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The aero-optical environment and pressure field around a hemispherical turret were experimentally 
studied in a wind tunnel between Mach numbers 0.5 and 0.65. The shock motion based on time-
resolved wavefronts and shadowgraphs were analyzed and the average shock location, its spatial 
extension and temporal spectra were extracted. The typical shock frequency was at StD ~ 0.3 for 
M=0.63; these results correlate well with flight tests. When the shock was present on the hemisphere, 
pressure data both on the hemisphere and in its wake were found to be correlated in range of StD = 
0.1..0.3, suggesting a global  lock-in mechanism. The shock strength was found to be larger when the 
shock moves in the upstream direction, compared to the downstream motion. Possible links between 
the pressure around the hemisphere and shock dynamics were also discussed.  

I. Introduction 
There are many applications for optical turrets operating on airborne platforms at transonic speeds [1]. 

However, the optical distortions associated with the unsteady flow features around a turret in a transonic flow 
regime such as an unsteady shock and its effect on the separated region downstream of the hemisphere, reduce the 
beam intensity on a target [1]. A better understanding of these flow features at transonic speeds will help mitigating 
these unwanted effects on beam quality through flow control. 

Aero-optical effects in the fully subsonic regime have been thoroughly studied in both wind tunnel and flight 
testing and are believed to be well understood [1,3-8]; however, for Mach numbers above 0.55, a locally supersonic 
region appears at the top of the turret, which results in an unsteady local shock near the top of the hemisphere along 
with an early shock-induced flow separation [1,5]. This causes additional unsteady aero-optical effects due to the 
high density gradients across the shock and the higher turbulence levels in the separation wake region [13,14]. 

The interaction between the shocks and the separated wake region over bodies with large spanwise curvature is 
not yet well understood [9-11]. Since both the shock and flow separation are detrimental to beam quality, it is 
important to gain a better understanding of the interaction between them. This knowledge might help enabling 
adaptive feedback mechanisms and flow control that will mitigate unwanted aero-optical effects [12]. 

In order to better understand the shock-wake interaction, simultaneous optical and pressure data have previously 
been studied on 2-D cylindrical turrets in [2]; the results indicate a possible coupling between the motion of the 
shock which moves back and forth over the turret apex and the separation region downstream of the cylindrical 
turret. Practical applications of optical turrets implement 3-D turrets, so it is desirable to extend this study to a 
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hemisphere. In this paper, wind tunnel pressure and optical measurements will be presented and discussed, and 
similar optical/pressure measurements collected in-flight are discussed in a companion paper [13]. 

II. Experimental Setup 
Shadowgraph and simultaneous pressure/optical-wavefront measurements were performed on a hemisphere for 

Mach numbers ranging from 0.5 to 0.63 in the White Field wind tunnel facility at the University of Notre Dame. The 
hemisphere was made of aluminum and had a 10 inch diameter with a 6 inch optical window. The outer surface of 
the optical window was conformal to the surface of the hemisphere. The unsteady pressure measurements were 
made with 35 Kulite differential pressure transducers. Pressure sensors were placed on the hemisphere surface, as 
well as on the plate both upstream and downstream, as shown in Figure 1. 26 unsteady pressure sensors were placed 
along the centerline (14 on the hemisphere and 7 on the tunnel wall) and 14 unsteady pressure sensors were placed 
as a staggered cluster near the hemisphere apex in order to acquire shock-related pressure fluctuations with greater 
spatial resolution. Pressure data was collected at a rate of 20 kHz for 25 seconds. 

 

 
Shadowgraph measurements were collected by expanding a 1-inch laser beam to 5 inches using a telescope, 

then directing it across the test section in the spanwise direction such that the apex of the hemisphere was in the 
beam path. On the other side of the test section the beam was then reduced to ½-inch and captured with a high speed 
camera at a rate of 20kHz for 4,000 frames. A picture and a schematic of the shadowgraph setup is shown in Figure 
2, top. 

