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Wind-tunnel experiments were conducted to measure the unsteady surface pressure field on and around a

hemisphere-on-cylinder turret of varying protrusion in subsonic flow. These measurements were obtained using

fast-response pressure-sensitive paint coupled with pressure transducers. The surface pressure field data resulting

from Mach 0.5 flow (ReD ≈ 2 × 106) over a partially submerged hemisphere, a hemisphere, and a hemisphere on a

cylinder were analyzed using proper orthogonal decomposition modal analysis, as well as a variant of this approach

referred to as joint proper orthogonal decomposition. The results showed that decreased turret protrusion into

the freestream flow reduced the prevalence of antisymmetric surface pressure field fluctuations caused by

antisymmetrical vortex shedding. The frequency associated with this fluctuation was found to be around

StD ≈ 0.19. When a partial hemispherical turret geometry was used, it was shown that the antisymmetric mode

was greatly suppressed; and the wake was dominated by a symmetric mode with a broadband spectral peak at a

higher frequency of StD ≈ 0.3. This suggests that there is a “mode switching” as the protrusion is changed from the

hemisphere to the partial hemisphere configuration. An optical flow approachwas used to find the convective velocity

field in the wake, fromwhich topological flow features could be identified. The size of the wake separation region was

found to grow smaller with the decreased protrusion while keeping a similar shape.

Nomenclature

A, B = calibration coefficients
a = proper orthogonal decompositionmode temporal coef-

ficient
b = joint proper orthogonal decomposition mode temporal

coefficient
Cp = pressure coefficient

D = turret diameter
F = free variable
f = frequency
I = image pixel intensity
M = Mach number
p = static pressure
R = turret radius
Rbase = radius of turret where it meets the wind-tunnel wall
Rp = two-point cross-correlation matrix

ReD = Reynolds number based on turret diameter
StD = Strouhal number based on turret diameter
s = spatial vector
t = temporal vector
U = x-direction velocity component
V = z-direction velocity component

w = wake separation region width
x, y, z = flow coordinates
ϵ = constant
λ = proper orthogonal decomposition mode eigenvalue
ϕ = proper orthogonal decomposition mode
ψ = joint proper orthogonal decomposition mode

Subscripts

n = proper orthogonal decomposition and joint proper
orthogonal decomposition mode number

ref = reference
rms = root mean square
v = wake vortex location
∞ = freestream value

I. Introduction

T HERE has been considerable research regarding the integration
of laser propagation systems onto airborne vehicles [1–3]. For

this application, hemispherical turret beam director geometries have
been of high interest due to their simple design and wide field of
regard. However, the protrusion of this nonaerodynamic shape out of
the aircraft creates a complicated three-dimensional turbulent flow-
field. This flowfield results in an unsteady pressure field that 1) leads
to an unsteady density field causing aero-optic beam aberrations and
2) causes unsteady forcing on the turret, leading to a complicated
fluid–structure interaction, both ofwhich degrade the performance of
an aircraft-mounted laser propagation system. Although the aero-
optic environment caused by turrets has been studied in depth
[1,4–7], understanding the forcing imposed onto the turret is a newer
field of study. Keeping the application of aircraft-mounted laser
propagation systems in mind, unsteady forcing on the turret can
result in the vibration of optical-path components inside the turret.
These vibrations may cause optical-path components such as mirrors
to rotate, which in turn imposes angular distortions onto the outgoing
laser beam, resulting in a net unsteady deflection of the beam from a
desired aim point at the target plane [8,9]. For many beam control
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applications, it is desirable tominimize this “beam jitter”: to do so, the
unsteady forcing on the turret needs to be better understood. The
work presented in this paper explores the unsteady pressure fields that
create this forcing environment for different turret geometries.
It is beneficial for the discussion in this paper to briefly discuss the

know fluid mechanics associated with flow over a hemispherical
turret. Incoming subsonic flow stagnates at the lower-frontal portion
of the turret and creates a coherent vortical structure that extends
around the turret and then convects downstream. This structure is
referred to as the “necklace” vortex. The fluid incident on the upper-
frontal part of the turret stagnates and then accelerates over the top of
the hemispherical body. The frontal region of the turret is fairly
steady. The fluid that convects over the top of the turret eventually
separates due to the adverse pressure gradient. ForReynolds numbers
greater than ≈3 × 105, separation typically occurs around 120 deg
relative to the incoming freestream. Once the flow separates, a shear
layer forms between the freestream flow over the turret and the
separation region directly downstream of the turret body. Symmetri-
cal counter-rotating vortices, referred to as “horn” vortices, form in
the wake region. At low Mach numbers, the turbulent structures in
this wake aremore coherent. As theMach number increases, the horn
vortices lose their symmetry; and additional vortices begin shedding
off the back of the turret. The fluid mechanics are summarized in
depth in a review found inRef. [1]. These structures can be seen in the
schematic shown in Fig. 1.
Recent work has begun to investigate the surface pressure field

characteristics of a turret in subsonic flow. In Ref. [10], wind-tunnel
tests were conducted to investigate the unsteady pressure fields
around a turret, with an emphasis on exploring the effects of realistic
surface features. Thisworkwas foundational for a few reasons. It was
the first set of experiments to use pressure-sensitive paint (PSP) for
the application of investigating the surface pressure field of an optical
turret. The high resolution of PSP has made it a powerful diagnostic
tool, alleviating the issue of having a spatially sparse array of mea-
surements when using fast-response pressure transducers. In addi-
tion, the temporal resolution of PSP has increased significantly in
the last few years, with polymer-ceramic pressure-sensitive paint
(PC-PSP) having a temporal response as low as 35 μs [11].
Thus, PSP has become a valuable diagnostic tool for investigating

the unsteady surface pressure field on and around optical turrets in
subsonic and transonic flows, and it has made data reduction tech-
niques such as proper orthogonal decomposition (POD) and optical
flow viable. With access to the full three-dimensional surface pres-
sure fields of the optical turret afforded by the use of PSP, Ref. [10]
was also the first to heavily rely on POD to analyze the data for this
application. As was shown, valuable physical flow insight can be
gleaned frommodal analysis data reduction techniques.Motivated by
the results and experiments of Ref. [10], additional experiments were
conducted to specifically investigate thewake dynamics downstream
of the turret at subsonic and transonic speeds in Refs. [12,13]. Here,
POD helped reveal two important behaviors: a cross-stream antisym-
metric shifting mode, and a cross-stream symmetric breathing mode.
In Ref. [14], it was shown that the antisymmetric shifting mode
accounted for nearly 100% of the cross-stream z-component forcing

