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Wavefront measurements were performed for a hemispherical turret on the Airborne Aero-Optics 
Laboratory-Transonic (AAOL-T). For turret side-looking angles near 90°, upstream propagating 
wavefronts were observed. These wavefronts were contributed to acoustic waves originating from the 
engine downstream. These acoustical waves were modeled using combined potential flow solutions for 
a single-frequency moving acoustic source and a flow around a sphere. The model was shown to 
properly predict the spatial statistics and convective speeds of the experimentally-observed wavefronts. 
The model also correctly explained the viewing angle-dependence of the acoustic-related wavefronts. 

I. Introduction 
IRECTED energy and free-space communications systems that can be operated on aircraft are desirable. To 
maximize the field of regard of these systems, hemispherical turrets are often used. As such, turrets have been 

studied extensively in the last decade in terms of both aerodynamic [1,2,3] and aero-optic [4,5,6] performance. 
Additionally there have been extensive CFD studies into the flow around hemispherical turrets [7,8,9,10,11]. 
 The Airborne Aero-optics Laboratory, AAOL, and its current predecessor, AAOL-T, see Figure 1, is a flight test 
platform to study aero-optics [12,13]. It has been and still is a very instrumental program to collect extensive amount 
of experimental, realistic flight data around aero-optical environment for various turret configurations at various Mach 
Numbers between 0.4 and 0.8 [4,5,6], as well as to study effects of flow control devices on aero-optical performance 
[14]. The collected data is widely used by government agencies and private companies to understand the aero-optical 
performance of turret-based systems and to design and develop future airborne systems for various applications. 
 

 
Figure 1: AAOL-T laboratory aircraft with a hemispherical turret installed. 
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 Given the importance of the flight data, it is crucial to understand and address the sources of differences between 
the flight data and the tunnel data, as well as various contaminations present in flight. It is also important, when the 
flight data are used to validate numerical simulations, as numerical simulation are often performed on simplified 
geometries like canonical turret shapes on a flat plate. One source is that the aircraft fuselage, which modifies the 
mean incoming flow from the uniform one. Different fuselage features like the cockpit might also modify the incoming 
flow and the state of the boundary layer in the vicinity of the studied turret. Different realistic features of the turret 
itself, like the “smile” cut-outs and gaps between the moving and stationary parts of the turret will also modify the 
flow around the turret [3,7]. 
 Another source of the difference is the presence of an aircraft engine just several meters downstream of the 
measurement station. Acoustical radiation from a loud engine will introduce strong outgoing sound waves with spatial 
and temporal pressure/density variations, which might introduce spurious wavefronts into the data. A similar 
corrupting effect of acoustic waves on atmospheric temperature measurements was studied previously [15]. The effect 
was observed as upstream travelling waves of a very specific frequency that appeared to propagate as a fraction of the 
speed of sound. 
    This paper will investigate this acoustically-induced wavefront error present in the flight data. This analysis is useful 
in that it shows that turret performance, while heavily influenced by the turret itself, is still sensitive to other aspects 
of the directed energy system, such as where the turret is placed relative to the aircraft engines, for this specific 
example. To complement this, a model will be developed using a potential flow theory. This model will be compared 
with the flight results to show how effective a simple acoustic model can be for predicting these aero-optic effects. 

II. Experimental Setup 
This experiment was performed on the Airborne Aero-Optics Laboratory-Transonic (AAOL-T). Briefly, AAOL-

T Consists of two Falcon 10 aircraft flying in closed formation. One of the aircraft, designated the source aircraft, 
projects a 532nm diverging laser beam onto a turret mounted on the second aircraft, called the laboratory aircraft. The 
diverging beam overfills the 4in conformal turret aperture by a factor of 2. The turret is 12in in diameter and is 
hemispherical in shape. The two aircraft are flown 50m apart. The AAOL-T can fly at up to M = 0.82 at an altitude of 
32,000 ft. A picture of the laboratory aircraft is shown in Figure 1. 

 

 
Figure 2: The optical setup and acquisition system on the AAOL. From [4].  

