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Extensive studies of the local shock dynamics in transonic compressible flow near partiallyprotruding cylindrical turret are presented and discussed. Spatially-temporally resolved
wavefront measurements with a high-speed Shack-Hartmann sensor, synchronized with
high-speed shadowgraph system and unsteady pressure measurements on the turret surface
were performed for a range of incoming transonic Mach numbers. It was found that the
pressure field, the shock and the separation region exhibit almost periodic strong
oscillations, with its frequency inversely proportional to the low speed. Based on the
unsteady pressure near the shock, the phase-locked averaging technique was employed to
reveal phase-averaged details of the shock and the separation region dynamics. The lowdimensional model, based on time-delayed feedback, is proposed and was shown to properly
predict essential features of the shock-separation interaction. Relevance of the proposed
feedback mechanism for transonic flows around realistic turrets is discussed.

I.

Introduction

For many practical applications which require sending or transmitting a laser beam from an airborne platform,
turrets provide convenient means to point-and-steer the laser beam. However, a turret creates a complex turbulent
flow around it [1] with significant turbulence-related distortions imposed on an outgoing laser beam, so-called aerooptical distortions [2,3], even at relatively low subsonic speeds [1]. These aero-optical effects result in unwanted
unsteady beam defocus and jitter on the target, disrupting a high-speed optical link in free-space laser-based
communication systems, for instance.
When the flow is subsonic everywhere around the turret, essential flow features and related aero-optical
distortions have being extensively studied in last few years and are believed to be fairly well-understood [1,3-7]. But
for incoming Mach numbers larger than approximately 0.55, the flow on top of the turret becomes locally
supersonic, with a resulting local unsteady shock [1,5]. The shock creates additional unsteady density gradients in
the flow and creates a larger separation region downstream of the turret, as the shock promotes an earlier separation
of the flow off the turret. All these shock-related features add additional time-dependent aero-optical distortions to
the outgoing beam [5, 8].
Despite an extensive research in a shock-boundary-layer interaction for the last fifty years, primarily related to
transonic flows over airfoils [9-15], several key aspects of this interaction are still not well understood. The case of a
stronger interaction between the shock and the separated region over bodies with a large streamwise curvature, like
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turrets, is also not well understood. So there is a need for additional research to understand and, ultimately, mitigate
these detrimental shock-related effects in order to have un-interrupted laser beam on the target.
Several ways to mitigate shocks at transonic speeds has been recently demonstrated. The passive approach
utilizes a porous screen, which introduces total pressure losses near the surface of the turret and, as a result, slows
the flow down to subsonic speeds, thus eliminating the unsteady shock [16]. The active flow control shows some
promise in directly manipulating the shock [17]. Finally, an adaptive optics approach, which does not (usually)
modify the flow but rather quickly estimates the effective optical aberrations from either optical and/or non-optical
measurements at a few points around the turret and cancels aero-optical distortions by imposing a conjugate
wavefront on the outgoing beam. The last approach was recently successfully demonstrated over a cylindrical turret
[18], where wavefronts were estimated from the unsteady pressure fluctuations measured on the surface of the turret
and aero-optical, shock-related distortions were estimated using Proper Orthogonal Decomposition (POD) and an
Artificial Neural Network (ANN).
While the ANN-approach was found to correctly reconstruct most of aero-optical distortions, it still requires an
extensive database of simultaneous measurements of both unsteady wavefronts and surface pressures over a range of
transonic Mach numbers. This extensive data collection and subsequent ANN training is required because ANN
simply exploits correlations among various inputs and output, and essentially ignores any physics-based relations
between these signals.
To better understand the flow dynamics and related aero-optical effects due to the presence of the local
unsteady shock on the turret and to provide physical insight needed to properly study different flow control
strategies, the shock-separated region interaction on top of a two-dimensional turret was experimentally studied,
using simultaneous measurements of the unsteady wavefronts, surface pressures and a time-resolved flow topology
via a shadowgraph method. The flow around the two-dimensional turret was shown to have most essential flow
features, as around three-dimensional turrets [1,19] and was found to provide a convenient platform to understand
the nature of aero-optical distortions around turrets, as well as to test different flow mitigation approaches at
subsonic speeds [20-22].

II.

