labeled Turret) and a cylindrical turret (labeled
Cyl)

III. Hot-wire Measurements

Extensive hot-wire velocity profiles were made on the hemispherical turret in [1]. For comparison pur-
poses, similar hot-wire measurements were made on the cylindrical turret. The flow field downstream of the
cylindrical turret was also quantified.

III.A. Experimental Setup

The cylindrical turret with flat window test section previously used by Gordeyev et al.,2 was placed in a
transonic wind tunnel in the Hessert Laboratory at the University of Notre Dame. The 4-inch diameter by
4-inch span cylinder can be freely rotated to elevation angles between 90◦ and 150◦. At an elevation angle
of 90◦, the flat window is flush with the upstream floor of the test section. The 2 by 4 inch flat window on
the cylinder has an optically accessible portion measuring 1.5 by 2.5 inches. Hot-wire tests were performed
without control devices installed and at a free-stream Mach number of 0.4 upstream of the cylinder. Single-
wire hot-wire velocity profiles were made at 5 x-locations (labeled A through E from left to right) in the
test section for each of the three elevation angles, shown in Figure 16. Measurements were made from free-
stream conditions downward to the floor of the test section along the centerline. For locations A and E,
the upstream floor was the z-direction origin, while locations B, C and D were measured from the surface
of the flat window. Location C was placed at the center point of the flat window; locations B and D were
approximately a half-inch upstream and downstream of location C, respectively. Data were collected for
each point for 10 seconds at 100 kHz.

Simultaneous hot-wire and Malley probe measurements were also made for each of the three elevation an-
gles, 90◦, 100◦ and 120◦. Velocity measurements were made normal to the turret flat window, the η-direction,
from free-stream conditions to the flat window, see Figure 17. Concurrent Malley probe measurements were
made spanning the path traversed by the hot-wire probe. Data at each point was taken for 10 seconds at
100 kHz.
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Figure 16. Locations of hot-wire velocity profile measurements. Location A is upstream of the rotating turret, locations
B, C and D are on the flat window, and location E is downstream of the turret.

Figure 17. Malley probe and hot-wire setup for the 120◦ elevation angle (left) and schematic of general hot-wire/Malley
probe setup (right).

III.B. Cylindrical Turret Velocity Results

The upstream boundary layer at 3.5 inches from the beginning of test section and 2 inches upstream of the
cylinder centerline, was found to be a turbulent boundary layer with displacement, δ∗, and momentum thick-
nesses, Θ, of 0.8138 mm and 0.6909 mm, respectively. The maximum fluctuating velocity has a normalized
turbulence level of 0.08.

The boundary layer continues to develop as it moves downstream, and the results for the 90 degree case
for locations B, C and D are shown in Figure 18a. Locations B through D show the continued presence of
a boundary layer across the face of the cylinder window rotated flush with the upstream floor. Normalized
turbulence for the three locations levels are consistent with the developing upstream boundary layer, with a
maximum value of approximately 0.08.

Results for 100◦ elevation angle are shown in Figure 18b. At this mild 10◦ back-facing angle, the flow
forms a weak separation bubble at the window’s leading edge but reattaches prior to location B. The velocity
profiles show a growing boundary layer along the flat window. Note that the ramping effect on the velocity
caused by the cylinder impinging into the flow decreases further downstream. Normalized turbulence levels
are increased at this angle, ranging between 0.19 and 0.26.

Figure 18c shows the results for 120 degrees elevation. At a 30◦ back-facing angle, the flow is separated
and remains separated across the window. Location B shows that the flow is just beginning to separate while
location C and D are typical for a growing shear layer. Normalized turbulence levels peak at 0.18 in the
shear layer, more than twice of the value of upstream boundary layer. The same velocity profiles re-plotted
in the tunnel frame of reference are shown in Figure 19. Downstream development of the shear layer can be
clearly seen, with an almost stagnant flow near the window surface.

Downstream velocity profiles are shown in Figure 20. Downstream of the turret, regardless of the elevation
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a)

b)

c)

Figure 18. The normalized mean and fluctuating velocity profiles at x-locations B, C and D for turret elevation angles
of a) 90◦, b) 100◦, and c) 120◦. Profiles are normalized by the free-stream velocity and turret radius, R. z is measured
from the surface of the flat window in the vertical direction.

angle, the profile is consistent with a shear layer. The vertical displacement of the shear layer gives an
indication of the upstream flow conditions. With an angle of 90◦, the shear layer is centered vertically with
the upstream floor and flat window. Increasing the elevation angle by 10 degrees has shifted the shear layer
down by an amount equivalent to the vertical displacement of the flat window trailing edge–indicating, as
the 100◦ velocity profiles at locations B through D did, that the the flow is attached for this mild back-facing
angle. At 120 degrees, the shear layer is now shifted upwards by approximately z/R = 0.25. This shift
is equivalent to the vertical displacement of the leading edge of the flat window, indicating that the flow
separates at or near the leading edge of the flat window, consistent with velocity profiles in Figure 18c.
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Figure 19. The development of the shear layer normalized mean and fluctuating velocity profiles at 120◦.

