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ABSTRACT   

Results of recent experimental measurements of aero-optical distortions caused by turbulent boundary layers at subsonic 
speeds M=0.4..0.6 are presented. Measurements were performed using a high-speed Shack-Hartmann sensor to collect 
instantaneous wavefronts with high spatial and temporal resolution, accompanied by wavefront measurements with a 
Malley probe. Effects of different aperture sizes on levels of aero-optical aberrations and detailed statistical analysis of 
spatial and temporal spectra of aero-optical distortions for both wavefront sensors are presented and discussed. 
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1. INTRODUCTION  
The study of the problem of aero-optics of compressible turbulent boundary layers began in 1952; the study was 
undertaken in an effort to calculate the quality of Schlieren images in high speed wind tunnels1. For more detailed 
description of the history of the investigations of boundary layer aero-optical effects which followed, the interested 
reader is referred to the recent article by Wang and Wang2. A major limitation of experimental wavefront measurements 
has historically been the limited frequency resolution of commercially-available wavefront sensors, which has not been 
adequate to resolve the temporal behavior of significant features in aero-optically active flow3. In 1992, however, 
Malley, et al.4 proposed a new measurement technique for obtaining single point measurements of Optical Path 
Difference (OPD) statistics. This method was further refined at the University of Notre Dame, using analog position 
sensing devices to achieve sampling frequencies as high as 200 kHz and adding a second probe beam to allow for the 
measurement of a convective velocity5. However, one major drawback of using the Malley probe for aero-optical 
measurements is that it lacks spatial resolution, since measurements only provide OPD statistics at a few discrete points. 
This limitation is typically overcome by assuming that the aero-optical distortions inside turbulent flows simply convect 
with a constant speed past the Malley probe aperture, which allows us to reconstruct streamwise spatial information 
about the optical aberrations from data at a single point. 

1.1 Aero-Optics of Boundary Layers 

Using the good frequency resolution of the Malley probe, experimental investigations have yielded a number of 
important results about the aero-optics of turbulent boundary layers (TBL). The first time-resolved Malley probe 
wavefront measurements of the boundary layer were obtained in 2003 by Gordeyev, et al.6 In this study, the 
instantaneous effects of boundary layer optical aberrations on far field intensity were discussed, and showed evidence for 
the scaling argument OPDrms ~ ρδM2 at subsonic speeds. Additional work by Wittich, et al.7 provided confirmation, as 
well as some refinement to the initial proposed scaling, and extended these arguments to non-dimensionalize spectral 
results of TBL wavefronts. The emphasis on spectral analysis by the authors also began to address signal-to-noise issues 
which were becoming evident in making experimental aero-optical measurements in boundary layers. Additionally, the 
authors made measurements of convective velocity of aero-optical structures in TBD, which was found to be 0.82 – 
0.85U∞. These convective velocity measurements, in conjunction with an analysis of spectral peak locations for the 
Malley probe, appear to suggest that for the turbulent boundary layer, the outer region of the boundary layer are the most 
aero-optically active. Further experimental work by Cress, et al.8,9 added terms for beam elevation angle and wall 
temperature effects to the scaling laws for the aberrations caused by subsonic, turbulent boundary layers. Wyckham & 
Smits10 for the first time used a lenslet array on a high-speed camera, essentially developing a high-bandwidth Shack 
Hartmann Sensor, although with somewhat limited capability, and then applied it to the investigation of transonic and 
supersonic boundary layers. The relatively large signal-to-noise ratio of the sensor introduced much uncertainty into 
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their results and conclusions drawn from them.  Regardless of the uncertainty in their results, they proposed a scaling 
law for aero-optical distortions caused by compressible boundary layers. Recent work by Gordeyev, et al.11 has also 
extended the experimental study to the supersonic flow regime, where a new supersonic-boundary-layer scaling law had 
been discussed. The new scaling law was found to be consistent with the scaling law proposed earlier by Wyckham & 
Smits10 for a wide range of Mach numbers, M < 5. A detailed study of far-field intensity drop-outs caused by turbulent 
boundary layers by Gordeyev, et al.12 has yielded important statistical results about boundary-layer induced aberrations 
and their relationship to aperture size. 