 
For this flight campaign, Mach number was 0.5 and the altitude was 15,000 ft. The AAOL was instrumented with 

a high-speed Shack-Hartmann wavefront sensor and an angle of attack probe mounted on the opposite side of the 
aircraft. The optical setup is shown in Figure 2. The initial 4in beam was reduced to 0.5in on the wavefront sensor, 
using re-imaging optics, resulted in a 32x32 spatial resolution. The wavefronts were acquired at 25 kHz for a total of 
32000 frames. Simultaneous with the wavefronts, flight conditions and the turret orientation, expressed in azimuthal 
(Az) and elevation (El) angles, were acquired. The data were collected with fixed relative positions between the 
aircrafts. 
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During a separate flight campaign [16], several Kulite unsteady pressure sensors were used to measure the pressure 
both upstream of the hemispherical turret and in its separated wake. The sensors were 10 PSI differential with a 
sensitivity of 0.1% of the full scale. The Kulite measurements were performed at 25 kHz for 20s. They were not 
performed simultaneously with the presented optical wavefronts. 

III. Data Analysis 
The Optical Path Difference (OPD) is the conjugate of the wavefront, 

( ) ( )tyxWtyxOPD ,,,, −= . 
The RMS of the OPD in space gives a measure of the beam quality at every point in time, by quantifying the 
wavefront’s departure from a planar wavefront, 

( ) ( )
yxRMS tyxOPDtOPD

,

2,,= , 

where the brackets denote averaging over the spatial coordinates. The OPDRMS refers to the time-averaged RMS of 
the OPD, 

( )tOPDOPD RMSRMS = , 
and measures the average amount of wavefront aberrations there are at a specific viewing angle. The OPDRMS is 
normalized by flow parameters, 

DM

OPDOPD

SL

RMS
NormRMS

2
,

ρ
ρ= , 

where ρ is the freestream density, ρSL is the density at sea level, M is the Mach number and D is the turret diameter. 
This normalization has previously been shown to collapse OPDRMS values across the subsonic (M < 0.55) flow regime 
[4,5,17]. 

Proper Orthogonal Decomposition was employed to analyze these wavefronts. POD allows the decomposition of 
the measured wavefronts, W, into spatial modes, φi, and temporal coefficients, ai, 

( ) ( ) ( )∑=
i

ii yxtatyxW ,,, φ . 

The modes are found by solving the eigenvalue problem of 

( ) ( ) ( )yxdydxyxyxyxC iii ,''','',',, φλφ∫ =  with ( ) ( ) ( )tyxWtyxWyxyxC ,',',,',',, =  

and the temporal coefficients are found by taking the inner product of the modes with the wavefronts, 
( ) ( ) ( )∫= dxdyyxtyxWta ii ,,, φ . 

The amount of optical “energy” in each mode is given by 
its eigenvalue, which can be computed from the temporal 
coefficients through 

)(2 tann =λ . 
POD was used to isolate the acoustic modes in the 
wavefronts and to determine their relative importance to the 
other aero-optic distortions by comparing modal energies. 
With the acoustic-specific modes isolated, the acoustic-
only wavefront can be reconstructed by only summing the 
acoustic-related modes back together. POD has been 
extensively used in both fluids and aero-optics research 
[18,19,20]. 

The turret azimuthal (Az) and elevation (El) angles 
were recast into angles that are more generally useful from 
a flow physics perspective, the viewing angle, α, and the 
modified elevation angle, β. The relationships between 
these angles and the azimuthal and elevation angles are 

( ) ( )( )ElAz coscoscos 1−=α  and ( )
( )






= −

Az
El

sin
tantan 1β . 

 
Figure 3: The relationship between the azimuthal 
(Az) and elevation (El) angles and the viewing (α) 
and modified elevation (β) angles. The turret 
aperture frame of reference is also shown. From [4]. 
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The relationship between the angles is also shown in Figure 3. The aperture frame of reference is also shown in Figure 
3, and all wavefront data presented in this abstract will be rotated into the turret frame of reference. 