on the turret, whereas the symmetric breathing mode only forced the
turret in the streamwise x-component and wall-normal y-component
directions. To address possible aeroelastic effects on the turret wake,
Roeder and Gordeyev [15] conducted experiments designed to study
the fluid–structure interaction of a turret in subsonic flow. These tests,
coupled with POD and optical flow analysis, revealed that when the
turret is mounted such that it can oscillate due to the unsteady forcing
imposed by the flow, the resulting changes in the wake are relatively
small, even for oscillations of rather large amplitude (on the order of
1mmor 0.2% of the turret radius). Recognizing that the turret motion
in realistic systems is typically less than that, these experiments
suggested that the aeroelastic effects can be ignored while studying
the wake dynamics and the related unsteady forcing acting on the

turret. In lower-Reynolds-number studies (Re < 3 × 105), it has been
observed that a large boundary with a thickness larger than the
hemisphere does not have any significant effects on dynamics [16].
Savory and Toy conducted a parametric study to investigate the
effects of the boundary layer, the surface roughness, and the
Reynolds number on flow over a hemisphere [17]. For a hemisphere
undergoing laminar separation, the surface roughness was shown to
effectively increase the Reynolds number, leading the boundary layer
to transition to turbulent at lower actual Reynolds numbers and, as a
result, delay separation. However, for hemispheres that already
exhibit turbulent separation, higher roughness causes separation to
occur further upstream. It was shown that a thicker boundary layer
decreases the size of the recirculation region behind a hemisphere. It
was also shown that a larger boundary layer grows the necklace
vortex, which contributes to vorticity in the far wake. Reference [18]
found similar results for flow over a partially submerged hemisphere.
Although the flows around hemispheres on cylinders and hemi-

spheres have been studied in depth, less is known about flow around a
partially submerged hemisphere. A computational study of hemi-
sphere and submerged hemisphere turrets with a flat window in
Ref. [19] found the variation in cross-stream forcing on the turret
to be lower for the submerged turret in subsonic flow. The flowfield
and the aero-optical environment around a hemisphere and a sub-
merged hemispherewere studied computationally in Ref. [20], which
found that the submerged hemisphere exhibited the same general
flow features typical for hemispherical turrets and had lower wave-
front distortion than that of the hemisphere. Reference [21] per-
formed flow visualization of the flow over a submerged hemisphere
showing similar flow features as for flow over a hemisphere. Exper-
imental wind-tunnel and flight testing performed by Refs. [22–24]
quantified aeromechanical jitter of turrets varying in protrusion from
a hemisphere-on-cylinder turret down to a submerged hemisphere,
but no discernible scaling was found. However, through POD analy-
sis of the pressure field, they did find that there was a significant
change in flow behavior from a predominantly antisymmetric flow to
predominantly symmetric flowwhen the protrusion changed from a
hemisphere to a submerged hemisphere. Malkus et al. [25] found a
clear antisymmetric shifting mode and a symmetric breathing mode
through computational work done atM � 0.8, and they found that
this mode switching likely occurs when the hemisphere is around
80% exposed. Based on these previous studies, it has been hypoth-
esized that reducing the protrusion of the turret into the flow may
reduce the fluid-induced forcing on the optical turret, especially in
the cross-stream direction. For the application of laser propagation
systems, reduced forcing by the flowfield may reduce system beam
jitter.
In this paper, wind-tunnel experiments were conducted to inves-

tigate the unsteady surface pressure field on a hemisphere-on-cylin-
der turret as a function of protrusion distance. This was achieved by
collecting simultaneous fast-response PSP imagery coupled with
surface-mounted pressure transducers. The experiments conducted
to obtain these data are described in depth in Sec. II. The data
reduction steps required to convert measured image intensity to
meaningful surface pressure field data are described in Sec. III.
Furthermore, optical flow, POD, and a variant of POD referred to
as joint proper orthogonal decomposition (JPOD) were used to
analyze the surface pressure field obtained from the PSP imagery.
Each of these data reduction tools is also summarized in Sec. III. In

Fig. 1 Schematic of major flow structures for flow around a hemi-
sphere-on-cylinder turret [1].
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Sec. IV, the data processing tools introduced in Sec. III are employed
to relate the surface pressure characteristics to the turbulent flowfield.
Specifically, convective velocity fields calculated using optical flow
were used to characterize the wake. POD was used to further under-
stand the prominent structures in the flow over the turret and in the
wake. Finally, JPOD was then used to compare unsteady pressure
fields between different geometries. A summary and conclusions are
given in Sec. V.

II. Experimental Setup

The surface pressure was measured for flow over and around a
hemisphere-on-cylinder turret with varying protrusion in Mach 0.5
subsonic flow. A shell of the Airborne Aero-Optics Laboratory
(AAOL) turret was used, which has produced many foundational
datasets and impactful results [26–29] in the aero-optics community.
This hemisphere-on-cylinder turret has a radius of r � 0.15 m (6
in.). It is worth noting that the AAOL turret model is not a smooth
hemisphere-on-cylinder turret but rather has realistic surface fea-
tures, such as small gaps between the stationary turret shell and the
rotating “donut” part, screw holes, etc. An image of this turret
configured in thewind tunnel is shown in Fig. 2. The turret protruded
from the wall at different heights of 0.07 m (2.75 in.), 0.15 m (6 in.),
0.19 m (7.5 in.), and 0.27 m (10.5 in.). The lowest protrusion
geometry of 0.07 m is referred to as the “partial hemisphere,” which
protrudes about 45%of the hemisphere radius. The 0.15mprotrusion
configuration is referred to as the “hemisphere” case, and the 0.19 m
protrusion configuration is referred to as the “hemisphere + cylinder”
case. These different protrusion cases were tested in the University of
Notre Dame’s White Field Mach 0.6 wind tunnel. This wind tunnel
has a 0.91 × 0.91 m (3 × 3 ft) test section, and data were collected at