Although there have been many experimental studies characterizing the aberrations caused by turbulent boundary layers, 
most of the results from those studies were obtained with the Malley probe, which provides good temporal resolution, 
but is limited to only few points in space, or wavefront sensors with very low, order of Hz’s, sampling rates, which give 
good spatial resolution, but does not provide time-resolved data. Recent advances in wavefront sensing allow for 
accurately measuring wavefronts with good spatial resolution at sampling speeds in order of tens of kHz’s. Analysis of 
wavefronts resolved in both time and space produces additional information into the physics of aero-optical aberrations, 
as well as provides a data quality check for possible data contamination, which is not possible with the Malley Probe or 
the low-frequency wavefront sensor data. In this paper, using the high-speed Shack-Hartman wavefront sensor designed 
for use with the Airborne Aero-Optics Laboratory (AAOL)13, two-dimensional wavefront data with good spatial and 
temporal resolution were acquired and carefully compared to Malley probe wavefronts in order to obtain new 
information about boundary-layer-related wavefront distortions. 

2. EXPERIMENTAL SETUP 
2.1 Facilities 

Experimental aero-optical measurements of the turbulent boundary layer were conducted at the Mach 0.6 closed-loop 
wind tunnel at the Hessert Laboratory for Aerospace Research - White Field at the University of Notre Dame, shown in 
Figure 1. The test section has a square cross section with sides of 91.4 cm and a length of 2.75 m. The freestream 
velocity was measured using a Pitot probe mounted upstream of the measurement location. For all wavefront 
measurements, optical-quality glass windows were installed in the test section wall to ensure accurate optical 
measurements of the boundary layer. 

 
Figure 1. Schematic of the Mach 0.6 closed-loop wind tunnel taken from Cress14, (left), and a photo of the test section 
configured for boundary layer wavefront measurements. 

Aero-optical measurements were collected through a turbulent boundary layer at two streamwise locations in this wind 
tunnel, at approximately 1.50 m and 2.00 m from the start of the test section. Boundary layer thickness values at these 
locations were reported to be approximately 3.2 cm and 3.7 cm respectively based on data from earlier characterizations 
of the boundary layer in this facility14. 

An additional set of measurements were taken in a transonic wind tunnel at the Hessert Laboratory for Aerospace 
Research at the University of Notre Dame. The wind tunnel, shown in Figure 2, has an open circuit configuration with a 



 
 

 
 

150:1 contraction ratio. Velocity is varied by controlling the pressure in the plenum, which is located just downstream of 
the diffuser section. The boundary layer test section has a cross section measuring 9.9 cm by 10.1 cm, with a 
development length of 155 cm from the contraction to the Boundary Layer measurement station. During experiments, 
the freestream velocity was monitored directly using a Pitot-static probe. Previous results from the characterization of 
the boundary layer thickness versus streamwise coordinate indicate that the value of boundary layer displacement 
thickness at the measurement section is approximately 2.4 cm14. 

 

Figure 2. Schematic of the Hessert Laboratory transonic wind tunnel (from Cress14).  

2.2 2-D Wavefront Data Collection 
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Figure 3. Schematic of the double-pass boundary layer measurements for the Shack-Hartmann wavefront sensor. 

Spatially- and temporally-resolved boundary-layer wavefront measurements were acquired using a high-speed Shack-
Hartmann wavefront sensor. Aero-optical wind tunnel measurements were made using a double-pass boundary layer 
method, shown in Figure 3. Assuming that the two boundary layers are statistically-independent, previous work on the 
development and use of this technique has shown it to agree well with single-pass boundary layer measurements after 
applying a correction7. Several magnifications for the beam expander, shown as part of the wavefront sensor in Figure 3, 
were also used to study the effects of aperture diameter on various wavefront statistical quantities. Samples were 
acquired for different combinations of sampling frequency, spatial resolution, and the aperture size. The test matrix for 
data is shown in the Table 1. 