IV. Results 
1. Statistical and POD Analysis 

 
Two cases will be analyzed in the following sections. The spatial distributions of the temporal variance of OPD, 

is defined as ( ) ( )( ) 2/1
2;,, tyxOPDyxS AA

Norm
AA =  where (xA,yA) are points over the aperture, se Figure 3 and are the 

overbar denotes time-averaging. The distributions for these cases, α = 88°, β = 37° and α = 85°, β = 66°, are shown in 
Figure 4. Both are very near to directly side-looking angles. At these angles, there aren’t any substantial aero-optic 
contributors, as the flow is attached over the aperture and the boundary layer is relatively thin. These distributions 
don’t show any substantial difference between the two angles. The α = 88°, β = 37° case is slightly more energetic 
with the higher OPDRMS, but the overall shape is similar. They also don’t have any regions features that would indicate 
that they are atypical of the flow regime at this angle. Further, the OPDRMS values are in line with what has been 
previously observed on the AAOL [6]. From just looking at the data statistics, despite the modified elevation angle 
difference, the cases are fairly similar. 

         
Figure 4: The spatial distribution of the temporal variance of OPD at α = 88°, β = 37°, left and α = 85°, β = 66°, 

right. The normalized average OPDRMS value for the left case is 0.79 μm/m and the value for the right case is 0.71 
μm/m. Both cases are at M = 0.5. Flow direction indicated. 

 
Figure 5: A one-dimensional slice of the wavefronts at α = 88°, β = 37° and M = 0.5. Flow direction is indicated. 

Upstream traveling waves are clearly seen as inclined regions. 
 

A spatial-temporal plot of one-dimensional wavefront slice is shown in Figure 5. The upstream travelling 
wavefronts can be clearly seen, supporting the claim that these wavefronts are due to acoustic waves travelling 
upstream from the aircraft engine. 

Flow 

Flow 

4 
American Institute of Aeronautics and Astronautics 



De Lucca, Gordeyev, Jumper and Wittich                                                                             AIAA-2017-3832 

When POD is applied to the data cases, the difference between them becomes more apparent. Three of the first 
four POD modes for α = 88°, β = 37° are shown in Figure 6. These three modes are very similar in structure and 
energy distribution. They are the most energetic modes with this particular mode shape. All three of them have a very 
periodic and almost spanwise-uniform structure with a similar spatial wavelength and just differ in phase. The spatial 
wavelength for these modes is 0.034 m. Moreover, these modes were found to travel upstream. Such large, regular 
period structures are not expected from boundary layer aero-optic distortions as the structure size in the thin boundary 
layer over the aperture is small and the structures aren’t as correlated or regular as these modes show. These three 
modes contribute almost 40% of the optical energy in this case and are by far the most dominant feature in the 
wavefronts. 

   
Figure 6: Modes 2-4 for α = 88°, β = 37° at M = 0.5. The flow direction is indicated. The modes have a spatial 

wavelength of λ = 0.0339m 
 

To compare with the modes for a different angle of α = 88°, β = 37°, three modes from α = 85°, β = 66° are shown 
in Figure 7. As was shown in Figure 6, these are the first 3 modes with the observed periodic structure. The structure 
is still similar to the structures observed at α = 88°, β = 37° in Figure 6, but it isn’t as ordered nor as energetic. For 
this angle, the total energy contribution of these three modes is 6.4%, or almost an order of magnitude difference for 
α = 88°, β = 37° case. The spatial wavelength, though harder visually to determine from these less ordered modes, 
appears to be the same as the one to the one for α = 88°, β = 37° case. The difference in the POD mode strengths 
between these two cases indicates that the phenomenon causing this ordered structure in the wavefronts is sensitive to 
the aperture viewing angle, primarily α.  

 

   
Figure 7: Modes 8, 10 and 12 for α = 85°, β = 66° at M = 0.5. The flow direction is indicated. 