Experimental Set-Up

The time-resolved shock-separation interaction and related aero-optical effects of a flow around a cylindrical turret
were studied in a transonic in-draft wind tunnel at University of Notre Dame. The turret model was made of 100mm long and 103-mm in diameter aluminum cylinder, installed in an optically accessible test section partially
protruding into the free-stream transversely to the flow, shown in Figure 1, left. Inlet dimensions of the test section
were 100 × 100 mm so the turret model spanned the whole width of the test section; the test section height
downstream of the cylinder was 142 mm making the “back-step” to create 2-dimensional separation region
downstream of the turret. This geometry was described in [16] and an interested reader is referred to this reference
for details. To achieve different flow velocities inside the test section, outlet back pressure was controlled by up to
two vacuum pumps with variable valve settings between the test section and the vacuum plenum.

Figure 1. Left: Schematics of the test section with the model. Dimensions are in millimeters. Right: Picture of
the turret with an optical assembly and nine unsteady pressure sensors.
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The turret has a rectangular optical assembly with a square aperture 30mm x 30mm, with its outer cylindrical
lens having the same curvature as the turret surface, see Figure 1, right; the assembly also has a matching negativefocal-length cylindrical lens and a return mirror, so the whole assembly works as an optical flat. The test section was
equipped with 9 static pressure ports, marked by P1..P9 in Figure 1, left, located at the side wall of the test section to
monitor static pressure distribution along the test section. Two unsteady pressure ports K10 and K11 in Figure 1,
left, were fitted with Kulite pressure transducers for time-resolved measurements of the flow downstream of the
turret. Additional nine Kulite unsteady pressure sensors, K1..K9, were placed in a staggered manner adjacent to the
optical aperture, with the angular step of 3.67 degrees spanning from -14.67 degrees to 14.67 degrees from the
middle of the aperture, see Figure 1, right. Locations on the turret surface are characterized by an elevation angle, θ,
shown in Figure 1, left; the elevation angle of zero corresponds to the upstream direction and positive values are in
the clockwise direction.

WFS Camera
Turret Model

Shadowgraph Camera

Figure 2. Picture (top) and schematics (bottom) of the time-resolved Shadowgraph/Wavefront/Pressure setup.
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For time-resolved wavefront measurements, the collimated Nd:YaG laser beam 40 mm in diameter was
transmitted into the test section using steering mirrors. The beam was directed into the optical assembly inside the
cylinder and reflected back along the same path, thus using a double-path approach and increasing the signal by
factor of two. The returning beam was split aside and directed to a high-speed Shack-Hartmann wavefront sensor,
see Figure 2 for picture and schematic of the optical set-up. The sensor measured aero-optical distortions over a
portion of the aperture area 30 mm x 15 mm with the spatial resolution of 60x30 subapertures, with 60 subapertures
in the streamwise direction; the wavefront sensor sampling rate was 13.5 kHz. Aero-optical measurements were
collected over a range of incoming transonic Mach numbers for the middle-of-the-aperture elevation angle of 105
degrees. The National Instruments data acquisition system sampled 11 Kulite pressure sensors at the sampling rate
of 54 kHz, which is 4 times of the wavefront sampling rate and was synchronized with the wavefront sensor.
In addition, a high-speed shadowgraph system was used to record the topology of the shock and the separated
region on top of the cylinder turret in a range of transonic Mach numbers, see Figure 2. To do so, expanded and
collimated laser beam 4-inch in diameter was transmitted into the test section in the spanwise direction using
steering mirrors. The beam was passed through the test section and reflected back along the same path; the returning
beam was split aside and re-imaged to a second high-speed video camera. The camera frame rate was 13.5 kHz, the
same as the wavefront sensor sampling rate, with exposure time approximately 0.4 microseconds and the frame size
of 640x640 pixels.
One of high-speed cameras was operating as the master one, supplying the frame synchronized clock signal to
the slave camera; the master camera was also the source of triggering signal for the slave one and for the pressure
acquisition system to synchronize shadowgraphs, wavefronts and pressure measurements.

III.

Data Reduction

For each collected wavefront sequence, wavefronts were computed using in-house software. After wavefront
sequences were reconstructed, instantaneous tip/tilt and piston components from each wavefront within the sequence
were removed. The time-average wavefront, that is a steady lensing, was also removed from each wavefront. As
wavefronts were found to be almost spanwise uniform [16], wavefronts were averaged in the spanwise direction and
were finally normalized as,

WFNorm (θ , t ) =

WF (θ , z , t )

z − direction

ρ
M 2D
ρ SL

[µm / m] ,

where ρ is the free stream density, ρSL is the density at sea level, M is the Mach number at the port P1 at x/D = -0.625
and D is the turret diameter.

