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Development of a Spatially Filtered Wavefront Sensor
as an Aero-Optical Measurement Technique
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This paper validates the concept of a spatially filtered wavefront sensor, which uses a
convergent-divergent beam to reduce sensitivity to aero-optical distortions near the focal
point while retaining sensitivity at large beam diameters. This sensor was used to perform
wavefront measurements in a cavity flow test section. The focal point was traversed to
various spanwise locations across the test section, and the overall OPDrwms levels and
aperture-averaged spectra of wavefronts were computed. It was demonstrated that the
sensor was able to effectively suppress the stronger aero-optical signal from the cavity flow
and recover the aero-optical signal from the boundary layer when the focal point was placed
inside the shear region of the cavity flow. To model these measured quantities, additional
collimated beam wavefronts were taken at various subsonic speeds in a wind tunnel test
section with two turbulent boundary layers, and then in the cavity flow test section, where
the signal from the cavity was dominant. The results from the experimental model agree with
the measured convergent-divergent beam results, confirming that the spatial filtering
properties of the proposed sensor are due to attenuating effects at small apertures.

I.  Introduction
As a laser beam passes through turbulent flow, aero-optical structures of fluctuating
densities impose optical aberration on the beam and, among other things, will cause the beam to
propagate in a different direction. This is known as beam deflection or beam jitter. For small beam
diameters, Huygens principle states [1] that the beam will be deflected by an amount proportional
to the 2-D gradient of optical path length (OPL), according to
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0, (t) =—OPL(x,y,t), 8, (t) = —OPL(x,y,t). 1
x()ax (y)y()ﬁy (x,y.1t) (1)
OPL, in turn, is an integral of the density field along the beam propagation, and is given by,
OPL(X, y,t) = Kgp j o(x,y,z,t)dz, )

where Kep is Gladstone-Dale constant [1]. Thus, by projecting a single small-aperture laser beam
through turbulent flows, wavefronts can be directly measured if the convective speed is known
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[2]. As wavefronts are proportional to the integrated density field, analysis of the time series of
deflection angles informs knowledge of the underlying turbulent flow. This approach was
successfully used to study boundary layers [1,2,4], shear layers [1,5,6], and flows around turrets
[3,7,8].

A wavefront sensor utilizes a high-speed camera with a lenslet array, along with a
collimated laser beam in the area of

interest and re-imaging lenses to place 12 —
the image plane of the area of interest at
the location of the lenslet array. The 10
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with this approach is that, similar to
Schlieren imaging, the measured
wavefronts are line-of-sight integrated  Fig. 1. Overall OPDrwms vs aperture size for
quantities. Thus, strong boundary layers ~ subsonic boundary layers. From [2].

and shocks often interfere with and mask

the measurement of weaker signals of interest within the flow. For spanwise-uniform flows, this
problem can be addressed by collecting wavefronts in both wall-normal and spanwise directions
[9]. However, many flows of interest are not spanwise-uniform, or optical access may prevent
multiple views.

This paper proposes and provides preliminary validation of a spatially filtered wavefront
sensor to address this challenge. The proposed method exploits the observation that when piston
and tip/tilt components are removed from wavefronts, the overall level of aero-optical distortion
depends on the beam aperture size relative to a spatial scale of the flow [2,10]. As shown in Figure
1, the measured aero-optical distortion is zero for an infinitely-small aperture, and increases with
the aperture size. Therefore, a wavefront sensor using a converging-diverging beam should be less
sensitive in the region near the focal point where the beam aperture is small, while the sensitivity
is retained along the remainder of the beam. This can be useful for setups in which the laser beam
goes through a region of interest and another region containing contaminating distortions, such as
a boundary or shear layer near the tunnel wall.

To demonstrate the spatial filtering ability of the convergent-divergent beam wavefront
sensor, this technique was used to perform measurements in a test section with a turbulent
boundary layer on one side and a cavity flow on the opposite wall. The dissimilar aero-optical
environments of these flows allow for testing of the spatial filtering properties of this sensor. To
quantify the aero-optical environment for each type of flow, separate collimated wavefront
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measurements were also performed in both the cavity flow test section and a test section with
canonical boundary layers on both sides.