 
As the structures are fairly spanwise uniform and travel upstream, one possible source of these aberrations is 

acoustic waves travelling upstream from the aircraft engine. A schematic diagram of this is shown in Figure 8. For 
simplicity, the engine is modelled as a point source of periodic spherical acoustical disturbances. As the flow is 
subsonic, these acoustical waves, indicated as curved solid lines in Figure 8, travel upstream and reach the turret. 
Using this diagram, it is possible to explain the angular dependence, observed in Figures 6 and 7. When looking 
directly in the sideway direction from the turret (α = 90 degrees), similar to the case in Figure 6, the optical distortions 
are the result of integrating through a large portion of the spherical wave with almost a constant phase. This would 
result in well-defined peaks and valleys in the optical signal with a strong periodic structure in the resulting wavefronts. 
If the viewing angle is changed by a small amount to look in the forward direction, the laser would propagate through 

Flow 

Flow 
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many acoustical waves with varying phases, so the net wavefront error is close to zero. The proposed model is 
consistent with the experimental observations, discussed before, when changing the viewing angle even slightly, from 
α = 88 degrees in Figure 6 to α = 85 degrees in Figure 7, resulted in a significantly reduced magnitude and periodic 
nature of the wave structure. As a consequence, this simplified model predicts that there’s a narrow band of angles 
where these acoustic waves can be detected and an even narrower range in which they are the dominant source of 
wavefront error. 

 
2. Convective Speed Estimate 
 To further provide prove that these distortions are caused by acoustic waves travelling upstream from the engine, 
the convective velocity magnitude of the traveling structure were determined. From Figure 5 one can see that the 
optical structure moves in the upstream direction and it is possible to put bounds on the values of the convective speed. 
Assuming a uniform freestream field, with the aircraft travelling at M = 0.5, the upstream-propagating acoustical wave 
would have a maximum velocity of Uc = (c-M*c) = 0.5c, where c is the speed of sound, or Uc = 160 m/s. But since 
the flow accelerates near the turret to approximately 1.5 of the freestream speed, or to 0.75c at M = 0.5, the minimum 
expected convective velocity should be Uc = (c-0.75c) = 0.25c, or Uc = 80 m/s.  
 

 
Figure 8: A diagram explaining an observed strong angular dependence of the wavefront distortion caused by an 

acoustic wave propagating upstream from the engine. The distance between the engine and the turret is 4.35 m. Flow 
direction is indicated. 

 
Two different methods of computing the convective speed were used. First, the direct method was used, correlating 

two frames with a given time delay, dt, between them, 
( ) ( ) ( )∑ ++•=

yx
dttydxxWFtyxWFdtdxCorr

,
,,,,,

, 
and finding the spatial offset, dx, that provides the maximum correlation. To increase accuracy, the average correlation 
over all frames is computed. The peak of the correlation curve should be parabolic in shape, so a least squares parabola 
is fit to the correlation to provide the best estimate for the peak location. This is shown in Figure 9. 
 With the location of peak correlation computed, dx, the convective velocity is then given by  

dtdxUC = . 
Further, this is done across several dt’s and a linear fit between dx and dt is computed. This is shown in Figure 10. For 
this method, the computed convective velocity was found to be 107.6 m/s, which falls right into the expected range 
between Uc = 80 m/s and Uc = 160 m/s. 
 
 

Flow 
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Figure 9: The correlation for α = 88°, β = 37° case at M = 0.5 with a time delay of one frame. The correlation of a 

single frame pair, the average correlation across all frame pairs and the parabolic fit to the peak are all shown. 
  

 
Figure 10: The convective velocity as computed by the direct method. 

 
 The second method of computing the convective velocity is to assume the structure is a travelling wave with well-
defined spatial and temporal frequencies. The time series and spectra for the one of the POD modes from α = 88°, β 
= 37° case is shown in Figure 10. The time series in Figure 11, left, shows that the mode is very periodic in nature 
with a well-defined frequency. By computing the spectra, Figure 11, right, the frequency of the traveling structure was 
determined to be f = 4717 Hz. As was established in Figure 5, the modes have a spatial wavelength, λ, of 0.034 m. 
The convective velocity can then be computed as 

fUC λ= . 
Using this equation, the convective speed was found to be Uc = 159 m/s, different from the first estimate, though still 
within the expected range. The waves moving upstream at UC = c(1- M) was observed in [15] as well. 
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Figure 11: The time series (left) and spectra (right) for the temporal coefficient of Mode 3 of the 88°, β = 37° case. 