It should be noted that the historic issue with digital-camera-based wavefront sensors has been a tradeoff between spatial 
resolution and frequency resolution. The table of acquisition parameters clearly demonstrates that although significant 
advances in the frequency response of wavefront sensor CCDs have been made, achieving frequency response on the 
order of 50 kHz requires a significant reduction in spatial resolution. For aero-optically active flows which are spanwise 
homogeneous such as the turbulent boundary layer this is a trade which is easily made. For aero-optical studies of three-
dimensional problems, the problems imposed by a limited temporal resolution still exist. 

 



 
 

 
 

Table 1: Wavefront data acquisition parameters. 

 
2.3 1-D Wavefront Collection Using Malley Probe 

Additional wavefront measurements of the same boundary layers were acquired using the Malley Probe. The device 
essentially replicates a single lenslet element of a Shack Hartman wavefront sensor using a small-diameter, order of a 
millimeter, beam. Two or more of these beams may be placed in various arrangements, but typically aligned in the 
direction of flow, to provide direct measurements of some basic statistics such as levels of aero-optical distortions, the 
convective velocity and the correlation length, and in inhomogeneous flows, some estimates of spatial distribution of 
OPDrms. The principle of the Malley Probe is described in detail by Gordeyev, et al.5, and a basic schematic is shown in 
Figure 4. One benefit of using this sensor is that the output is an analog signal, which is potentially useful for wavefront 
measurements in an adaptive optics system or as diagnostic design tool. Additionally, the Malley probe is capable of 
sampling frequencies up to 200 kHz, far exceeding the threshold of 50 kHz reached with the Shack-Hartmann WF 
sensor, thus providing excellent temporal resolution. Additionally, the Malley Probe cost compared to a Shack-Hartman 
sensor is very low, making the Malley Probe an inexpensive aero-optical sensor.  
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Figure 4. Schematic of Malley Probe for double-pass boundary layer one-dimensional wavefront measurements. 

However, a main limitation of the Malley Probe as a wavefront sensor is that the output is a single-spatial-point 
measurement. This limits its ability to provide detailed information about the instantaneous spatial distribution of aero-
optical distortions, which would be readily attainable with a Shack Hartman sensor. Most of the time, the spatial 
information can be restored assuming that structures simply convect downstream and trade time information for spatial 
information. Clearly, any information which can be extracted using this method is limited by the extent to which 
Taylor’s Frozen Flow hypothesis holds; for instance the Malley probe cannot properly measure stationary or spatially-
evolving aero-optical structures3. Finally, the Malley Probe is also susceptible to low-frequency contamination from 
mechanical vibration of optical components, strong acoustic waves, and signal noise from electronic sources. Additional 
jitter introduced from these sources becomes nearly indistinguishable from aero-optical contributions in the effected 
frequency ranges, corrupting the information, although recently several techniques were proposed to in attempt to 
eliminate vibration-related contaminating issues15.  
 
2.4 Streamwise Variation in BL Statistics 

As mentioned before, to analyze measurements collected with the Malley Probe, it is assumed that the streamwise 
direction is a homogeneous one and time is traded for streamwise coordinate using the Frozen Field assumption5. On the 
other hand, 2-D wavefront data are directly collected over various aperture sizes and, while for small beam apertures, the 

Facility δ [cm] Ap [cm] fsamp [kHz] Lenslet Resolution  
White Field 3.7 2.54 9.5 60 × 60 
     "   " 5.08 9.5 60 × 60 
     "   " 10.2 9.5 60 × 60 
     "   " 10.2 25 30 × 30 