a freestreamMach number of 0.5 (ReD ≈ 2 × 106,U∞ ≈ 170 m∕s).
This facility is particularly useful because the dynamic pressures

are similar to those seen in flight. The incoming boundary layer was
not measured for these tests; however, previous tunnel characteri-
zation has shown the boundary-layer thickness to be on the order
of 25 mm (1 in.) and the turbulence intensity to be below 1% [30].
This boundary layer thickness is relatively thin compared to the
turret height for all cases with the relative boundary layer thickness
being 36%, 16%, and 9% of the height of the partial hemisphere,
hemisphere, and hemisphere + cylinder, respectively.
The tunnel blockages were about 5.1% for the hemisphere +

cylinder, 4.4% for the hemisphere, and 1.9% for the partial hemi-
sphere. However, the cross-stream blockage, which measures the
ratio of turret diameter at the wall to the width of the test section,
was higher at 33% for the hemisphere + cylinder and hemisphere
cases and 28% for the partial hemisphere case. This cross-stream
blockage limits the available space along the sides of the tunnel,
hindering the formation of the wake and flow structures. This inter-
ferencewith the natural flow dynamics is a result of insufficient room
for unimpeded development of the flow near the walls. Comparison
between the tunnel tests at the same tunnel and flight tests, where
there was no blockage, indicated that the separation line on top of
the hemisphere + cylinder turret might be delayed by as much as
6 deg [31]. Therefore, the findings presented here should be consid-
ered preliminary, and further investigations into the impact of cross-
stream blockage on wake dynamics are planned for the future.
A fast-response PC-PSP [11,32,33] was used to measure the sur-

face pressure on the surface of the turret as well as on a 0.3 × 0.61 m
(12 × 24 in.) wake plate in the downstream portion of the turret
geometry. The PSPwas approximately 100 μm thick andwas excited
by eight UV-light sources: four of which are visible in Fig. 2 (left).
Also shown in the left plot of Fig. 2 is the painted wake plate and
turret for the hemisphere + cylinder geometry. The resulting lumi-
nescence was measured by two synchronized high-speed Phantom
cameras (v1611 and v2512), with one on each side of thewind-tunnel

Fig. 2 Hemisphere + cylinder turret setup inside the wind tunnel (top left). Beige regions are where PSP was applied. Sample image from PSP video for
hemisphere + cylinder turret (top right). Diagram of different configurations tested (bottom).
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test section. Both cameras collected imagery at a frame rate of 3 kHz.
Four Kulite XT-140 unsteady pressure transducers were installed
flush to the surface of the turret, as shown in Fig. 2 (left), which
allowed for the in situ calibration of the PSP. Data collection of
the pressure transducers was synchronized with the cameras and
recorded unsteady pressures for 5.33 s at a sample rate of 30 kHz.
The tunnel temperature, static pressure, and laboratory atmospheric
pressure were recorded before and after the tests.

III. Data Reduction

A. Surface Pressure Reconstruction

The general process for surface pressure reconstruction and PSP
calibration was similar to that used in Refs. [10,23]. The two-
dimensional images from both cameras were used to reconstruct
the pressure field of a three-dimensional surface. This conversion
was accomplished using a perspective transformation matrix (PTM)
[34–36]. Here, images of the features within the field of view at
known locations in three-dimensional spacewere collected with both
cameras. The PTMwas constructed using these images tomap pixels
to a physical location. A mesh over the areas of interest was created
and mapped onto the images collected from both cameras. The mesh
in thewake regionwas rectangular with grid steps of 7.6mm (0.3 in.),
whereas the dome had a spherical mesh with grid steps of 3 deg in
both the azimuthal and elevation directions. Mesh points were not
included at the locations of the unsteady pressure sensors because
the wall-mounted sensors themselves were not painted. For the
hemisphere and hemisphere + cylinder cases, small semicircular
regions at the front and the aft portions of the turret were also
excluded from the turretmesh. These regionswere imaged at severely
oblique angles (greater than 80 deg), where PSP has a poor response.
Mesh points were also not included in the region where the turret
bodymeets the tunnel wall because the transition could not be clearly
defined in the images. The mesh from the perspective of one of the
cameras is presented in Fig. 3 for each of the three turret geometries.
To convert pixel intensities to pressure, the intensities for pixels

closest to the mesh locations were extracted and spatially filtered by
taking the average of the pixels forming an 11 × 11 square centered on
the pixel of interest. The intensity values I recorded by the cameras
were converted to static pressureP through theStern–Volmer equation,

Iref�s�
I�s; t� � A� B

p�s; t�
pref

(1)

where Pref was the ambient laboratory pressure, and Iref was the
temporal mean of the reference data taken with the wind-tunnel flow
off and the UV lights on. Variables A and B are calibration constants
calculated for each camera and geometry in situ. Specifically, these
constants were calculated using the temporal mean pressure from the
unsteady pressure sensors and intensity values from pixels surround-
ing the pressure sensor in the image data. The calibration curves for
these data are presented in Ref. [23]. The calibration coefficients in
Eq. (1) also depend on the temperature variations [33], potentially
affecting the accuracy of the pressure measurements. The temper-
ature was measured before and after each run and was found to

increase by less than 2°C. Temperature effects on the calibration
coefficients were ignored. However, after data were converted to
pressure, a line was fit to the data; and temperature drift effects were

accounted for by removing this line instead of themean from the data

when calculating flow fluctuations.
After data from the two cameras were converted to spatial pressure

fields at the defined mesh locations, data from both cameras were

blended together using spatial weighting functions. This allowed for

a single data matrix to represent the full surface pressure field of the

turret, similar to what was done in Ref. [10].