For this case, M = 0.5 and the POD mode that corresponds to these spectra is shown in Figure 5, middle. The 
spectral peak is f = 4717 Hz. 

 
Figure 12: Pressure measurements obtained near the turret in flight. 

 
 Figure 12 shows the pressure spectra measured near the turret in flight on the AAOL [16]. The spectra were taken 
from several Kulite sensors in the wake and upstream of the turret. The pressure spectra do not show any discernable 
peak at 4717 Hz, which was observed in the wavefront modal spectra. This indicates that the pressure fluctuations due 
to this acoustic mode are relatively small compared to the sensitivity of the sensor used. As mentioned in Experimental 
Setup section, a 10 PSI differential Kulite sensor was used, and it has a sensitivity of ±0.1% of its full scale. This 
means that it is insufficient for measuring fluctuations below 70 Pascals. Assuming that 70 Pascals is the lower limit 
on the amplitude that could be measured with it, any acoustic behavior below an SPL=20*log(70Pa / 20 µPa) = 130 
dB is undetectable. This means that the observed acoustic phenomenon must be weaker than that at the turret location. 
It is due to the integrated nature of the measurement and the acoustical signal been in phase along the beam at side-
looking angles, as well as high sensitivity of the wavefront sensor we were able to detect this acoustic behavior. 
 
3. Acoustic Modelling 

As shown in Figure 8, the phenomenon observed in the wavefronts was also modelled as a travelling acoustic 
source. The model predicts acoustical field along x-y plane, with the x-axis being in the streamwise direction, going 
through the hemisphere center with positive x pointing upstream and the y-axis being in the airplane surface normal 
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direction, with positive y pointing outward from the aircraft. The model assumes that flow is purely in the x-direction 
with a Mach number, M. It also uses the incompressible potential flow around a sphere to estimate the flow field 
around a turret. Finally, it assumes that the acoustic noise is purely from a point source and that the density fluctuations 
due to the acoustic source are adiabatic. The source is located downstream of the turret at x = -4.35 m and away from 
turret center at y = 0.5 m. 

The pressure field [21] from the acoustic source is given by  
( )[ ]

( )
( )
( )222 cos1
cos

4cos1
'

4
1);,(

θ
θ

πθπ
θ

MR
UMq

MR
cRtqtRp

−
−

+
−
−

= . 

where c is the speed of sound and U is the freestream velocity. The amplitude, A, and frequency, f = 4717 Hz, of the 
acoustic source are contained in q and its derivative, 

( ) ( )
( )[ ] ( )( )cRtffAcRtq

ftAtq
−=−

=
ππ

π
2cos2'

2sin
, 

R is given by 

θcos1
1

M
RR

−
=  with ( ) ( ) 222

1 1 yMUtxR −+−= . 

and, θ is defined as the angle between the source and the observation point, or with source at the origin, 
( )xy1tan −=θ . 

The full derivation for a travelling acoustic source using potential flow theory is available in [21]. 
 As mentioned before, the turret was modeled as a sphere with an incompressible potential flow around it [22]. The 
velocity field around the sphere is given by 









−= 3

3

1cos
t

t
tr r

R
Uu θ  and 








+−= 3

3

2
1sin

t

t
t r

R
Uu θθ . 