Figure 3. Spectra of unsteady pressures at selected locations over the aperture. Incoming M = 0.67.
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To enhance the shadowgraph images, for every sequence an average image was computed over 2000 frames
(approx. 150 periods) and it was subtracted from every image within the sequence.
As it will be shown later in this paper, most of the studied flow regimes, depending on the incoming flow speed,
are unsteady. These regimes are characterized by the presence of strong periodic shock oscillations and the turret
surface unsteady pressures and test section wall unsteady pressures at these regimes were found to have strong
dominant frequency in their spectra. The example of spectra of fluctuating pressure at the turret surface is presented
in Figure 3. A main harmonic of 1 kHz along with a second harmonic at 2 kHz are present in all spectra, implying a
strong periodicity of flow features. Thus, a phase-locking averaging was implemented to analyze the flow dynamics
and the characteristic features of the flow oscillations.
To perform the phase-locked averaging of pressure, the phase of the pressure signals had to be determined and
corrected for low-frequency wandering. The phase detection was performed using reference sinusoid of the same
frequency as the dominant oscillations. The signal of pressure and the reference signal were cross-correlated to
determine a time delay and hence the phase difference between the signals. The cross-correlations were calculated
using Blackman window, its width was chosen to fit 4-5 periods of dominant oscillations, T. The window was slid
along the pressure signal with 50% overlapping, giving the phase delay at time moments with intervals of 2-2.5 T.
When the normalized cross-correlation between pressure and reference signals had no maximum above 0.1 it was
assumed that no correlation can be found for those signals. These phase delays between signals of pressure and
reference sinusoid were computed for every pressure sensor. Then the mean phase delay was calculated as an
average over those signals, which phases were in the range of ± 0.05 T from each other. Depending on the flow
regime, those pressure signals were ranging from, in the worst case, four sensors on the turret at location from 94 to
105 degrees up to all nine unsteady pressure sensors. The mean phase was used to compute correction to phases of
pressure signals when performing phase-locked averaging.
Once times were related to the phases using the above-described procedure, wavefronts were also assigned to
particular phases and then ensemble-averaged to get phase-averaged wavefronts. A similar procedure was also
initially applied to shadowgraph movies, but the ensemble-averaging procedure was found to smear many turbulent
features. Finally, a single representative shadowgraph image was assigned to each phase.
In addition to visualizing the topology of the shock and the separated region, the shadowgraph images were
used to determine the approximate location of separation line and the angle of the separation streamline on the turret
at every phase.

IV.

Results

A preliminary study of aero-optical environment around the 2-D turret was performed by Gordeyev at al. [16].
It was found that depending on the incoming speed, the flow had several regimes. At the incoming Mach number
less than 0.6, the flow was found subsonic everywhere around the turret. When the incoming speed was increased
above M = 0.63, the local supersonic flow region begins to appear near the top of the cylinder and the local shock
was observed to form, stationary or unsteady depending on the Mach number, see Figure 4. The Mach number
distributions along the test section for different flow regimes are shown in Figure 5. The flow regimes are assigned
as “Case 1” – “Case 6” in the order of decreasing the outlet back pressure. As it can be seen from Figure 5, the flow
reaches a maximum speed immediately past the turret top; also the flow becomes choked at flow regimes above
Case 4, where the incoming speed did not change with the further decrease of the outlet back pressure, the flow over
and downstream of the turret was continuously increasing and becoming supersonic shortly downstream of the
turret. To differentiate the cases, the local Mach number at the static pressure port P6 at x/D = 0.625 was chosen.
Local Mach numbers at locations P1, x/D = -0.625, and P6, x/D = 0.625, see Figure 1, left, for all studied cases are
given in Table 1.
The mean pressure distributions over the aperture, normalized by the incoming total pressure, for different cases
are shown in Figure 6, left. As the flow speed over the turret increases, the mean pressure at the turret initially
decreases, indicating the flow acceleration on the top of the turret, as the curved cylinder surface worked as a
convergent-divergent nozzle. At some point the flow becomes supersonic at the upstream portion of the aperture, as
the normalized local pressures were below 0.52 (an isentropic pressure ratio, corresponding to a sonic Mach
number). The pressure reaches the minimum value between elevation angles 95 and 100 degrees, followed by the
sharp increase, which is related to the time-averaged presence of the shock. By the end of the aperture, pressure
approaches a constant value, indicating the flow separation region downstream of the shock. This spatial pressure
distribution is observed for all cases, except for the Case 3, where the mean pressure over the aperture shows a
monotonic increase over the aperture; as it will be discussed later, the range of the shock motion was the largest for
this case. For Cases 4-6 the all normalized pressures are below 0.52, implying that the flow is supersonic over the
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aperture. The fluctuation pressure distributions, normalized by the incoming total pressure are presented in Figure 6,
right. The unsteady pressure field has a maximum fluctuation level between 95 and 100 degrees, indicating the
location of the unsteady shock, with Cases 3 and 4 having the strongest fluctuation levels, compared to other cases.