Optical measurements of wavefronts were made by expanding a 1-inch laser beam to 5 inches, then directing it 
onto an optical canister mounted flush on the hemisphere at the elevation angle of 40 degrees. A schematic of the 
optical setup for collecting wavefronts is depicted in Figure 2, bottom and a picture of the setup is shown in Figure 
3, left. The hemisphere, shown in Figure 3, right, contains the optical canister consisting of a lens on the outside 
with a mirror behind it. The outside surface of the lens has a spherical surface, which matches the radius of the 
hemisphere. The inside lens surface is a custom-made aspherical one, such that the incoming collimated beam stays 
collimated after passing through the lens. The mirror in the optical canister reflects the beam back along the same 
path it came into. This so-called double-pass set-up allows for a return beam to travel through the optical region 
twice, thus doubling the signal-to-noise ratio. The beam is sent back to the optical table and, after splitting it off, is 
directed to a high speed camera with a Shack-Hartmann lenslet array. Optical wavefronts with 40x40 subapertures 
were collected simultaneously with unsteady pressure at 20 kHz for 1.5 seconds. For these simultaneous 
measurements only one azimuthal angle of Az = 90 degrees was tested.  
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Figure 1. Schematic of pressure port locations (in red) on the plate (left) and on model of the hemisphere (right) 
pressure ports are shown in green and the outline of the 6-inch optical window. 
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Figure 2. Top: A picture and schematic of optical setup for collecting shadowgraphs. Bottom: Schematic of the set-
up for collecting wavefronts. 

 

Figure 3. Optical Bench Setup (left), hemisphere inside the test section looking from upstream direction (right) 
with the optical canister and pressure ports. 
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III. Data Analysis 
The Shack-Hartmann images like the one shown in Figure 4 were reduced using in-house software, to obtain 

wavefronts, W, as a function of location on the aperture and time, ( )tyxWW ,,= . The return beam is flipped and 
rotated as it travels through the optical setup, so the Shack-Hartmann image must first be oriented so that the vertical 
and horizontal directions are in the elevation and azimuthal angle directions, respectively. Instantaneous tip/tilt is 
removed from each wavefront by least-squares plane fitting the 
wavefronts, and steady lensing is removed by subtracting the mean from 
each wavefront. The optical path difference (OPD) is the conjugate of the 
wavefront, ( ) ( )tyxWtyxOPD ,,,, −= . To determine the variation of 
the OPD across the aperture, the spatial RMS is computed at every time 

step, ( ) ( )
),(

2,,
yxRMS tyxOPDtOPD = . The time-average OPDRMS, 

quantifies average amount of aberration present in the beam for a specific 
viewing direction. Also, a spatial distribution of the time-averaged RMS 
of OPD at every point over the aperture, OPDRMS(x,y), was computed as, 

( ) ( )2,,, tyxOPDyxOPDRMS = .  
The pressure was normalized by the dynamic pressure to get the 

pressure coefficient, 𝐶𝐶 = 𝑃
1
2𝜌𝑈

2, where ρ is the freestream density and 

U is the freestream velocity. Calculating the root mean square determines 

the temporal variation of the pressure coefficient at each location, 𝐶𝐶𝑅𝑅𝑅 = �𝐶𝐶(𝑡)2���������. The spectra for the pressure 

data at different locations and various spectral cross-correlations were also calculated. 
To study the shock motion on the hemisphere geometry it is convenient to recast the azimuthal (Az) and 

elevation (El) angle coordinate system into viewing angle and modified elevation angle [4]. The viewing angle, α, 
determines how far downstream on the hemisphere the point is and the modified elevation angle, β, defines how far 
the point is from the plate. The viewing angle is given by ( ) ( )( )ElAz coscoscos 1−=α , and the modified elevation 

angle is given by ( )
( )






= −

Az
El

sin
tantan 1β . The inverse transformation is given by 𝐸𝐸 = sin−1( sin (𝛼) sin (𝛽)), and 

𝐴𝐴 = tan−1(sin(𝛼) cos(𝛽)
cos(𝛼)

). 

The shadowgraph images were used to visualize the shock pattern and the separation region and acquire 
statistics of the shock motion. This was done by visually tracking the shock location. As there were multiple shocks 
on top of the turret in most of the data due to the averaging of the spanwise-varying shock in the spanwise direction, 
so the visually thickest shock was assumed to be the main one and was chosen from each frame to define the 
location. The point where the shock contacts the hemisphere surface was chosen as the location for that frame. 

IV.  Results 
Shadowgraph Results 

Figure 5 shows representative shadowgraph images collected at different Mach number between 0.58 and 0.68. 
The flow direction is from left to right. The flow goes sonic on top of the hemisphere, when the incoming Mach 
number reaches 0.55 [1]. So the shock, although visible, is fairly weak for M = 0.58, Figure 5, top left, and it does 
not affect the separation region, visible as region with higher turbulence levels just downstream of the shock. As 
Mach number increases to M = 0.60, Figure 5, top right, the shock becomes stronger and it induces the premature 
flow separation; thus, the shock motion becomes coupled to the flow separation. The shock strength and extent into 
the flow is progressively increased for M = 0.65, Figure 5, bottom left, and for higher M = 0.68, Figure 5, bottom 
right, resulting in significant massive separation off of the surface of the hemisphere.  
 