Here ur and uθ are the radial and angular velocity components around the turret and rt and θt are the distance from the 
turret and the angle about the turret. The radius of the turret is Rt. As we’re only assuming flow in the x-direction, it 
is helpful to recast these velocity components into the x-y coordinate system: 
 

( )ttrx uuu θθ θ sincos −=  and ( )ttry uuu θθ θ cossin += . 
We can use the x-component of the velocity field to define the entire velocity field of our system. 
 To combine the two models into a single predictive model for our system, we need to re-define the acoustic model 
to account for the non-constant Mach number field near the turret. The key to this step is acknowledging that the Mach 
number of the acoustic model simply gives the phase of the pressure fluctuation at each spatial location. Because the 
sound waves travel through a velocity field with varying Mach numbers as they approach the turret, to find the correct 
phase at a given point, the average Mach number along a line between the acoustic source and the point in the flow 
field must be found, 

∫
∫=

dl

dlyxM
M

),(
 . 

Here, dl is the differential path length between the acoustic source and the point in the flow. If Mach number at each 
point in the flow field is known, the entire acoustic pressure field can be computed. With the acoustic field computed, 
the SPL can be computed from the amplitude of the pressure fluctuations at a given location because they are 
sinusoidal in time. Additionally, by assuming an adiabatic process, the density field can be obtained through 

4.1

00








=

ρ
ρ

p
p

. 

This density can be integrated along the beam path and combined with the Gladstone-Dale constant, KGD, for air to 
obtain the optical path difference, OPD: 

∫= dlyxKOPD GD ),('ρ , 

where the integration occurs along the beam path. This is the quantity directly measured in flight.  
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 The model was tuned using the actual in-flight fluid parameters and the measured wavefront at α = 88°. In 
particular, the source strength was tuned to match the OPDRMS at that point, as there are no relevant pressure 
measurements to fit the model to, as shown in Figure 12. The source strength was chosen such that the OPDRMS from 
the model at that angle matched the measured OPDRMS from the wavefronts. The solution was computed for various 
beam grids at different viewing angles. Each beam grid was 500x10000 points and 50 m in length from the turret 
center. As computing the line integrals to get the effective Mach number was the most computationally intensive step, 
a separate grid was with all of the effective Mach numbers was pre-computed. The effective Mach numbers of the 
beam grids were found by interpolating onto the beam grids. This simulation was carried out on 211 different beam 
grids, equally spaced from α = 45° to α = 150°. 

 
Figure 13: The pressure field from the model. Flow goes right to left. The red lines indicate the integrated beam 

path. The pressure is shown in Pascals. 
 

 The full pressure field from the model is shown in Figure 13. There are several features that serve as sanity checks 
on the model. First, the pressure field away from the turret displays the expected behavior of a moving source, as the 
spatial wavelength is decreased in front of the source and decreased behind it. With the source moving at UC = 0.5c, 
we expect the wavelength upstream of the source, to the right of the plot, to be decreased by a factor of 2, and we 
expect it to be increased by a factor of 1.5 downstream, which is what we observe in Figure 13. Second, the pressure 
fluctuation magnitude is decreasing radially away from the source, also as expected for an acoustic source. Finally, 
the presence of the turret only changes the pressure field in the very near region to the turret itself. This is further 
shown in Figure 14, where a zoomed-in pressure field around the turret is shown. Very near the turret, the acceleration 
of the flow causes the acoustic waves to further decrease in spatial wavelength, as the local speed approaches UC = 
0.75c. Near the downstream portion of the turret, as the flow decelerates to M = 0 at the stagnation point, the spatial 
wavelength increases as the pressure waves can move faster relative to the local flow. Without the turret model, Figure 
14 right, there is no variation in the phase of the pressure waves around the turret at all, as expected. 
  

 
Figure 14: The model near the turret. Left is with the turret velocity field modeled, right is without. Flow goes right 

to left. The pressure is shown in Pascals. 
 

10 
American Institute of Aeronautics and Astronautics 



De Lucca, Gordeyev, Jumper and Wittich                                                                             AIAA-2017-3832 

The SPL can also be computed from the model at every point via  









=

Pa
p

SPL rms

µ20
log20 10 (in dB). 