B. Convective Surface Velocity

Themean surface convective velocity field was found for thewake

region using the optical flow method. This method assumes the sur-

face pressure field to be primarily a convecting field and solves for

velocity from a convective equation for pressure, which is given as

∂p�x; z; t�
∂t

�U�x; z� ∂p�x; z; t�
∂x

� V�x; z� ∂p�x; z; t�
∂z

� 0 (2)

whereU�x; z� is the convective velocity in the streamwise x direction,
and V�x; z� is the convective velocity in the cross-stream z direction.
If the pressure field is given at several consecutive time points, Eq. (2)

can be treated as an overdetermined system of equations for the two

velocity components at each spatial point. This systemwas then solved

using least-squares minimization as proposed in Refs. [37–39]. This

method was also used in Ref. [15] to calculate surface velocity fields

from surface pressure fields for flow around a hemisphere. In thework

presented here, an additional term, ϵF�x; z�, was added to Eq. (2) as

follows:

∂p�x; z; t�
∂t

�U�x; z� ∂p�x; z; t�
∂x

�V�x; z� ∂p�x; z; t�
∂z

� ϵF�x; z� � 0

(3)

Here, F�x; y� is a free variable and ε is a positive constant. Adding
this additional term was found to create smoother results as compared

to using Eq. (2). Different values of ϵ ranging from 1 × 10−20 to 1 ×
1020 were tested, and the results were found to be largely insensitive

to the ϵ value. The value of ϵ � 1 × 10−5 was used in the presented

results. All derivatives in Eq. (3)were calculated numerically using the

central difference method.

C. Proper Orthogonal Decomposition

POD was used to analyze the dynamics of the unsteady pressure

field on the turret and in thewake region. POD is commonly used as a

means for creating a low-order reconstruction of spatiotemporal data,

where data can be represented using a reduced number of spatial

modes [40]. In POD, the globally reconstructed spatiotemporal fluc-

tuating pressure field p�s; t�, where s � �x; y; z� denotes a spatial

point, is decomposed into a series of spatial POD modes ϕn�s� and
corresponding temporal coefficients an�t�, such as

p�s; t� �
n

an�t�ϕn�s�

The POD modes are the solutions to the eigenvalue problem

Fig. 3 Meshused, which has been overlaid on top of an example image. The region in yellow is the common region for all turret geometries used for JPOD
analysis. The purple and yellow regions together were used for POD. Flow goes from left to right.
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s 0
Rp�s; s 0�ϕn�s 0�ds 0 � λnϕn�s� (4)

where Rp�s; s 0� � p�s; t�p�s 0; t� is the two-point cross-correlation
matrix, and the overbar here and later in this paper denotes the
temporal averaging. Using this correlation matrix, we get mode
shapes showing regions in the surface pressure field that are corre-
lated and anticorrelated. The energy of each mode is given by the
eigenvalue λn. By construction, the POD modes are orthonormal,

∫ sϕn�s�ϕm�s�ds � δnm where δnm is a Kronecker delta. The tempo-

ral coefficients can be found by projecting the pressure field onto the
POD mode,

an�t� �
s
p�s; t�ϕn�s�ds (5)

The energy of each mode can also be found directly from the

temporal coefficients as λn � a2n�t�. The cross-correlation function
can be recomposed using POD modes as

Rp�s; s 0� �
n

λnϕn�s�ϕn�s 0� (6)

From this relationship, we know the contribution of each POD
mode to the overall correlation in the pressure field, where dominant
modes have the largest energies. Equations (4) and (5) were discre-
tized using the mesh described in Sec. III, shown as the purple and
yellow meshes in Fig. 3. Because the mesh was nonuniform, a
weighted version of POD was implemented [40,41]. The MATLAB
eig function was used to solve Eq. (4) and decompose the surface
pressure PSP data into individual POD modes and their coefficients.

D. Joint Proper Orthogonal Decomposition

Although an optimal set of modes can be obtained for each dataset
using POD, the meshes and modes are different for each case, and so
comparing POD modes and related energies for different turret
geometries becomes complicated. As an alternative method, JPOD
was proposed and used as a data analysis technique to compute the
common or joint modes from different datasets [10,15]. JPOD is a
specialized version of POD, in which the spatiotemporal data for
different cases are combined into a single dataset, and the POD
algorithm is used to extract the joint spatial modes. In the present
studies, the cross-correlation matrices for all turret configurations
were combined to compute a joint two-point cross-correlation matrix
Rp;joint�s; s 0�,

Rp;joint�s; s 0� � Rp�s; s 0; partial hemisphere�
� Rp�s; s 0; hemisphere�
� Rp�s; s 0; hemisphere� cylinder� (7)

whereRp�s; s 0; geometry� is the correlationmatrix for a given geom-

etry normalized by the square of the spatial mean of the temporal root

mean square of its pressure field hprms�s�i2. The JPOD requires a
commonmesh, which is shown in yellow in Fig. 3. The JPODmodes
ψ�s� were computed using Rp;joint�s; s 0� via Eq. (4). The temporal

coefficients of the JPOD modes, denoted as b�t; geometry�, were
computed by projecting the JPOD modes onto individual pressure
fields,

bn�t; geometry� �
s
p�s; t; geometry�ψn�s�ds (8)

From the temporal coefficients, individual energies of the JPOD
modes were computed as

Λn�geometry� � b2n�t; geometry� (9)

By design, this set of spatial JPODmodes is the same for all cases.
When the individual datasets for each case are projected onto these

spatial JPOD modes, only the temporal coefficients and the corre-
sponding energies will be different. Thus, the differences among
cases will be reflected only in the temporal coefficients and the
energy distributions, making it easier to compare the contribution
of a specific mode to each geometry.