Hessert 2.4 5.08 49 30 × 15 
     "   " 10.8 49 30 × 15 
 



 
 

 
 

TBL growth is negligible within the aperture, it might become an issue for large apertures. To estimate this effect, one 
can recall that for the zero-pressure gradient turbulent boundary layer on a flat plate, the boundary layer thickness δ can 
be approximated as δ/x = 0.37 Rex

-1/5 via Prandtl’s 1/7th power law16. Writing this relationship in terms of Reynolds 
number based on the boundary layer thickness, we find that .Re37.0Re 5

4

x=δ  

 
Figure 5. Schematic showing boundary layer thickness growth over an optical aperture. 

Over an aperture of size Ap, the boundary layer thickness changes over the aperture by some amount δ∆ , schematically 
shown in Figure 4, which is proportional to Rex+Ap

4/5 – Rex
4/5. The ratio of change in the boundary-layer thickness over 

the aperture to the thickness at the beginning of the aperture then may be expressed as
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Substituting from the equation Reδ = 0.37 Rex
4/5 for Rex, and expanding the series we finally find that  
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If the first term in the expansion 0.23ReAp/(Reδ5/4) << 1, then the variation in the boundary layer thickness over the 
aperture is negligible. For reported experiments, the maximum aperture was Ap = 10.2 cm and minimum Reδ was Reδ = 
2.2×105, and the corresponding change in δ over the aperture was found to be approximately 4%. So, we can neglect the 
streamwise variation of the boundary layer thickness and related statistics over the aperture and assume that the 
streamwise direction is homogeneous over the length of the apertures in this study. 

3. EXPERIMENTAL RESULTS 
3.1 Malley Probe 1-D Wavefront Data Reduction 

For the Malley probe, data were acquired as time series of the streamwise beam deflection angle using the analog PSDs 
and the mean value of the deflection angle for each beam was removed. If a significant amount of low-frequency 
vibration from various sources is present in the experimental setup, then data can then be high-pass filtered to remove 
these effects. The time series of deflection angles were used to calculate the streamwise OPD via the frozen flow 
hypothesis using the equation, 
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The resulting continuous one-dimensional wavefront measurements from the Malley probe were divided into blocks 
with an aperture of length, Ap. From each block, streamwise tilt and piston components were removed, and the spatial 
root-mean-squared value of the wavefront, OPDrms, was computed as a function of the artificial aperture. Finally, 



 
 

 
 

OPDrms were averaged over all blocks to get the time-averaged value of aero-optical distortion at this streamwise 
location. Deflection angle amplitude spectrum )(ˆ fθ  were also computed for each Malley probe beam, as well as the 

spectral cross-correlation, )(ˆ)(ˆ)( *
21 fffS θθ= , between the beams. It follows from Equation (4) that )(ˆ fθ  is 

related to the amplitude spectrum of the wavefront, )(ˆ fW , by the relation 
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Neglecting wall-temperature effects, deflection angle spectrum for a beam passing perpendicularly through a subsonic, 
compressible subsonic boundary layer can be normalized as,  
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where fSAMP is the sampling frequency and Stδ = fδ/U∞ is a normalized frequency7. 

 
Figure 6. Typical boundary-layer Malley probe deflection angle amplitude spectrum (left) and the cross-correlation phase 
plot (right).  

An example of the deflection angle spectrum is shown in Figure 6, left plot. The spectrum has a peak around Stδ ~ 1, 
implying that a dominant source of aero-optical distortions is large, order of the boundary layer thickness, structures. 
The increase of the spectrum at low frequencies, Stδ < 0.1, is due to contamination from mechanical vibration of optical 
components in the experiment. Sharp peaks at the high-end of the spectrum are related to electronic noise. By cross-
correlating beams, the convective velocity can be experimentally calculated from the argument, or the phase of the cross-
correlation5. The typical phase plot is presented in Figure 6, right plot, showing a linear frequency dependence of the 
phase over a large frequency domain. Knowing the phase slope, the convective speed can be calculated as UC = Δ/τ for 
two beams separated by some distance Δ, where τ is computed from the slope of the argument as 

πτ2/)]([ =dffSdArg . The convective speed of the boundary-layer-related aero-optical structures was found to be 0.82 
of the freestream speed for subsonic speeds, in agreement with previous measurements, mentioned in the Introduction.   
 