Il.  Experimental Setup

Experiments were performed using the 99x101 mm transonic in-draft wind tunnel at the
Hessert Research Laboratory at the University of Notre Dame. The wind tunnel test sections have
optical quality glass installed on the sides through which the laser beam is transmitted. A variable
intensity 532 nm Nd:YAG laser was expanded to 25.4 mm using a beam collimator and then
further expanded to a 65 mm diameter using a -200 mm focal length lens followed by a 600 mm
focal length lens, accounting for some cropping due to lens diameter. The setup for the collimated
experiments is shown in Figure 2, while the setup for the convergent-divergent experiments is
shown in Figure 3. Both setups used a Shack-Hartmann wavefront sensor, consisting of a Phantom
v1611 high speed camera along with a 38.2 mm focal length, 0.3 mm lenslet pitch, lenslet array.
Data was acquired at Mach numbers of 0.32, 0.44, and 0.55, and in most cases, the data at Mach
0.44 is presented.

Experiments were performed using a boundary layer test section that has turbulent
boundary layers of §=15.6 mm thickness on both walls, and a cavity flow test section which has
a 15.6 mm boundary layer at one end and a cavity flow at the other. The streamwise length, L, of
this cavity is 101.6 mm and the depth, D, is 25.4 mm. The cavity is located on the vertical wall of
the test section, and the laser beam was transmitted through in the spanwise Y-direction, as shown
in Figure 3. The cavity spans the entire spanwise Z-direction of the 99x101 mm test section.

For the collimated experiment, shown in Figure 2, a beam splitter was used to perform a
double-pass experiment. The 65 mm return beam was contracted down to a 22 mm diameter
through the beam cube and then, depending on the re-imaging setup, re-imaged to either a 17.4
mm beam or a 13.6 mm beam on the sensor. These two re-imaging setups were chosen to vary
spatial and temporal resolution. A high-spatial resolution setup, acquired at 25 kHz, allows for
comparison with spatially filtered data, presented later.
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Fig. 2. Schematic of experimental setup for collimated wavefront boundary layer
measurements. Note: there are two re-imaging setups: one with an f 400 mm lens followed
by an f 250 lens, with 4.8x overall demagnification, sampled at 50 kHz, for better temporal
resolution; and one with an f 250 lens followed by an f 200 lens, with 3.75x overall
demagnification, sampled at 25 kHz, for better spatial resolution.

Figure 3 shows the schematic for the experiment with the convergent-divergent beam. Two
equivalent lenses were placed at either side of the tunnel, such that the light converged to a focal
point within the test section and was re-collimated thereafter. Lenses were attached to a translation
stage so that the focal point could be moved to different spanwise locations within the test section.
Using a pair of lenses, the outgoing beam was re-imaged onto a Shack-Hartmann wavefront sensor.
In all cases, the sensor was moved to the proper location for re-imaging of the area of interest.

When the focal point was placed at locations Y > 50.8 mm, the wavefront sensor was
positioned to re-image the shear region object plane, shown in the insert for Figure 3. At all other
focal point locations for Y < 50.8 mm, the boundary layer object plane was re-imaged. This was
done because if the object plane is too close the focal spot, the location of the re-imaging plane,
and therefore the sensor location, approaches infinity.
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Fig. 3. Schematic of experimental setup for convergent-divergent wavefront measurements
in the cavity flow test section. Focal point can be translated to any Y-location within the test
section. The insert shows the locations of planes which were re-imaged onto the sensor.

I11.  Data Reduction

The lenslet array creates multiple focal spots on the camera sensor from which the spot
centroids are extracted. Displacement of the centroids are converted to deflection angles by
dividing by the lenslet focal distance of 38.2 mm. Then, the Southwell method is used to integrate
the deflection angles to yield wavefronts [11]. The global tip, tilt, and piston were removed from
each wavefront by fitting and subtracting a plane at each timestep. Note that for all computations,
two dimmer rows of boundary points were cropped before processing to retain the best quality
data.

The aperture-averaged wavefront power spectra were computed using a standard block-
averaging Fourier transform in time for each point and then averaging over all spatial points. The
time-averaged root-mean-square optical path difference, or temporal OPDrwms, Was computed by
taking the standard deviation over time for each spatial point in the wavefront data. The mean
OPDrwms Was then computed by taking the average over all the points in the array. Finally, 2D
wavefront correlation maps were computed using a standard normalized unbiased autocorrelation
approach.
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IV. Results and Discussion
Collimated Beam Boundary Layer Experiments

Before studying the spatial filtering properties of the converging-diverging sensor, the
boundary layers and cavity flow are studied using the standard collimated wavefront setup shown
in Figure 2. To demonstrate the reduction of the overall aero-optical effects at smaller apertures,
the same collimated beam wavefront data was re-apertured to a series of progressively smaller
apertures, instantaneous piston and tip/tilt components were removed from the resulted
wavefronts, and the aperture-dependent OPDrwms values were calculated. Figure 4 shows the ratio
of the aperture-dependent OPDrms to the OPDrwms Vvalue at the largest aperture of 61 mm,
accounting for removed boundary points. The measured variation closely follows the expected
trend for a canonical boundary layer [2]. As the aperture is reduced, spatial-frequencies of the
measured aero-optics signal are shifted toward the low-frequency tip, tilt, and piston components.
These are removed in post-processing, which effectively lowers the OPDruws.
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Fig. 4. Normalized OPDrwms values vs. normalized aperture compared with canonical
boundary layer results from [2]. Typical results for the Mach 0.44 boundary layer
configuration are shown.