IV. Results

A. Pressure Fields

The PSP data were used to calculate the surface pressure fields for
each of the different turret geometries. Subsequently, the spatial
distribution of the temporal root mean square of the coefficient of

the fluctuating pressure, Cp;rms�s� � C2
p�s; t�, was calculated

(which we will refer to as spatial maps), and the results are shown
in Fig. 4. The figures in the top row share the same color axis to
compare the fluctuation magnitudes between the geometries. Here, it
can be seen that the magnitude of the fluctuations increases with
increasing turret protrusion. The figures in the bottom row have
varying color axes to emphasize regions of high fluctuation magni-
tude for a given geometry. For example, we can see the cross-stream
extent of the wakewas largest for the hemisphere + cylinder case and
grew thinner as protrusion decreased. High fluctuation associated
with movement of the separation line was clearly visible for the
hemisphere and hemisphere + cylinder cases just behind the apex
of the turret. However, the separation location was around 90 deg,
which was further upstream than what the literature predicts. Flows
over a hemisphere and hemisphere + cylinder are expected to separate
at approximately 120 deg from the freestream direction (measured
from the -x axis) when over the critical Reynolds number of
ReD > 300; 000. At this point, the boundary layer on top of the turret
is turbulent, leading to a delayed separation as compared to subcriti-
cal Reynolds numbers where the boundary layer is laminar and
separates near 80 deg [1]. For the experiments conducted here, the

Reynolds number was well above critical at ReD ≈ 2 × 106, and so
the boundary layer on the turret should be turbulent. The gaps, screw
holes, and other imperfections on the turret surface are likelywhat led
to premature separation. The separation location for experiments
discussed here was in a similar location to the separation line
observed in Ref. [10], where the same turret was used.

B. Convective Velocity Fields

The optical flow approach introduced in Sec. III.B was used to
calculate a mean surface velocity field. Because convecting vortical
structures have associated pressure fluctuations, this approach can be
used to track the movement of turbulent structures in the flow. It was
found that the dome region of the turret lacked coherent, convective
flow structures, and so optical flow did not givemeaningful results in
this region. Thus, only results in the wake region are presented. The
results can be seen in Fig. 5, which are plotted as surface streamlines
for each of the different turret geometries. Velocity streamlines were
calculated from the velocity field using the MATLAB streamline
function. In this figure, a few additional topological features are
emphasized. The boundary of the separation region, where the
streamwise velocity was zero, is marked with a dashed line. The
width of the recirculation region, labeledw, was defined as thewidth
of the wake at the furthest upstream measured point, as shown in
Fig. 5 (top-left plot). The full length of the recirculation region xr,
ending at the reattachment point and labeled by awhite circle, is only
visible for the partial hemisphere case. The locations of the vortices
(foci) in the recirculation region (xv, zv), which are labeled with red
stars in Fig. 5, are also recorded. For the partial hemisphere and the
hemisphere cases, the vortices are not fully identifiable, and so the
location on the edge of the separated region closest to the turret
was used.
By looking at the velocity field for each geometry, we can inves-

tigate how thewake topology changes with varying turret protrusion.
It should be noted that toward the edge of the wake (around z∕R ≈
�0.7 for the partial hemisphere and z∕R ≈�1.2 for the hemisphere
and hemisphere + cylinder), there were not enough convecting
coherent structures, and the optical flow streamlines become random
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and nonphysical. The separation region widths and the locations of

the vortices are summarized in Table 1. The partial hemisphere had

the narrowest separation region with a width of w∕R � 0.36. The
separation region grew to w∕R � 0.82 for the hemisphere case,

which is similar to the value of 0.88 found in Ref. [42]. The wake

further widened between the hemisphere and the hemisphere +

cylinder cases, with w∕R � 1.03 for the hemisphere + cylinder.

The shape of the separation region for the partial hemisphere was
compared to that of a hemisphere from Ref. [42] by calculating the
aspect ratio of the width/length, which is defined as w∕�xr − Rbase�.
Here, Rbase is the radius of the turret where it intersects the wall. For
the hemisphere case, Rbase � R. We found that for the partial hemi-
sphere case, the separation region had an aspect ratio of 0.66;whereas
for the hemisphere in Ref. [42], the aspect ratio was 0.71. These
values are fairly similar, with only a slight elongation of the wake as
the turret protrusion increases. It has been shown that thick boundary
layers can decrease the size of the wake [16,17] due to the increased
turbulence intensity. We believe this can be attributed to the lower
mean velocity of the flow over top of the turret, resulting in lower
momentum, and thus decreasing the length it travels before reattach-
ment. In this experiment, the boundary layer was well below the top
of the turret; however, if a turret is toward the back of an aircraftwhere
it is enveloped in the boundary layer, it will likely have a smaller

Fig. 5 Streamlines of the velocity field overlaid with pressure fluctuationCp;rms. The separation region is outlined by a dashed line. Locations of vortices
inside the recirculation region are labeled with red stars, and the reattachment point is labeled with a white circle. The wake width is indicated byw in the

top-left plot. Flow goes from top to bottom.

Table 1 Topological features of the recirculation region,

defined in Fig. 5, for different turret geometries

w∕R xr∕R xv∕R zv∕R
Hemisphere + cylinder 1.03 — 1.42 0.45
Hemisphere 0.82 — 1.20 0.41
Partial hemisphere 0.36 1.45 0.94 0.16

Fig. 4 Spatial maps of pressure fluctuation coefficients Cp;rms�s� for each geometry. Flow goes in the positive x direction. Top row has fixed color-map
axes. Bottom row has varying color-map values to better visualize the pressure field features.
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recirculation region than was measured here. However, in work done
on the AAOL, where the turret is only about 4 m from the nose of the
aircraft, the boundary layer is around 50 mm (2 in.) [43], which is
below the top of the turret; so, we expect the flowfield to be similar to
that measured here.
The fluctuating pressure field was overlaid onto the velocity

streamlines in Fig. 5 to investigate the relationship between the
surface pressure and the velocity field. The recirculation region is
associated with the region of relatively low-pressure fluctuation.
However, downstream of the reattachment point and outside of the
recirculation region, the pressure fluctuations were higher. This
increase in the fluctuating pressure was attributed to a combination
of unsteady horn vortices shedding around the sides of the turret, as
well as the separated flow coming over the top of the turret and
impinging on the wall outside the recirculation region.