3.2 Shack-Hartman Wavefront Sensor Data Reduction 

A detailed description of the general process for reducing Shack-Hartman wavefront sensor data is given by De Lucca, et 
al.17, and only a brief overview is given here. After time series of lenslet images are acquired from the sensor’s CCD 
array, the images are reduced using commercially available wavefront processing software and are checked for 
consistency along the way. This conversion process yields wavefronts as a function of aperture coordinate and in time, 
OPD(x,z,t) = - W(x,y,t). Time-averaged steady-lensing and instantaneous tip, tilt, and piston are then removed from each 
wavefront realization.  



 
 

 
 

The spatial root-mean-square of OPD(x,y,t=const.) is then computed over the aperture for each frame, resulting in a time 
series of OPDrms(t). The probability distributions of OPD and OPDrms were then examined, and found to be well 
approximated by a Gaussian and log-normal distribution functions respectively. These results are consistent with 
probability distributions shown previously from Malley probe measurements12.  

3.3 Aperture Effects on Aero-Optical Statistics 

In Siegenthaler18, it was shown that when tip/tilt and piston components are removed from wavefronts for finite-size 
aperture beams, it works as a high-pass spatial filter, reducing the overall level of aero-optical distortions. The effect of 
the aperture size on boundary-layer aero-optical wavefront distortions becomes immediately evident in the analysis of 
wavefront statistics. Time-averaged OPDrms-values from the 2-D wavefront measurements, normalized by KGD ρ∞δM2 
(Cf)1/2 are presented in Figure 7, for beams of different size apertures. The level of aero-optical distortions is a monotonic 
function of Ap/δ and varies significantly for Ap/δ < 7. For larger apertures, the normalized OPDrms approaches the value 
of 0.18, which is consistent with the previous measurements and theoretical predictions at this range of subsonic 
speeds11. Results for the properly filtered and apertured 1-D wavefronts collected with the Malley probe are also 
presented in Figure 7; they agree quite well 2-D wavefront data. This agreement validates the frozen field assumption 
used to analyze the Malley probe data for boundary layers.   

 
Figure 7. Aperture effects on time-average OPDrms values for 2-D wavefront measurements, as well as apertured Malley 
probe results. 

Note that for very large apertures one needs to account for the boundary layer growth over the aperture, and therefore 
technically the levels of aero-optical distortions become infinite for infinite apertures. However, in practice aperture sizes 
are typically small enough to satisfy the streamwise homogeneous assumption discussed in Section 2.4.  

3.4 Dispersion Curve Analysis 

As aero-optical aberrations convect with the flow, it is useful to decompose them into a number of travelling waves. Let 
us consider one-dimensional “slices” of wavefronts in the streamwise direction and represent them as a sum of a number 
of travelling modes such that  
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From here we can compute the phase velocity of each wave component via the dispersion relation,  

 )()( xcxx kUkk =ω , (8) 

where Uc is the phase velocity of the travelling wave and in general it is a function of wavenumber. To find the 
streamwise convective velocity,  temporal evolution of the streamwise “slices” of wavefront data in the middle of the 



 
 

 
 

aperture in the spanwise direction, W(x ,z = fixed, t) were extracted and a normalized wavenumber-frequency amplitude 
spectra ŴNORM.( f, kx ) were computed for all experiments,  

 

f
x

k
x

x

xNORM
kfWkfW

kfW
kfW

x

),(ˆ),(ˆ

),(ˆ
),(ˆ = . (9) 