Figure 20. The normalized mean and fluctuating velocity profiles at location E for turret elevation angles of 90◦, 100◦

and 120◦. Velocities are normalized by the free-stream velocity. z is normalized by turret radius, R, and measured
vertically with coordinates consistent with location A.

III.C. Malley Probe/Hot-wire Correlation

Malley probe measures integrated optical aberrations across entire flow and does not provide any information
about where along the way sources of optical aberrations are. To address this issue for the hemispherical
turret, simultaneous velocity/Malley probe measurements for one azimuthal angle of 110 degrees were per-
formed and reported in [1]. To further compare the aero-optical environment around the cylindrical and
hemispherical turret, similar simultaneous optical-velocity measurements were conducted on the cylindrical
turret for several elevation angles. Velocity data were collected along the line normal to the center of the
flat window at elevation angles of 90◦, 100◦ and 120◦, with the single hot-wire traversed immediately behind
the second beam. A zero-time lag cross-correlation function between the OPD signal and the velocity data
was computed using,

Corr(η) =
V (η, t), OPD(t)
V max

rms OPDrms
(2)

where OPD(t) is the optical path difference measured with the Malley probe and η is the distance from
the window in the normal direction. Figure 21, left plot, shows the correlation function for 120 degrees
along with normalized mean and fluctuating components of the velocity profile. For comparison purposes,
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Figure 21, right plot, shows the same quantities for the hemispherical turret at the 110 degree azimuthal
angle from Ref. [1]. Mean velocity profiles have similar shapes in both cases; one difference is the location
of the shear layer, defined as a point where the mean velocity reaches a mid-point between the low- and the
high-speed values at both sides of the shear layer. For the cylindrical turret the shear layer layer is located
approximately 0.3R, where R is the turret radius, and for the hemispherical turret the shear layer location
is 0.16R. Another noticeable difference is a non-zero-speed (about 0.4 of the free-stream speed) recirculation
zone near the window surface for the hemispherical turret case. This is most probably due to the three-
dimensional effects around the hemispherical turret which leads a to smaller separation bubble. In both
cases, the maximum velocity fluctuation is located at the middle of the shear layer with the value of 0.2 of
the free-stream speed. Vortical structures at the shear layer create low-pressure wells and, consequently lower
density values inside of them5 and, from the definition of one-dimensional OPD, OPD(x) = KGD

∫
ρ′(x, s)ds

it follows that OPD(x) has a drop when the the vortical structure passes over the optical path. Since by
the definition OPD(x) = 0, OPD(x) < 0 inside the vortical structure. At the low-speed side of the shear
layer velocity fluctuations related to the passage of the vortical shear layer structure are negative and the
OPD-velocity correlation Corr(η) > 0; the shear layer velocity fluctuations are positive at the high-speed
side of the shear layer with Corr(η) < 0. Indeed, that is exactly the case for both the cylindrical turret, see
Figure 21, left plot, and the hemispherical turret, see Figure 21, right plot. Low, around 0.06, values of the
OPD-velocity correlations can be explained by the fact that only low-frequency velocity components have
associated pressure drops, while high-frequencies do not correlate with the OPD, thus lowering the overall
OPD-velocity correlation.1

Figure 21. Mean velocity, fluctuating velocity and OPD-velocity correlation for cylindrical turret at 120 degrees (left
plot), and for hemispherical turret at 110 degrees (right plot).

IV. Conclusions

The flow over the optical-propagation region of the flow on a flat-windowed hemispherical turret and
a flat-windowed cylindrical turret were studied using 2-D wavefronts and Malley-probes for the optical
data and hot-wire for the fluid-mechanic data. Measurements of the baseline flow over the hemispherical
and cylindrical turrets showed that while the overall environment over the hemispherical turret was far more
complex, the flows over the windows were similar in both flow character and aero-optical effect. Passive flow-
control devices placed upstream of the windows also showed similar effects in modifying the flow character
and improving the aero-optical environment over the windows. Both the pins and the SVGs were effective at
modifying the incoming boundary layer and disrupting the formation of separation bubbles over the windows
at the smaller look-back angles, greatly improving the aero-optical environment from that in the baseline
flows. Once the flow became fully separated over the windows, neither of the device types improved the
aero-optical environment. These studies also showed that for the fully-separated flow the optical effects,
expressed as OPDrms, followed the ρM2 scaling seen in other studies. These studies showed that the surface
discontinuities forced the flow to separate and in both the hemispherical and cylindrical cases this separated
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flow produced a nearly spanwise uniform flow structures relatively independent of the turrets geometry. Once
the flow became fully separated, correlations between simultaneous hot-wire and Malley-Probe measurements
showed essentially all of the optically-aberrating activity was within the shear layer. In the end, this series
of experiments demonstrated the underlying message that aero-optically active flows over the windows on
three-dimensional turrets are made up of fundamental flow fields that can be studied in more detail with
simpler-geometry turrets. In this case the flow over the window could be studied in more detail and with
more flexibility by simulating the window conditions for the hemispherical turret with that of a flat-windowed
cylindrical turret; flow-control devices that showed promise in the simpler case operated in the same way
with the same effect for the more-complex hemispherical turret. This similarity even extended to being
able to predict the aero-optical environment over the hemisphere by properly scaling the cylindrical-cylinder
results.
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