Figure 4. Long-exposure schlieren flow visualization for different flow regimes. From [16].

Figure 5. Distribution of Mach number along the test section at different flow regimes.
Table 1. Mach numbers at locations x/D=-0.625 and x/D=0.625for all studied cases.
Case
Case 1
Case 2
Case 3
Case 4
Case 5 Case 6
M(x/D=-0.625) 0.6528
0.665
0.665
0.6794
0.6805 0.6805
M(x/D=0.625) 0.7754
0.8284
0.8621
0.9706
0.991
1.0488
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Figure 6. Normalized mean (left) and fluctuating (right) pressures on the turret at different flow regimes.
Unsteady pressure spectra at the surface location of θ = 98 degrees, where the pressure fluctuations were found
to the largest, are shown in Figure 7 for all six cases. For Case 1 the local pressure fluctuation was the weakest
among all cases, with the main frequency around 1 kHz, and with the evidence of a subharmonic near 500 Hz. The
subharmonic has a broad peak, suggesting pseudo-periodic motion of the shock for Case 1; this observation was
confirmed by analyzing time-resolved shadowgraphs. Case 2 has a similar spectrum as Case 1, but with the presence
of additional higher harmonics. Cases 3-6 do not have the subharmonic and only have the main mode and higher
harmonics in their spectra. The peak frequency of the main mode monotonically shifts from 1040 Hz for Case 1 to
930 Hz for Case 6. This frequency dependence of the local Mach number will be further investigated in Section V,
where a low-dimensional model of the shock-separation interaction will be presented.

Figure 7. Temporal pressure spectral densities for all cases at θ = 98 degrees. Spectra plots were shifted for
clarity.
Detailed analysis of the pressure variation and the shadowgraph movies revealed that for Case 1 the presence of
the subharmonic, combined with the relatively-weak main harmonic, made the determination of the phase and other
flow features, like the separation streamline angle, difficult, and no phase-averaging can be done, but qualitatively
Case 1 was found to similar to Case 2. Also, Cases 5 and 6, and to some degree, Case 2 were found to be similar to
Case 4. So, to present dynamics of the shock and the separated region, only Cases 3 and 4 will be discussed in this
paper.
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An example of temporal-spatial evolution of the unsteady surface pressure and related simultaneous spanwiseaveraged wavefronts for Case 3 is presented in Figure 8. Periodic variation in the surface pressure and related
periodic variation in wavefronts is evident. A sharp discontinuity in the wavefront slices, marked by a large arrow in
Figure 8, right, is indicative of the unsteady shock present over the aperture. The shock exhibits primarily upstream
motion. A typical non-dimensional frequency of the shock motion, based on the incoming speed and the turret
diameter was found to be between 0.5 for Case 1 and 0.42 for Case 6. A very similar shock dynamics, including the
upstream shock motion and similar oscillation frequncies, was observed over hemispheric turrets at transonic speeds
in flight [5].