C. POD Analysis

Before presenting the results of the POD-based analysis, it is
important to recognize that POD computes the modes based on the
available data. Thus, the modes and the related energies will depend
on the region of flow being analyzed. Also, POD imposes the
orthogonality restriction on the modes, which may or may not be
physical. Thus, one should be careful trying to interpret each POD
mode because several of them might be associated with one physical
structure. For instance, it is well known that it requires two stationary
modes that are shifted in space to represent a traveling structure [40].
Therefore, one way to identify the traveling structure is to look for a
pair of spatial modes that are shifted in the convecting direction and
have similar spectra and energy contributions.
POD was performed on the fluctuating pressure fields to study

prominent spatial features in the flow for different turret geometries.
Both the turret and wake regions were analyzed together, allowing us
to relate flow features from the two regions. The first four PODmodes
for each geometry are shown in Fig. 6 along with the modes’
associated relative energies. In these plots, yellow (light) and blue
(dark) colors represent regions with positive and negative modal
values, respectively. As follows from Eq. (6), the cross correlation
between two points is proportional to the product of the modes’values

at these points. Thus, points in the yellow region are anticorrelatedwith
points in the blue region. The relative energies, λn∕Σλn, of the first 10
modes for the three geometries are shown in Fig. 7.
The hemisphere + cylinder and hemisphere geometries have very

similar modes, except that the modes for the hemisphere + cylinder
case have higher relative energy. Mode 1 contains 24 and 12% of the

total energy for the hemisphere + cylinder and hemisphere, respec-
tively. This mode is mostly antisymmetric in the cross-stream direc-
tion and represents the shifting mode [44]. The antisymmetric nature

of mode 1 is a result of unsteady alternating vortex shedding that has
been seen in previous studies [1,10,45]. The pressure fluctuations
from the separation line are correlated with fluctuations in the sep-

arated region of the wake. Mode 2 for the hemisphere + cylinder and
hemisphere geometries, which contains 12 and 11% of the total

energy, respectively, is mostly cross-stream symmetric and looks
similar to the Cp;rms�s� maps in Fig. 4. Mode 2 has a strong cross-
stream-symmetric correlation related to the separation line on the top

of the dome. This region is rather wide and not quite uniform in the
cross-stream direction as compared to the results from Refs. [12,25].
This small asymmetry, also visible inmode 1, ismost likely due to the

Fig. 6 POD modes for each geometry with associated modal energy. Flow goes from top to bottom.

Fig. 7 POD relative modal energy for each geometry.
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surface features on the top of the turret dome. Also evident in Fig. 6 is

a pair of correlated blue (dark) regions in the wake, which are related

to where the flow reattaches. These blue regions are anticorrelated to

the region of the separation line on top of the turret. This mode was

identified as a wake “breathing” mode, and its dynamics are dis-

cussed in Ref. [44]. Mode 3 for the hemisphere and the hemisphere +

cylinder geometries is mostly cross-stream symmetric and shows a

positive correlation of the wake region. There is a little correlation

between the wake region and the separation line on the sides of the

turret for the hemisphere, with almost no correlation for the hemi-

sphere + cylinder case. The dark blue regions in the wake of mode 3

are similar in shape to the blue regions in themode 2wake, especially

for the hemisphere + cylinder case, but they are shifted in the stream-

wise direction. Combined with having similar modal spectra, as will

be discussed later in this section, this indicates the presence of the

traveling vortical structures along the edge of the separated region,

which is consistent with the streamline pattern in Fig. 5. Mode 4 for

these geometries is cross-stream antisymmetric and shows a strong

anticorrelation in the wake similar to mode 1. This mode is also

related to the alternating vortex shedding off of the turret and was

observed in Ref. [12].

Different behavior is noticed in the POD modes for the partial

hemisphere geometry, shown in the bottom row of Fig. 6, as com-

pared to the hemisphere and hemisphere + cylinder geometries.

Mode 1 for the partial hemisphere geometry contains 9% of the total

energy and is symmetric with two highly correlated regions in the

wake, which correspond to the reattachment region. Mode 2 for the

partial hemisphere, which contains 6% of the energy, is cross-stream

symmetric and primarily related to the vortices in the wake. This

mode is similar to mode 1 but appears to be shifted in the streamwise

direction, with the blue region located upstream of the similar blue

region for mode 1. Downstream of the blue region, mode 2 has a

cross-stream-symmetric region in yellow, which is anticorrelated

with the blue region in the wake. As previously mentioned, the

similarity (up to a shift in the streamwise direction) of modes 1 and

2 indicates that these modes in fact represent a cross-stream-

symmetric structure convecting downstream. For the partial hemi-

sphere, the most dominant modes show almost no correlation

between thewake and separation. This is a prominent departure from

the flow dynamics observed for the hemisphere and the hemisphere +

cylinder cases where there was a strong correlation between the

separation line and the wake region for the first two modes, as seen

in the middle and bottom rows of Fig. 6. So, it appears as though the

separation line grows less influential as the protrusion decreases

below the hemisphere. Modes 3 and 4 for the partial hemisphere

case are primarily related to the structures in the wake, with only a

small yellow region related to the separation line on top of the turret.

These modes have a “checkerboard” pattern of the alternating blue

and yellow regions in the wake. Similar to modes 1 and 2, these two

modes also form a pair, with the spatially and primarily cross-stream

antisymmetric shifted pattern. These modes appear to relate to alter-

nating traveling vortices shed from opposite sides of the turret.

To further study the temporal dynamics of the dominant vortical

structures in the pressure field, spectra of the time coefficients for the

first four modes of each turret geometry were calculated using a

Hanning window and block averaged over 16 blocks. The results are

plotted in Fig. 8 as a function of the Strouhal number, StD �
fD∕U∞, which is a normalized frequency based on the turret

diameter.

The spectrum for mode 1 for the hemisphere + cylinder case,

presented in the top-left plot of Fig. 8, shows a peak around

StD ≈ 0.19. Similarly, the spectrum for mode 4 for the hemisphere

+ cylinder case has a clear peak at StD ≈ 0.2. The spectra for modes 2

and 3 do not have any prominent peaks, but they are similar, further

indicating that modes 2 and 3 represent a traveling structure.