The results are shown in Figure 8. Here the 2-D spectrum is represented as a function of the normalized frequency fδ/U∞ 
and the normalized wavenumber, kx δ/2π. The lower ‘branch’ of the dispersion curve maxima corresponds to modes 
moving downstream and is related to aero-optical effects of boundary layers. For the range of aero-optically active 
maxima, the dispersion curve, that is the “crest” in the temporal-spatial wavefront spectrum, is linear, consistent with the 
constant-phase-slope results in Figure 6, right plot, and confirming again that the frozen flow hypothesis is valid for 
aero-optical structures in the boundary layer. The value of the convective speed is 0.83 of the freestream speed agrees 
well with the measurements of 0.82 of the freestream speed, using the Malley Probe, shown in Figure 6, right plot. A 
small amount of the spectral aliasing, visible in the upper right corner in Figure 8, left plot, suggests that the temporal 
sampling frequency, which was 50 kHz for this set of data, would be barely enough to properly resolve the wavefront 
spectra in frequency.  

 
Figure 8. Wavefront wavenumber-frequency spectra, ŴNORM( f, kx ) (left) and ŴNORM ( f, kz ) (right) .M = 0.6, Ap/δ ≈ 4.  

In addition to the lower ‘branch’, two more branches can 
be seen in Figure 8, left plot. A horizontal, f = 0, branch 
corresponds to a stationary aero-optical structure. An 
additional upper ‘branch’ was found to correspond to 
modes convecting upstream in the flow and is thought to 
be caused by acoustic contamination propagating 
upstream from the fan motor into the wind tunnel test 
section, as it has a velocity of approximately –c + Uc. 
Another indication that this branch represents low-
frequency acoustic effects is that it is dominant only in 
the low frequency end of the spectra, consistent with the 
low-frequency noise emitted by the motor. In contrast, 
the lower branch of dispersion curve maxima shows a 
broadband family of forward-propagating flow aero-
optical structures corresponding to the turbulent 
boundary layer. 

Dispersion curves can also be computed for the spanwise 
z-direction and the result is presented in Figure 8, right 
plot. For the boundary layer it shows the expected result 

 
Figure 9. An example of a wavefront dispersion curve with 
significant contamination from upstream-traveling acoustic 
waves. M=0.7, Ap/δ ≈ 4. 



 
 

 
 

that the convective speed of the aero-optical structures in the spanwise direction is zero. However, the analysis of the 
spanwise dispersion relation might be useful for flows for which the convective velocity does not align with the x-
direction of the aperture, and this method of analysis would allow for the computation of convective velocity 
components in both directions as demonstrated above.  

Figure 9 shows an example of the dispersion curve computed for wavefront data at a higher tunnel speed, which was 
found to be significantly contaminated with strong acoustic noise radiating from the tunnel motor at higher tunnel speeds 
and propagating upstream from the diffuser section of the wind tunnel into the test section. As a result, the acoustical 
branch has comparable amplitudes as the aero-optical branch. This acoustic contamination, while physical in nature, 
obviously would significantly contribute to the overall level of measured aero-optical distortions and results in over-
predicting OPDrms. Nevertheless, these contaminating effects can be removed during post-processing through the use of 
spectral filtering techniques. It should also be noted that while it was possible to identify and eventually remove the 
source of this contamination from spatially-temporally-resolved wavefront measurements using the high-speed 
wavefront sensor, the single-point Malley probe data in general will be permanently contaminated by these effects, 
although in some cases it is possible to estimate and eliminate the corrupting effects in the Malley probe data. 