Figure 8. Simultaneous time-dependent surface pressure distribution (left) and spanwise-averaged
wavefronts (right). Case 3, M(x/D = 0.625) = 0.86. The shock is labeled as a thick black arrow in the left plot.
Figure 9 shows selected shadowgraphs for Case 3, where the temporal evolution of the flow is presented during
eight characteristic phases. The phase-locked average of the normalized pressure along the aperture and spanwiseaveraged wavefront at the same phase are plotted at the upper left corner of every image; the dashed line represent
the isentropic normalized pressure corresponding to M = 1. During phase = 0 degrees, the shock is at its maximum
strength and the separation streamline angle, later called the separation angle, is large. The wavefront plot indicates
the presence of significant disturbances created by the shock, but because of the oblique nature of the shock the
wavefront does not show a shock-related discontinuity. By the phase = 90 degrees, the shock reaches its most
upstream location, and its strength decreases significantly; the separation angle is still relatively large. Starting this
moment the adverse pressure gradient is not strong enough to force the flow separation immediately downstream of
the shock, so the separation region no longer forms immediately downstream of the shock and the separation point
moves downstream, while the shock keeps decreasing in strength, as seen for phase = 150 degrees; the spatial
variation of the wavefront also keeps decreasing. During phase = 210 degrees, the shock is essentially gone, which
agrees with aero-optical measurements as the wavefront variation is at its minimum. The separation point moves
downstream to approximately 105 degrees; the pressure over the entire aperture keeps decreasing at this phase. At
the phase = 240 degrees, aero-optical disturbances get stronger with the local sharp increase in the middle of the
aperture, as the shock starts forming there. The similar behavior is also observed for phase = 270 degrees, where the
small local normal shock is visible in the shadowgraph image and the sharp increase in the wavefront gets larger. At
phase = 300 degrees, the shock grows longer into the freestream flow and the separation angle starts increasing, as
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the stronger shock promotes a stronger gradient across it and forcing a larger separation. During phase = 330
degrees, the shock is near its maximum strength and the separation angle is the largest. The large separation region
starts blocking the flow downstream of the shock, thus pushing it forward, as seen for phase = 0 degrees, thus
competing the cycle.

Figure 9. Shock temporal evolution, along with pressure distribution and spanwise-averaged wavefront
presented in upper left insert, for Case 3 at selected phases. M(x/D = 0.625) = 0.86. Green line represents the
location of the aperture.
9
American Institute of Aeronautics and Astronautics

Vorobiev et al.

AIAA-2014-2357

In summary, the interaction between the shock and the shock-induced flow separation leads to an increase of
flow blockage, which results in the upstream shock motion. When the shock is pushed upstream, it gets weaker and
the separation region gets smaller, lessening the flow blockage downstream. The shock re-forms downstream,
eventually increasing its strength and resulting in the increased flow separation and blockage, thus completing the
cycle. A similar shock-separation interaction, resulted in low-frequency shock oscillations was observed in the
shock-induced separation on the wall of a slightly-overexpended supersonic nozzle [23].

Figure 10. Angular coordinate of separation point, xsep, (blue) and the angle of separated streamline, α, (red)
for Case 3. M(x/D = 0.625) = 0.86. Thicker lines correspond to low-pass-filtered results.
Using shadowgraph images, the separation location, xsep, measured as an angle from the top of the turret (which
correspond to θ = 90 degrees), and the separation angle, α, were extracted as a function of phase and results are
shown in Figure 10 as thin lines. A low-pass filter was applied to smooth out the inherent noise in the data and the
results are also plotted in Figure 10 as thicker lines. As described before, starting at phase = 30 degrees, the
separation point, located at 3 degrees away from the turret top, starts moving downstream, with the increasing
separation angle. The separation angle reaches a maximum value of 25 degrees for phase = 90 degrees and then
quickly dropping to 10 degrees by phase = 150 degrees. By phase = 250 the shock starts forming at 17 degrees
downstream of the turret top, getting stronger by phase = 300 degrees, and forcing the increase of the separation
angle from 10 to 20 degrees; the separation location is unchanged within this phase range. Staring at phase 300
degrees, the shock moves upstream, forcing the separation point to move upstream as well.
The shock-related dynamics in Case 3 exhibits strong asymmetry vs phase, which is evident by comparing the
shock motion during the upstream and the downstream motion in Figures 9 and 10. During the upward shock
motion, which corresponds to phase range from 270 to 90 degrees, the shock is clearly visible, while during the
downstream motion, corresponding to phase range between 90 and 270 degrees, the shock is virtually not present.
During the upstream stroke, separation line initially follows the shock, but eventually gets detached from it and goes
back to the location of θ = 105 degrees. The similar asymmetry in the shock dynamics was observed around turrets
in flight [5].
Another way to see this asymmetry is presented in Figure 11, left, where the phase-averaged pressures are
plotted as a function of phase and the angular location on the aperture. Separation locations for different phases are
plotted as open circles in both plots. The shock location can be identified where the pressure has sharpest positive
gradient, or, equivalently, where the contour lines are the closest. The separation point follows the shock between
phases 0 and 50 degrees and then between phases 250 and 360 degrees, while the shock and the separated point are
clearly different for phases between 50 and 250 degrees. A similar conclusion can be reached analyzing the phaseaveraged wavefronts presented in Figure 11, right; the separation points are also indicated by open circles. As the
shock creates the sharp positive gradient in the wavefront, the shock location was identified, where the maximum
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wavefront gradient in the streamwise direction is larger than a prescribed threshold; these locations for different
phases are marked as black filled diamonds in Figure 11, right. Again, the separation line forms immediately after
the shock only in phase ranges between 0 and 50 degrees and 250 and 360 degrees. In fact, the shock is not detected
during phases between 50 and 250 degrees, consistent with shadowgraph images in Figure 9.