Flow 
Shock 

Figure 4. A Shack-Hartmann image 
at M=0.62. 
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Figure 5. Shadowgraphs taken at M = 0.58 (top left), 0.60 (top right), 0.65 (bottom left), and 0.68 (bottom right). 

Flow from left to right. 
 

The shock and related separation are very unsteady at Mach numbers larger than 0.6. Figure 6 shows a typical 
shock/separation cycle for M = 0.68. At some moment the shock is virtually disappeared and the separation occurs 
downstream of the hemisphere apex, see Figure 6.a). Later, the shock forms and quickly grows in strength and size, 
causing a large separation downstream of it, see Figure 6.b). This massive separation changes the pressure 
distribution downstream of the shock, causing it to move upstream; it causes the separation to also move upstream of 
the hemisphere apex, see Figure 6,c). But the shock cannot sustain upstream of the apex, as the flow is on average 
subsonic there, so the shock quickly disappears, as shown in Figure 6,d). Without the shock, the separation point 
moves downstream of the apex and the whole cycle repeats itself. Very similar shock/separation dynamics was 
observed and discussed in details in the transonic flow over a cylindrical turret [2]. 

Using shadowgraph movies, the temporal evolution of the location of the shock was extracted from every frame 
and various statistical information was obtained. The shock location was chosen based on where the shock made 
contact with the hemisphere surface. Figure 7 shows the probability distribution for the shock location at different 
Mach numbers. The mean shock location was found to be approximately at 90 degrees and the spatial extent of the 
shock, related to the shock unsteadiness, is roughly from 80 to 100 degrees and increasing with the Mach number 
increasing. 

Figure 8 shows the spectra of the shock location at different Mach numbers extracted from the shadowgraphs. 
Although the time sequences were not very long, with only 4,000 frames each, so the spectra are noisy, the peak 
value was observed around Strouhal number of 0.15, related to the natural unsteady separation [15], for all cases 
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except for M =  0.68 which has two higher peaks at 0.2 and 0.3. These results are consistent with in-flight conformal 
window wavefront data which also had two peaks in the shock location spectrum at the same Strouhal numbers [14]. 
 

     
 

     
 
Figure 6. Sequence of several representative shadowgraph images for M = 0.68, demonstrating large spatio-

temporal evolution of the shock and the shock-induced separation. Flow goes from left to right. 

 
Figure 7 Probability Distribution of shock location based on shadowgraph data. 
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Figure 8. Shadowgraph shock spectra for different Mach numbers. 

 
Wavefront Results 

Wavefront data were reduced as discussed before and the spatial variation in the wavefronts, ),( yxOPDRMS , for 
the strongest case of M = 0.63 was projected on the hemisphere surface and presented in Figure 9, left. The shock-
related local increase in wavefront variation in the middle of the aperture is clearly visible. As the spatial variation in 
wavefronts are related to the time-averaged location of the shock, the average shock location was found to be  
independent of elevation angle; there results are consistent with flight data [13], shown in Figure 9, right. 

From every wavefront, the instantaneous shock location was found by taking a 1-D slice of the wavefront in the 
streamwise direction and finding the point of maximum positive gradient in the OPD. Figure 10 shows the 
probability and cumulative distributions of the optical shock location. The distribution is not Gaussian, with a skew 
toward lower α. The mean shock location was found to be at α = 88 degrees and the minimum and maximum values 
are around 80 and 100 degrees, respectively. The cumulative distribution shows that half of the data falls within the 
range from 86 to 92 degrees. These results agree with similar conclusions about the shock location and extent, 
extracted from shadowgraph data, see Figure 7. 

      

Figure 9. Left: Spatial variation of OPD at M = 0.63 in the tunnel. Right: Spatial variation of OPD at M = 0.7 in-
flight, from [13].  
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Overall, the shock statistics extracted from both time-resolved shadowgraph movies and wavefront data were 
found to be very similar to the results observed in flight. 

 
Figure 10. Probability and cumulative distribution functions of optical shock location for M=0.63. 

Figure 11, left, shows the spectra for the shock location found from wavefronts and the aperture-averaged 
spectra at Mach 0.65. Both have peaks around Strouhal number 0.33, which is consistent with the peak locations 
from shadowgraph data at this Mach number, see Figure 8. There is a strong correlation between the two, see Figure 
11, right, indicating that the shock is the dominant flow feature effecting aero-optical distortions over the aperture at 
transonic speeds. The shock-wavefront correlation also has a peak around StD = 1. As this frequency range is related 
to the shear-layer structures forming shortly after the separation [13,16], it indicates that the shock motion is also 
influenced by the downstream vortical structures in the wake. 