3.5 Spectral Analysis of Wavefronts  

Due to recent improvements in frequency resolution of the 2-D wavefront sensor, direct measurements of deflection 
angle for each lenslet can be acquired at sampling frequencies of approximately 50kHz, and can be directly compared to 
measurements made with the Malley probe. To perform this comparison, a one-dimensional “slice” of wavefront data in 
the streamwise direction W(x,t) was taken in the spanwise-middle of the aperture and instantaneous  piston and 
streamwise tilt were removed from these wavefronts. Then, at a fixed streamwise location, local streamwise deflection 
angles were calculated as a function of time, deflection angle spectra were calculated and then averaged over all 
streamwise locations.  

 
Figure 10. Comparison between the streamwise deflection angle amplitude spectra computed from 2-D wavefront data for 
different apertures, original (left plot) and compensated for aperture effects (right plot) and the Malley probe deflection 
angle spectrum.  

A comparison between these two different methods of computing deflection angle spectra is shown in Figure 10 (left), 
where deflection angle spectra from 2-D wavefront data for two different apertures, Ap/δ = 3.54 and 2.21 are presented, 
along with the Malley probe spectrum. The sharp peaks at Stδ  = 4 and around Stδ  = 10 in the Malley probe spectrum are 
electronic-noise-related. Both methods give the same location and the amplitude for the maxima in the deflection angle 
spectra, observed at Stδ  ≈ 1. Although the sampling frequency for 2-D wavefronts was 50 kHz, on the high-frequency 
end of the spectra there is a small energy buildup due to the spectral aliasing, implying that the wavefront frequency 
resolution is not high enough to resolve all features which are aero-optically active within the flow. The similar spectral 
aliasing issue was also observed in Figure 8, left plot and in Figure 9.  

Deflection angle spectra also deviate from each other at low, Stδ < 0.4, frequencies, and this deviation appears to be a 
function of aperture size. To investigate the effect of aperture size on deflection angle spectra, let us recall that 



 
 

 
 

instantaneous global tilt was removed from each wavefront ‘slice’.  Therefore, the same of amount global tilt was 
removed from the local deflection angle at every spatial point. The relation between the global and the local tilt was 
derived by De Lucca, et al.15 and it was shown that the removal of the global tilt works as a high-pass filter on the local 
deflection angle, with the transfer function, ( ) ( )[ ] ( )3/cos3sin3)( zzzzzGA ππππ −= , where z=Ap f/UC= (Ap/δ)(U∞/UC)Stδ  
= 1.20(Ap/δ)Stδ,. Based on this transfer function, the finite-aperture deflection angle spectra from 2-D wavefront data 
were corrected for aperture effects and the results are re-plotted on the right side of Figure 10. The corrected deflection 
angle spectra from 2-D wavefront data collapse better at the low frequency range for different aperture sizes and the low-
frequency end of the amplitude spectra was found to have a slope proportional to f.  

Note that the Malley probe spectrum has more energy at the low end of the spectrum, compared to the spectra from 2-D 
wavefront data, because it only measures the local deflection angle and inevitable contamination from mechanical 
vibration cannot be properly removed from the Malley probe data. On the other hand, mechanical vibrations add only a 
global tilt component to wavefronts and easily can be removed during data post-processing.    

Streamwise spatial spectra can also be computed from wavefront data, by taking the one-dimensional wavefront ‘slices’ 
extracted previously, W(x,t), computing spatial spectrum of the tilt/mean removed wavefronts at a fixed moment of  
time, and then averaging them over time. Since wavenumber and frequency are related via the frozen flow hypothesis by 
kx = 2πf (Uc)-1, these spectra can be converted into the frequency domain and directly compared to Malley probe 
wavefront spectrum, Equation (5).  

 
Figure 11. Streamwise wavefront amplitude spectra scaled and plotted with Malley probe amplitude spectra using the frozen 
flow assumption. 