Figure 11. Spatial variation of phase-avegared surface pressure distribution (left) and spanwise-averaged
wavefronts (right). Separation locations are marked by open circles in both plots. Case 3, M(x/D = 0.625) =
0.86.
Shadowgraph images, pressure and wavefront spatial distributions during selected phases for Case 4 are shown
in Figure 12. These are the same phase angles as for Case 3, presented in Figure 9. The shock-separation dynamics
for Case 4 is similar to the one for Case 3, with few differences. One difference is that the shock in Case 4 is overall
stronger, the separation angles are more pronounced and aero-optical wavefronts are stronger. Also, unlike Case 3,
the separation point is always formed immediately downstream of the shock. During the downstroke the shock is
present, but is weak, compared to the shock upstroke. Finally, the asymmetry in the shock upstream and downstream
motion and intensity, while still observable, gets weaker for Case 4.
The separation location and the separation angle for Case 4 for different phases are presented in Figure 13. The
separation point moves between 5 and 15 degrees away from the top of the turret and the separation angle varies
between 10 and 20 degrees. Similar to Case 3, the separation angle increases between phases 250 and 50 degrees,
while the shock location is mostly unchanged; this phase range corresponds to the shock penetrating farther into the
freestream flow, as seen in Figure 12. Between phases 50 and 150 degrees, the shock retreats forward and weakens,
so the separation angle decreases in this phase range.
The phase – spatial-distribution maps of the pressures and wavefronts for Case 4 are presented in Figure 14, left
and right plots, respectively, along with the separation locations marked as open circles. As mentioned before, the
separation point is always immediately downstream of the shock, see Figure 14, left. The shock presence was
computed from wavefronts using the threshold criterion and locations at different phases are marked by black
diamonds. As the shock is oblique for most phases, the largest gradient is not necessarily indicative of the shock
presence. For instance, the shock is present for phases 0 and 90 in Figure 12, but does not create a large gradient in
the wavefront.
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Figure 12. Shock temporal evolution, along with pressure distribution and spanwise-averaged wavefront
presented in upper left insert, for Case 4 at selected phases. M(x/D = 0.625) = 0.97. Green line represents the
location of the aperture.
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Figure 13. Angular coordinate of separation point, xsep, (blue) and the angle of separated streamline, , (red)
for Case 4. M(x/D = 0.625) = 0.97. Thicker lines correspond to low-pass-filtered results.

Figure 14. Spatial variation of phase-avegared surface pressure distribution (left) and spanwise-averaged
wavefronts (right). Separation locations are marked by open circles in both plots. Case 4, M(x/D = 0.625) =
0.97.
Presented results clearly indicate that there is strong coupling between the shock location and strength and the
separated region location and size, as the shock modifies the downstream pressure field to affect the separation
region, resulting in changes in the downstream pressure, which affects the shock. In the next section a lowdimensional model will be proposed in attempt to explain key unsteady features of the shock-separation interaction.

V.

Low-Dimensional Model of the Shock-Separation Interaction

Relatively low frequencies of the shock-separation motion, about 0.5, based on the turret diameter, and the
periodic nature of the interaction, rules out the incoming boundary layer as a main reason of this temporal evolution.
Inspired by a physical mechanism of the shock-separation interaction in over-expanded nozzle proposed in [23], we
have attempted to develop a low-dimensional model of the shock-separation interaction around the cylindrical turret.
Figure 15 presents a model schematic of the flow downstream of the shock and defined several parameters. The
instantaneous separation point is denoted by xsep, the angle between the turret surface and the separated streamline is
denoted by α(t). Pressure in the separation region downstream of the separation point is denoted by Ps(t), the exit
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pressure, PE, is considered to be constant. The u-component of the velocity in the separation region is assumed to be
positive toward upstream direction. Once the separation region is defined by xsep and α, and the exit pressure is
given, the shock location and shock angle can be calculated.