This is shown as a function of distance upstream of the acoustic source in Figure 15. The SPL falls off at 20 dB per 
decade, as expected. The peak SPL near the engine is almost 170 dB, and the SPL at the turret (4.3m upstream) is 
approximately 116 dB. This value near the turret is lower than the predicted maximum SPL from the unsteady pressure 
data obtained on the aircraft. Note that the included turret model doesn’t actually affect the SPL at all as all it does is 
modify the local phase of the pressure fluctuations due to the source, not the amplitude of those waves. So, if only the 
SPL levels are of interest, a simple model with the uniform freestream, shown in Figure 14, right, can be used. 

 
Figure 15: The sound pressure level as a function of distance upstream from the source. 

 
4. Model Comparison and Predictions 

 
The OPDRMS as a function of the viewing angle as predicted from the model is shown in Figure 16, left. As shown, 

the model agrees quite well with the measured OPDRMS values from the data discussed previously. The integrated 
wavefronts also match the experimentally-measured wavefronts, as shown in Figure 16, right. Thus, the model predicts 
both the wavelength and magnitude very well, and as a consequence, the model also correctly predicts the convective 
velocity. For the measured frequency of 4717 Hz, and using Uc = λf, the same convective speed is found, Uc = 159 
m/s. This corresponds to a convective velocity of exactly 0.5c. 

The model predicts a very low OPDRMS for forward-looking angles below α = 85°-90°. This is due to the integrated 
nature of the optical distortions. The total OPDRMS at a given angle is dependent on the amount of in-phase density 
that the beam integrates through along the beam path; the longer the in-phase region, the larger the wavefront 
aberrations. Integrating through an in-phase region along the beam path adds to the OPD because the density 
fluctuations are all the same sign. Conversely, integrating through alternating in-and-out of phase regions will 
effectively cancel each other out. This behavior is shown in Figures 17 and 18. For α = 75°, Figure 17 left, the total 
in-phase region that is integrated through is very small, only within the first quarter meter or less of propagation. This 
results in a relatively small amplitude for the wavefront, as shown in Figure 18. For α = 85°, Figure 17 middle, the in-
phase density region is much longer, being effectively the first half meter or more. As the beam integrates through a 
longer region of in-phase density, the amplitude of the wavefront aberration increases and the OPDRMS increases 
accordingly. This is further shown at α = 90°, Figure 17 right, where the laser path is actually tangent to the propagation 
direction of the acoustic waves. There’s about a meter or more of in-phase density that is propagated through. 

The location of in-phase density also determines the measured convective velocity using the wavefronts. The local 
flow Mach number is a function of the distance from the turret. The region that contributes the most to the wavefront, 
while close to the turret, is far enough away that the local velocity is very close to the freestream velocity. Due to this, 
measured and model-predicted wavefronts near α = 90° both give a convective velocity of 0.5c. 

 The model predicts that the acoustic contribution to the wavefront stays relatively constant as a function of 
viewing angle larger then α = 90°, as shown in Figure 16. This is because at all angles less than α = 90°, the wavefronts 
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are integrating through a similar-size region of in-phase density. The largest contribution to the wavefronts occurs 
when integrating along a region of in-phase density in the beam direction. This occurs when the beam is directly 
normal to the propagating direction of the acoustic waves. As the laser beam looks further back, the beam still 
eventually integrates through a region where the propagation direction of the acoustic waves is directly normal to the 
direction of the beam, as can be seen in Figure 19. At α = 105°, the beam propagates through a region where the 
density phase is changing for the first 1.5-2m. Then, it integrates through an in-phase region very similar to what was 
observed at α = 90°, just further down the beam path. Because the wavefronts are an integrated quantity, it does not 
matter where the in-phase region occurs. This occurs for nearly all angles at α > 90°; the location of the in-phase 
region just changes as a function of the viewing angle. 

 

 
Figure 16: The OPDRMS from the model as a function of viewing angle, left. The blue circles are the experimental 

data points. Left is with the turret model, right is without. The integrated wavefronts from the model compared with 
real wavefronts, right. 

 

   
Figure 17: The index of refraction field along the beam for α = 75°, left, α = 85°, middle and α = 90°, right. 