For the hemisphere case, spectra are shown in the top-right plot of

Fig. 8. The cross-stream antisymmetric spectra for modes 1 and 4,

plotted with a solid blue line and a dashed–dotted black line, also

Fig. 8 Spectra of time coefficients for POD modes 1–4 for each geometry. Black inverted triangles denote significant peaks discussed in analysis.
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have noticeable peaks at StD ≈ 0.19, respectively. This is consistent
with results obtained in Refs. [10,12] and is associated with antisym-
metric vortex shedding. This peak is more pronounced as compared
to the hemisphere + cylinder case. Similar to the hemisphere +
cylinder case, the spectra of modes 2 and 3 for the hemisphere case,
plotted as dotted red and solid green lines, respectively, do not have
any noticeable peaks. Theydo, however, have similar spectral shapes,
indicating that modes 2 and 3 represent a traveling structure.
For the partial hemisphere case, shown in the bottom plot of Fig. 8,

mode 1 has high energy in the lower frequencies below StD < 0.1
with a slight broadband peak at StD ≈ 0.3. However, spectra for
modes 2, 3, and 4 have a clear broadband peak that is most energetic
at StD ≈ 0.45. This broadband peak is associated with symmetric
vortex shedding [45]. From Fig. 8, it can be seen that although the
hemisphere and hemisphere + cylinder cases have similar spectral
characteristics, the modal spectra for the partial hemisphere are
fundamentally different, further supporting the analysis based on
the results presented in Figs. 6 and 7. However, one commonality
between all modes and turret geometries is that the lower frequencies
(StD < 0.5) contain most of the spectral energy. Before moving on, it
is alsoworth pointing out that sharp (narrowband) peaks appear in all
of the spectra at around 160Hz, 255Hz, and subharmonics of 255Hz
(StD ≈ 0.28; 0.47; 0.94, etc.). These peaks were also observed in
turret accelerometer data (not presented in this paper), indicating that
these narrow peaks are associated with vibrations, and are not related
to the flow features.

D. Joint POD Analysis

Although we gained some insight into the effects of different
protrusions on the wake dynamics via POD analysis, the spatial
regions for each turret geometry were different, making it difficult
to compare POD modes between the geometries. As discussed in
Sec. III.D, JPOD allows for a more direct comparison of the promi-
nent flow features between different geometries by computingmodes
over the same region. As a reminder, JPOD finds spatial modes that
are common (joint) for all geometries but have different amounts of
energy, depending on the geometry. The first five JPOD modes are
shown in Fig. 9. These modes are very similar to the POD modes of
the hemisphere and the hemisphere + cylinder cases (see Fig. 6,
middle and bottom rows) and follow the same interpretation. POD

mode 5 was not shown before; however, for the hemisphere and
hemisphere + cylinder cases, it was also similar to JPOD mode 5 in
Fig. 9. This mode is related to the breathing mode that has a pair of
cross-stream-symmetric correlated structures in the wake (colored
yellow) that are anticorrelated with another pair of structures down-
stream (shown in blue) and anticorrelated to the separation line region
on top of the dome (also blue).
Individual relative modal energies for the first 10 JPODmodes are

shown in the left-side plot of Fig. 10. The energy contribution for
these JPOD modes is clearly different for the partial hemisphere as
compared to the hemisphere and the hemisphere + cylinder cases.
The most striking difference is that the most energetic mode for the
partial hemisphere is cross-stream symmetric JPODmode 1, whereas
the most energetic JPOD mode for the hemisphere and the hemi-
sphere + cylinders is cross-stream antisymmetric JPOD mode 2.
JPOD mode 1, associated with the symmetric wake breathing

mode, is prominent for all three geometries. This mode was the most
energetic for the partial hemisphere (18%), the secondmost energetic
for the hemisphere + cylinder with 14% of the energy, and the third
most energetic mode for the hemisphere with 9%. This leads to the
conclusion that the wake breathing mode is a significant flow feature
for all geometries.
JPODmode 2 associatedwith thewake shiftingmode contained 13

and 17% of the energy for the hemisphere and the hemisphere +
cylinder, respectively. However, for the partial hemisphere, thismode
had a small influence and only contained about 2% of the energy.
JPOD mode 3 is cross-stream symmetric with anticorrelation

between the separation region on top of the turret and the wake
region. This mode is the second-most energetic mode for the hemi-
sphere, with 10% of the total energy. The mode is the third-most
energetic for the hemisphere + cylinder, containing 13%. For the
partial hemisphere, this mode was the second-most energetic but has
a lower relative energy of 6%, indicating a lower correlation between
the separation line and the wake regions.
So, between the full hemisphere and the partial hemisphere, the

antisymmetric separation becomes much less prominent, and with
decreased protrusion fluctuation of the separation region on top of the
turret becomes less coherent. As a consequence, JPOD modes 1 and
2, which are nonzero on top of the turret, also decrease in relative
strength.

Fig. 9 First five JPOD modes. Flow goes from top to bottom.

Fig. 10 Relative energy (left) and cumulative energy (right) of JPOD modes for each geometry.
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JPOD mode 4 is a cross-stream-antisymmetric mode associated
with the wake shifting and is primarily present in the hemisphere and

the hemisphere + cylinder cases. JPOD mode 5 is a mostly cross-
stream-symmetric mode and appears to be a spatially shifted version

of JPOD mode 3. This mode has relatively low energy for all of the
geometries, with less than 5% of the total energy for each geometry.
The relative cumulative energy for each geometry is shown in

Fig. 10 (right-side plot). The hemisphere + cylinder case requires the
least number of modes (around 110) to capture 90% of the total

energy. The hemisphere case requires about 150 modes to reach the
same relative energy, whereas the partial hemisphere requires a

significantly higher number of modes (around 900). This suggests
that the flow around the partial hemisphere is more complex and
cannot be efficiently represented by a few dominant flow structures.

We expect the flow dynamics to approach that of a flat plate boundary
layer as the turret protrusion decreases, where the energy would be
distributed across a wide range of scales and structures, making it

more difficult to capture with a limited number of POD modes.
The spectra of the time coefficients for the first three JPODmodes

of each geometry were calculated. The spectra were normalized by
the total energy for a given modeΛn and are plotted in Fig. 11 versus

the Strouhal number StD. The normalized spectra for the hemisphere
and the hemisphere + cylinder cases collapsed very well for JPOD
modes 1–3. For cross-stream-symmetric JPOD mode 1, which cor-

responds to the strong correlation in the wake, the hemisphere and
the hemisphere + cylinder cases have higher spectral energy at

lower frequencies, with a peak at StD ≈ 0.3, and drop off for higher
frequencies. The partial hemisphere has lower spectral energy as
compared to the other two geometries in the lower frequencies with

a peak around StD ≈ 0.4, and then it drops off for higher frequencies.