Figure 15. Schematic of the shock-separation topology and definition of parameters used in modeling.
The momentum equation in the simplified form describes the chances in the u-velocity due to the pressure
gradient along the separation region,

du (t ) dp
~
~ −( PS (t ) − PE )
dt
dx

(1a)

dPS (t ) dρ S (t )
~
~ (u (t ) + u ind (t ))
dt
dt

(1b)

dα (t )
~ (u (t ) + u ind (t ))
dt

(1c)

From the conservation of mass, the influx of u-velocity increases the separation pressure,

Also, the velocity influx will move the separation line upward, increasing the separation angle,

Changes of the separation angle leads to vorticity generation at the separation point,

∂ω ( x, t ) dα (t )
Dω ( x, t ) ∂ω ( x, t )
~
=
+UC
∂t
∂x
Dt
dt

(1d)

The vorticity will create induced u-velocity, but at a retarded time. In a simplified form,
∞

u ind (t ) ~

∫

ω ( x − x sep , t − ( x − x sep ) / a) ⋅ A( x − x sep )
x − x sep

xsep

dx

(1e)

is the retarded induced velocity due to the vortical structure formed at x-xsep downstream of the separation point. a0
and UC are the speed of sound in the separated region and the convective speed of the vortical structure,
respectively, and A(x) is the modulation function, describing the structure “formation”.

d 2 PS (t ) du (t ) du ind (t )
du (t )
From (1a) and (1b) it follows,
+
~
~ −( PS (t ) − PE ) + ind , or,
2
dt
dt
dt
dt
2
d PS (t )
du (t )
+ Ω 2 ( PS (t ) − PE ) ~ ind
2
dt
dt

(2)

which corresponds to harmonic oscillations with the forcing term due to the retarded induced velocity.
Comparing (1b) and (1c) leads to
with the separation angle.
From (1d) it follows that

dα (t ) dPS
, saying that the pressure in the separation region is in phase
~
dt
dt

ω ( x, t ) ~ α ( x − U C t ) ~ PS ( x − U C t ) , which implies that the generated vorticity

at downstream location, x-xsep, is proportional to the separation pressure at an earlier retarded time
t − ( x − x sep ) / U C .

We assume that the induced velocity is only from the nearest vortical structure which forms starting at
some distance, L, away from the separation point at the location of the maximum votricity with the intensity, Γ,
proportional to the maximum vorticity,
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ω ( x, t ) ~ Γ ⋅ A( x − x sep ) ⋅ δ ( x − U C t ) ,
where δ is the delta-function and the A-function is schematically drawn in
Figure 16. Let’s say the separation pressure reaches a maximum at some
moment in time. In approximately L / U C -time later the structure is formed
at the location L and in even later

( L / U C + L / a 0 ) -time the induced

velocity from the structure reaches the separation point upstream. In order for
the delayed forcing term to create a resonance, it should be in phase with the
separation pressure,
( L / U C + L / a0 ) = n / F ,

Figure 16. Spatial distribution
of A-function in (1e).
(3)

where F is the resonance frequency and n is an integer number. This equation is essentially the Rossiter-type
resonance equation, but L is not necessarily a constant and might be a function of the convective speed of the
vortical structure. Let’s assume that L = UCτ, where is τ is a characteristic time it takes for the structure to form. The
convective speed for the shear-layer structure is U C = 0.5U ∞ = 0.5Ma = 0.5Ma 0 / 1 + 0.2 M

2

, where a is

the speed of sound in the freestream above the separation region. Substituting both of the above equations into (3)
and solving for F gives the following equation for the resonance frequency,

0.5M
n
F = 1 +
τ
1 + 0.2 M 2






−1

(4)

This equation describes a resonance frequency dependence on the Mach number in the freestream above the
separated region. From Figure 7 frequencies of the main harmonic were extracted for all cases and the local Mach
number at x/D=1.1.25 was chosen as a freestream Mach number. Results are plotted in Figure 17 as squares. The
model (4) with n=1 has only one empirical constant, τ. This time scale can be treated as a typical time scale to form
the compact vortical structure in the moving frame of reference. By trial and error, the best fit between the
experimentally-observed and predicted frequencies was found for τ = 0.715 msec and the resulted predicted
frequencies are also plotted in Figure 17 as a solid line; the agreement was found to be good. The model even
predicts the frequency of shock oscillations for Case 1, where no strong periodic shock motion was found.