 
 In reality, the acoustic phenomenon hasn’t been readily observed in downstream-looking wavefronts for two 
primary reasons. First, the assumption that the acoustic source is purely a point source with no obstructions besides 
the turret breaks down as α increases. From Figure 1, it can be seen that the turret has relatively direct line-of-sight 
with the engine, which lets the acoustic waves travel un-impeded to the regions right around the turret. Further away, 
however, the engine housing begins to block-of-sight with the engine itself, and violating the spherical source 
assumption in the model. This will likely impede the path of the acoustic waves. Essentially, the further the in-phase 
region of density is from the turret, the more likely it will be disrupted by the presence of the engine housing. This 
potentially has an effect of decreasing the acoustic contribution to the wavefronts as α increases. Second, the relative 
strength of the acoustic contribution to the wavefronts and other flow-related contributions will change for increasing 
α. The normalized OPDRMS for M = 0.5 [23] is shown in Figure 20. At α = 90°, the only other contribution to the 
wavefronts is a relatively thin boundary-layer, which has fairly weak aero-optical distortions at subsonic speeds. For 
α > 105°, the normalized OPDRMS of the flow is nominally between 2 and 6 due to the separated wake behind the 
aircraft [4,5,6], which is much larger than the peak normalized OPDRMS from the phenomenon of 0. 5. Looking very 

12 
American Institute of Aeronautics and Astronautics 



De Lucca, Gordeyev, Jumper and Wittich                                                                             AIAA-2017-3832 

far forward, the acoustic wavefront contribution as predicted by the model falls below the noise floor of the sensor. 
Essentially, right near α = 90° is the only region where the acoustic waves are strong enough to be detected and not 
overshadowed by stronger aero-optic phenomena. 

  
Figure 18: The model-predicted wavefronts at α = 75°, α = 85° and α = 90°, left. 

 
Figure 19: The unsteady index of refraction field for α = 105°. Here, the X and Y coordinates centered on the turret 

center. 
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Figure 20: The normalized OPDRMS as a function of viewing angle, both experimental values and due to acoustics 

only, predicted by the model. Experimental Data from [23]. 

V. Conclusions 
An acoustic-related phenomenon was observed in wavefront data on the AAOL. The phenomenon was shown to 

have a strong angular dependence and consist of very periodic spanwise-uniform structures travelling upstream. It was 
observed in two different cases of wavefront data at M = 0.5. The convective speed of the waves was computed using 
two different methods and was bounded between Uc = 107 m/s and Uc = 159 m/s. Based on it travelling upstream, the 
source of the acoustic waves is most likely the aircraft engine. Additionally, unsteady pressure spectra for Kulites 
placed near the turret showed that the maximum possible SPL from the engine at the turret would be 130 dB. 

A simple point-source model was developed to simulate the measured acoustic noise. This model is based on the 
potential flow solution for a moving acoustic source. The local velocity field around the turret was approximated as a 
flow around a sphere. This model was used to compute the SPL field between the acoustic source and the turret. By 
matching the acoustical-only wavefronts with the model- predicted ones, SPL near the turret was estimated to be 116 
dB. 

The model was compared with experimental data near α = 90° and showed really good agreement. It correctly 
predicted both the wavefront spatial wavelength and OPDRMS. Because the temporal frequency of acoustic source was 
set based on the wavefront measurements and the model predicted the spatial frequency properly, the convective 
velocity was also predicted to be the same as measured in the wavefronts.  

The model showed that the majority of the wavefront error induced by the acoustic waves comes from integrating 
through a region where the density field along the laser beam is in-phase; this region is where the acoustic waves are 
travelling directly perpendicular to the laser beam propagation direction. Outside of that region, acoustic waves are 
out of phase, with the resulted contributing wavefront error being near zero. As a consequence, the wavefront 
contribution from acoustic waves for looking-forward angles α < 90° is small. For back-looking angles α > 90° the 
model predicts that the acoustic-related wavefront error should remain relatively constant. However, due to the engine 
housing affecting the directivity of the acoustic waves in practice, the model is expected to fail for large α. 
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