 
Figure 11 Wavefront shock location and aperture averaged wavefront spectra (left) and spectral correlation 

amplitude at M = 0.65. 

Unsteady Pressure Results 
Figure 12 shows the mean and root-mean-square of the normalized pressure coefficient along the centerline of 

the hemisphere surface for different Mach numbers. In the mean distribution of Cp, for the higher Mach numbers the 
coefficient increases sharply near α = 85 degrees due to the presence of the shock, which is centered about the same 
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location. In the RMS pressure plot there is also a sharp rise in the amount of fluctuation in the region of the shock, 
with progressively larger values of pressure fluctuations with Mach number increasing.  

Figure 13 shows the mean, left, and RMS, right, of the Cp distributions downstream of the hemisphere for M = 
0.5 , 0.60, 0.64. The RMS values are approximately constant, but with slightly lower values at the more upstream 
points. The mean Cp mean has a maximum value near X/D = 0.95, which is consistent with oil-based flow 
visualization studies [17]. The RMS of pressure is higher inside the separated region for both cases and decays 
downstream of it. 

 

Figure 12. Coefficient of mean (left) and RMS (right) of pressure distributions for varying Mach numbers on the 
hemisphere surface. The red line is Cp data at M = 0.64 from [18]. 

 

Figure 13. Coefficient of mean (left) and RMS (right) of pressure distributions for Mach numbers 0.5, 0.6, 0.64 in 
the hemisphere wake. 

Figure 14 shows the spectra of pressure on the top (α = 93o), the back (α = 150o), and in the wake (X/D = 0.85) 
of the hemisphere for M=0.5, Figure 14, left, and for M=0.64, Figure 14, right. While the pressure spectra at these 
locations for M = 0.5 are fairly broad, the pressure spectra for M=0.64 have a shock-related distinct peak near StD = 
0.2 on the back of the turret and two peaks at StD = 0.2, 0.3 on top. This is similar to the Strouhal number at the peak 
value of the shock location in Figure 11. 

Figure 15 shows the normalized amplitude (left) and phase (right) correlations between the pressure sensors on 
the top and the back, and the top and the wake of the hemisphere for the subsonic case of M = 0.5. The top and the 
back pressure sensors are correlated over a broad peak around StD = 0.3. The correlation between the top and the 
wake pressure sensors are out of phase at low frequencies StD < 0.1 and exhibits a linear phase variation for StD 
between 0.1 and 0.4. The correlation strength can be explained by global nature of the pressure field around the 
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hemisphere and the linear phase shift is due to the convecting  time it takes for pressure structures to convect from 
the top to the wall point downstream of the turret. 

     
Figure 14. Normalized pressure spectra on the top (α = 93o), the back (α = 150o), and in the wake (X/D = 0.85) of 

the hemisphere at M = 0.5 (left) and M = 0.64 (right). 
 
Figure 16 shows the correlations between the same pressure sensors at higher transonic speed of M=0.64. At 

this Mach number, the correlation between the pressure sensors on the top and the back is relatively strong in two 
narrow frequency bands centered at StD = 0.2 and 0.3. The phase between these sensors at this frequency range also 
exhibits a negative linear variation, corresponding to a time delay of 1.66D/U∞ between them. This observation 
would imply that the pressure in the wake of the hemisphere adjusts to the pressure on top of the hemisphere with 
some time delay due to a convective-dominated nature of this interaction, similar to the proposed model, developed 
to explain the shock-wake dynamics around the cylindrical turret [2]. Similarities in the shock dynamics between the 
hemispheric and the cylindrical turrets were already observed before, see the discussion related to Figure 6.  

 

 
Figure 15. Correlation amplitude (left) and phase (right) between pressure on the top (α = 93o), the back (α = 150o), 

and in the wake (X/D = 0.85) of the hemisphere at M = 0.5. 
 

The correlation between the top and the wake pressure sensors for M = 0.64 are primarily centered at the shock-
related frequency of StD = 0.3. At low frequencies, the pressure at the top sensor is approximately 180-degree out-
of-phase with the pressure sensor in the wake, indicating that these pressures are mostly anti-correlated. One 
possible explanation of this anti-correlation is schematically shown in Figure 17. When the shock is located 
upstream of the top pressure sensor, the pressure behind the shock is higher. The same time the upstream shock 
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forces the separation region to be larger (as it was shown in Figure 6), so the re-attachment point, with high 
stagnation pressure value, moves away from the wake pressure sensor inside the separation region, so the pressure at 
the wake sensor becomes lower, see Figure 17, top. But when the shock is downstream of the top sensor, the 
pressure at the top sensor goes down. The same time, the separation region becomes smaller due to increased 
downward motion at the separation location, the re-attachment point moves toward the hemisphere and the pressure 
at the wake sensor goes up, see Figure 17, bottom. A similar shock-wake dynamic was observed during PIV tests on 
a wall mounted hemisphere [19]. 
 