Figure 17. Experimentally-observed frequencies vs freestream Mach number, compared with the model
prediction, (4), for n = 1, τ = 0.715 msec.
From the model it follows that the separation pressure and the separation angle should be in phase. The
separation pressure at the elevation angle of 112 degrees and the separation angle for different phases are presented
in Figure 18 for Case 3 and Case 4. Indeed, the separation pressure and the separation angle are approximately in
phase for both cases.
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While the shock is not directly present in the model, the shock is responsible for the formation of the separation
region with the well-defined separation point and the separation angle, which was assumed in the model.

Figure 18. Phase dependence of the separation normalized pressure at θ = 118 degrees (mean removed and
multiplied by a factor of 50 for clarity) and the separation angle for Cases 3 and 4.
Of course, the presented model is too simplistic to address all features of the complex shock-separation
interaction or to predict details of temporal variation in the surface pressures or wavefront distortions. For instance,
it does not address why the resonance peak in most cases is so sharp, which is most probably a consequence of the
non-linear effects due to large oscillations of the pressure field and the tunnel-wall blockage. Rather, it should be
treated as a plausible explanation of the physical mechanism responsible for starting and sustaining the resonance,
which gives the right trends and identifies probable sources of flow instabilities.

VI.

Conclusions and Discussion

Time-resolved measurements of aero-optical aberrations of the flow around a two-dimensional cylindrical
turret, simultaneously with flow visualization with high-speed shadowgraph system and unsteady pressure
measurements on the surface of the turret were performed and documented at different transonic flow regimes. It
was found that the flow exhibits self-sustained oscillatory behavior above a critical incoming Mach number, when
the unsteady local shock is formed on top of the turret. The amplitude of the shock-related flow oscillations as well
as the dynamics of the shock and the separation region were found to be dependent on the incoming flow velocity. It
was found that the frequency of flow oscillations decreases as the flow velocity increases. Based on the unsteady
pressure signal near the shock, the phase-averaging procedure was used to extract shadowgraphs, wavefronts and
surface pressures at different phases. The locations of the shock and separation were determined from high-speed
shadowgraphs to analyze the shock topology and to correlate it with aero-optical distortions created by the
compressible flow. The self-sustained oscillations were the result of the strong shock-separation interaction, as the
shock in the farthest downstream location creates a strong separation region, which blocks the flow downstream of
the shock and pushes the shock upstream. When the shock goes upstream, it loses its intensity and the separation
region becomes smaller. It results is the shock re-formation farther downstream, thus completing the cycle. In some
cases the separation point was found to be detached from the shock. Asymmetry between the upstream and the
downstream motion of the shock was found in most cases, where the shock and the separation region topology
during the upstream motion were different from the topology during the downstream motion, as the shock was
stronger during the upstream motion . Based on observation of temporal dynamic of the shock-separation dynamics,
a low-dimensional model, based on the time-delayed feedback mechanism, was proposed to explain the existence of
the resonance. The derived model satisfactory explained the frequency dependence versus the local Mach number,
as well some other essential features of the shock-separation interaction.
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The proposed low-dimensional model addresses possible sources of the low-frequency oscillations of the shock,
observed around turrets in flight. It identifies a global feedback mechanism, where the shock creates distortions in
the separation region, which convect with the separated flow and eventually complete the feedback via acoustical
radiation. Other word, the low-frequency oscillations of the local shock at transonic speeds are most probably due to
resonant modes excited in the separation region. For three-dimensional turret, the resonance feedback is weakened
by three-dimensional and turbulent nature of the separated region, inevitably smearing out and reducing the
resonance peak. Nevertheless, the presence of the vertical “breathing” mode experimentally observed in the
separated region downstream of the hemisphere-on-cylinder turret at subsonic speeds at a relative-low normalized
frequency range of StD = fD/Uinf = 0.3..0.5 [24], which is similar to normalized frequencies observed in this
experiment, also can be explained with the existence of weak resonance in the separated region around realistic
turrets. While this frequency range was observed at subsonic speeds, the presence of the local shock at transonic
speeds might enhance this resonance feedback mechanism.
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