For antisymmetric JPOD mode 2, the spectra of the hemisphere

and hemisphere + cylinder look similar to the spectra of their POD
mode 1, shown in Fig. 8. This is an expected result because JPOD

mode 2 and POD mode 1 look very similar. Both modes have a
spectral peak at StD ≈ 0.19 that, again, is associated with the asym-

metric vortex shedding. The hemisphere + cylinder case has a more
pronounced peak with less spectral energy in the lower frequencies

below StD ≈ 0.19 than the spectra of its PODmode 1. For the partial
hemisphere case, the spectral peak in JPOD mode 2 is at a higher

frequency than the other geometry’s peaks atStD ≈ 0.4, with its lower
frequencies having lower energy and its higher frequencies having

higher energy. Overall, the energy of this mode is distributed more
evenly across different frequencies than it is for the other geometries.
For cross-stream-symmetric JPOD mode 3 corresponding to the

separation–wake relationship, the hemisphere and the hemisphere +
cylinder cases both have higher spectral energy for the lower fre-

quencies, which decreases for higher frequencies with no prominent
peaks. For the partial hemisphere, however, the corresponding spec-

trum has lower spectral energy for the lower frequencies and has a
small peak aroundStD ≈ 0.5; then, it drops off for higher frequencies.
Although not presented here, when plotted without normalization,

it was found that the modal spectra for the partial hemisphere align

well with that of the hemisphere for high frequencies of StD > 0.5,
but the partial hemisphere spectra contain significantly lower energy

at StD < 0.5 as compared to the hemisphere. This suggests that the
lower-frequency fluctuations grow as protrusion increases from the

partial hemisphere to the hemisphere, whereas the higher frequency
fluctuations are relatively constant.
As a final comment, the computational work done byMalkus et al.

[25] for a transonic case found that the spectra for the breathing

Fig. 11 Spectra for dominant JPOD modes for different geometries. Black inverted triangles denote significant peaks discussed in analysis.

Fig. 12 Spectra for JPODmodes for different geometries, normalized by modal energy using StR;exposed, whereRexposed is the radius of the dome of the
turret that is protruded above the wall.
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cross-stream-symmetric wake mode for both the hemisphere and the
partial hemisphere cases shared a peak at a frequency of StD ≈ 0.26.
Also, the spectrum for the shifting cross-stream antisymmetric mode
has a peak between StL of 0.13 and 0.21 if the reference length L in
the definition of the Strouhal number is chosen to be the base
diameter of the exposed turret. Because the partial hemisphere has
a smaller base, the Strouhal number at the spectra peak will decrease
with this scaling. However, when applied to the data in this analysis,
this scaling did not have much effect; the spectra look similar to
Fig. 11, and the peaks for the partial hemisphere and the hemisphere
cases did not match. Reference [46] suggested using the distance
from thewall to the top of the turret as the length scale in an attempt to
collapse the spectra. This scaling was also tried as shown in Fig. 12.
Although the peaks for JPOD mode 2 are aligned for the partial
hemisphere and hemisphere, the spectra for the rest of the JPOD
modes do not alignwell. The hemisphere + cylinder was not included
in this comparison because Ref. [46] did not include hemisphere-on-
cylinder data either, and using the diameter as the length scale has
been shown to be a clear scaling between the hemisphere and the
hemisphere + cylinder.

V. Conclusions

In the presented work, the unsteady surface pressure fields were
measured on and in the wake region of hemisphere-on-cylinder
turrets, with realistic surface features for different protrusions in
Mach 0.5 flow using a fast-response pressure-sensitive paint. The
tested geometrieswere a partial hemispherewith 45%of protrusion, a
full hemisphere, and a hemisphere + cylinder. Unsteady pressure
fields were used to compute velocity fields, associated with the
convective vortical structures in the wake of the turret, using an
optical flow approach. The resulting velocity fields were used to
study the topology of the flow in the wake region, including identi-
fying and characterizing different topological features of the wake. It
was found that the separation region in the wake becomes thinner as
the turret protrusion decreases, although the aspect ratio of the
separation region was found to be relatively constant.
The unsteady pressure fields were also used to perform POD and

joint PODmodal analyses for these tested geometries to investigate the
spatial distribution and spectra of different modes. For the geometries
of greater protrusion (the hemisphere and the hemisphere + cylinder),
the main dynamic wake mode was found to be a cross-stream-anti-
symmetric mode with a dominant spectral peak at StD ≈ 0.19. This
mode was associated with the wake shifting mode, which was domi-
nated by antisymmetric shedding of the vortices off the sides of the
turret. This antisymmetric mode revealed a correlation between the
separated region in thewake and the separation line on top of the turret;
these results were consistent with other investigations.
However, when the protrusion was reduced to a partial hemi-

sphere, a mode switching was observed where a primary wake mode
became cross-stream symmetric, with a broadband peak at a higher
frequency of StD ≈ 0.3. This modewas related to thewake breathing
mode. It was also found that the surface pressure field of the partial
hemisphere was overall less organized as compared to the other
configurations. The organization that was present in the flow for
the partial hemisphere resulted from the breathing mode, which was
mostly active in the separation region of the wake, without much
correlation with pressure fluctuations of the separation line. The
breathing mode was also present for the hemisphere and hemisphere
+ cylinder cases, but it had a stronger correlation to the separation line
as compared to the partial hemisphere case.
The analysis of the spectra of joint POD modes revealed that the

spectra for the hemisphere and hemisphere + cylinder geometries had
similar shapes when normalized by their relative energies. In con-
trast, the spectra of the JPOD modes for the partial hemisphere were
quite different. Compared to the more protruding geometries, the
spectra contained less energy at low frequencies below StD ≈
0.3–0.45, even when the breathing mode was significant for all the
geometries. In an attempt to collapse the modal spectra for the partial
hemisphere, length scales other than the turret diameter were used to
normalize the frequency; however, none were able to collapse the

spectra for the partial hemisphere and the hemisphere. The presented
modal analysis offers insight into the spatial and temporal dynamics
of the pressure field on and around the turret at different protrusions.
It also can be useful for validating computational codes for flow over
turret geometries.
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