 
Figure 16. Correlation amplitude (left) and phase (right) between pressure on the top (α = 93o), the back (α = 150o), 

and in the wake (X/D = 0.85) of the hemisphere at M = 0.64. 
 

 
Figure 17. Schematic of the shock/separation interacting and their effects on pressures on top (marked by a 

black circle) and in the wake of the hemisphere (marked by a green circle). 
 
Figure 18 shows the correlations between different pairs of pressure sensors on top of the hemisphere at M = 

0.5. The sensors are highly-correlated and in-phase over a wide range of frequencies, consistent with the global, 
Biot-Savart type interaction at this subsonic speed. Figure 19 shows the same correlations at the transonic Mach 
number of 0.64. The correlations are strong primarily near the shock-related frequency of StD = 0.3 The pressure at 
upstream sensors lag the downstream ones, see Figure 19, right, with the negative lag increasing when the sensors 
are further apart. The positive phase near StD = 0.3 indicates that at the shock motion frequency the pressure field on 
top of the hemisphere predominantly propagates upstream. This is consistent with shadowgraph results from Figure 
6, where the shock was found to be stronger during the upstream motion rather than during the downstream motion. 
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Figure 18. Correlation amplitude (left) and phase (right) between pressure at α = 96o, and pressures between α = 

85o and 93o for M = 0.5. 
 

 
Figure 19. Correlation amplitude (left) and phase (right) between pressure at α = 96o, and pressures between α = 85o 

and 93o for M = 0.63. 

V. Conclusions 
The objective of this paper is to present and discuss the optical and unsteady pressure results of the flow studies 

around a hemisphere at subsonic and transonic speeds up to M = 0.64. A better understanding of these features can 
be used to better understand the effect of the shock on the global flow around the hemisphere.  

Shadowgraph measurements indicate that the shock appear at incoming Mach number slightly above 0.55. The 
shock motion is centered around α = 90o and moves between 80o and 100o. The shock exhibit primarily the upstream 
motion, similar to the motion, observed around a cylindrical turret. The wavefront data shows a similar shock 
motion range as found in the shadowgraphs and also indicates that the distribution is close to Gaussian with a 
possible skew toward the upstream direction. The spatial fluctuations of wavefronts are higher at α = 90o where the 
shock motion is observed and there is a strong correlation between the shock motion and aperture-averaged 
wavefronts. This means that the shock is the flow feature that effects the wavefronts the most and therefore needs to 
be mitigated or controlled to improve beam quality. Pressure data shows a sharp gradient in the mean Cp distribution 
on the hemisphere at α = 90o and a peak in the RMS of Cp at the same location. This means that the shock also 
affects the pressure distribution. At M = 0.64, the predominant shock frequency was near StD = 0.3, with similar 
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peaks at the pressure sensors. This frequency is slightly higher than that found in flight [13]. The difference is likely 
due to tunnel blockage effects. 

The shadowgraphs show that the shock is very weak at Mach numbers below 0.6, but at higher Mach numbers 
there is a coupling between the shock and flow separation. The shock forms on the downstream side of the 
hemisphere and grows in strength, causing a large separation which pushes the shock upstream where it weakens 
and allows the separation to decrease. This relationship can be seen in correlations between pressure sensors on top 
of the hemisphere, where upstream sensors were found to be lagging the downstream ones. 

There is some correlation between the sensors in the wake and on top of the hemisphere for both M = 0.5 and M 
= 0.64 cases; the phase is linear in the frequency range of strong correlations. This linear variation in phase supports 
the convective-dominated lock-in mechanism between the shock motion and the dynamics of the separated region at 
transonic speeds. Pressure data was only collected up to M = 0.64, and shadowgraph data indicates even stronger 
coupling between the shock and flow separation at higher Mach number, so it’s possible this pressure correlation 
would be stronger at faster speeds due to the increased shock strength. If the correlation is strong enough, it may be 
possible to use this correlation to predict shock motion knowing the wake pressure.  

Future work will include more in depth study of the relation between the pressure and optical fields around the 
turret. Since the shock is the primary flow feature effecting aero-optical environment at transonic speeds, the 
proposed link between pressure fluctuations in the wake of the turret and the shock motion near the turret apex could 
be useful for applications in adaptive optics techniques.  
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