Normalized 2-D wavefront spectra for different aperture sizes are plotted in Figure 11, along with the normalized 
spectrum using the Malley probe data. For each aperture, the corresponding spectrum agrees well with the Malley-probe 
spectrum, with small deviations at the low- and the high-end of the wavefront spectrum. The deviation at the low-end of 
the spectrum is related to the already-discussed aperture effect18. The deviation at the high-end of the spectrum is due to 
averaging effect over finite-size lenslet aperture, also resulting in underestimating the spectra at high frequencies. In the 
range between Stδ ≈ 1 to 10, the slope of all spectra is approximately Ŵ( f ) ~ f -5/3, which is observed in other turbulent 
flows19. Deviation from this slope on the high-Strouhal number end of the spectra is the result of finite beam effects for 
both the Malley probe beams and wavefront lenslet diameters.  

The “-5/3”-slope in the high-frequency end of the wavefront amplitude spectra for turbulent flows is a consequence of 
the dominance of Kolmogorov-type turbulence at small scales. Tatarski20 showed that if the optical distortions are due to 
pressure or temperature fluctuations, which are proportional to a square of the velocity fluctuations, u’2, the spectral 
density for two-dimensional wavefronts is Φ(k) ~ k -13/3 for large wavenumbers.  From the relation between the two-

dimensional, Φ(k), and one-dimensional spectral densities, dkkWkdkkkdk
2
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, it follows that the one-



 
 

 
 

dimensional amplitude wavefront spectrum should behave as ( ) 3/52/13/132/1 )(~)(~)(ˆ −− =Φ kkkkkkW  for large 

wavenumbers, or, recalling the frozen field assumption, as 3/5~)(ˆ −fkW  for high frequencies.  

4. CONCLUSIONS AND FUTURE WORK 
In this paper, the latest results of experimental measurements of aero-optical distortions caused by compressible 
subsonic boundary layers using the high-speed wavefront sensor were presented. Different statistical properties of aero-
optical distortions, like the time-averaged levels of aero-optical distortions for different apertures, the convective speeds 
of the aero-optical structures and both spatial and temporal spectra were calculated. The results were carefully compared 
with the Malley probe results, also collected on the same boundary layers. The comparison revealed a very good 
agreement between the 2-D wavefront and the Malley probe data, confirming the validity of the frozen field assumption, 
used in analyzing the Malley probe data. As 2-D wavefronts were sampled with good spatial and temporal resolution, it 
allows for carefully identifying and removing various contaminations present in the experiment using spectral analysis in 
the wavenumber-frequency domain and providing valuable additional information about the behavior of aero-optical 
distortions at low frequencies. This information was not previously available from the Malley probe data, as the low-
frequency end of the spectrum is typically contaminated by mechanical vibrations. It is worth mentioning that applying a 
simple high-pass filter to the Malley probe data was found to be sufficient to obtain correct results for time-averaged 
levels of aero-optical aberrations, as most of aero-optical aberrations are located in the medium- and high-frequency 
parts of the spectrum.  

 

 
Figure 12. Schematic of the BL wavefront measurements in flight. 

 
As part of future work to investigate aero-optical effects caused by compressible boundary layers, an in-flight 
experiment is scheduled using the AAOL13. The schematic of the experiment is shown in Figure 12. Two Malley probe 
beams will be traversed through the boundary layer formed on the aircraft skin and reflected back along the same way as 
they came in by a small mirror mounted on airfoil-shaped plate placed outside the boundary layer. Thus, the beams will 
traverse the same path inside the boundary layer twice increasing the signal-to-noise ratio. The return beams will be 
forwarded to the optical bench inside the aircraft and the deflection angles will be measured using PSDs. This 
experiment will provide important flight data about aero-optical distortions due to boundary layers in realistic flight 
environment in the range of Mach numbers between 04.4 and 0.65 for different altitudes between 15,000 and 34,000 ft. 
It should be noted that in flight tests, the engine noise downstream of the measurement location might create acoustic 
contamination of the aero-optical data. Although we are planning to use the a Malley probe to collect aero-optical 
distortions due to the boundary layer, it is possible to estimate amount of forward-traveling acoustic disturbances using 
the approach outlined in Hugo, at el. 21  
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