In [2], a theoretical model for OPDg,,s developed for canonical boundary layers and large
apertures is given by,

OPDgys = G(Moo)KGDPooMgo(S(Cf)l/z (3)

where Kgp is the Gladstone-Dale constant, p.. is the free-stream density, & is the boundary layer
thickness, Cr is the coefficient of friction, M is the Mach number, and G(M)~1—0.19M?+0.03M*
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for subsonic Mach numbers. Here, the friction coefficient is estimated using the Karman
Schoenherr formula from [12]. The measured values of OPDrms are compared to the expected
trend for the canonical boundary layers in Figure 5. The values for the Reynolds numbers Reg were
10.7x10%, 13.8x102, and 16.8x10° for Mach numbers 0.32, 0.44, and 0.55, respectively. While the
OPDrws values are slightly higher than the linear fit for the boundary layer experiment, they follow
the expected trend with varying Mach number. This confirms that the flow is similar to canonical
boundary layers.
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Fig. 5. OPDrwms values for the boundary layer compared with data from [2] at various Mach
numbers.

Aperture-averaged wavefront spectra are presented for the different apertures in Figure 6.
For large apertures, only the lower frequencies are attenuated. As the aperture gets smaller, higher
frequencies are also attenuated. Therefore, small apertures behave as a spatial high-pass filter on
the wavefronts.
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Fig. 6: Mach 0.44 boundary layer aperture-averaged wavefront spectra for different
aperture sizes.

Collimated Beam Cavity Flow Experiments

Next, the more complex flow configuration within the cavity flow test section was
explored. Results in this sub-section explore the use of the standard, collimated wavefront sensor
shown in Figure 2, illustrating the drawbacks of such a configuration. Cavity flows are comprised
of a shear region, where the fast-moving flow meets the cavity, and the cavity region [13]. The
strongest aero-optic signal is due to the shear region, although the cavity affects the properties of
the flow such that it is different from a shear layer alone [13]. In addition, cavity flows typically
have certain natural frequencies, known as Rossiter modes, which manifest as peaks in the aero-
optical spectra, although often only a subset of these modes is excited.

Table 1 provides a summary of the mean OPDrws Vvalues at different Mach numbers for
the collimated beam experiments with the two different flow types. The aero-optical distortions
from the cavity flow are around five to six times stronger than the distortions from the boundary
layer. Therefore, a measurement of the boundary layer will be heavily biased by aero-optical
distortions from the cavity. Also, the ratio in OPDrwms Values shows that the boundary layer on the
opposite wall of the cavity flow test section does not add any appreciable contribution to the
collimated results for the cavity flow test section, because the OPDrms values from two
independent flow regions are combined as a sum of squares.
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Table 1: OPDrwms values for the boundary layer (BL) and cavity flow (CAV) at various
Mach numbers

Mach Number 0.32 0.44 0.55
OPDruws, BL (M) 0.00483 0.008678 0.0119
OPDgwms, cav (um) 0.0229 0.0517 0.0645

OPDruwms, cav/ OPDruwms, BL 4.73 5.96 5.42

As discrete frequencies are often present in cavity flows, the resulting flow structure and
related aero-optical distortions will be mostly regular and periodic. This can be characterized by
the two-point unbiased wavefront auto-correlation as shown in Figure 7(a). This shows that the
cavity flow behaves similarly to shear layers, with alternating positive and negative vertical bands
in the correlation corresponding to von Karman vortex shedding. The auto-correlation was
averaged in the Z-direction, and the characteristic streamwise scale, A, was estimated as the
distance between two minima, yielding A = 46.1 mm, as demonstrated by Figure 7(b).

Similar to the collimated boundary layer wavefronts, the cavity flow was re-apertured at
progressively smaller apertures to evaluate the effect on OPDrwms. Figure 8 presents the ratio of
these OPDrwms Vvalues to the OPDrwms for the largest aperture of 61 mm. An increasing trend is
observed, similar to the boundary layer. For comparison, the shear layer (SL) model for circular
apertures from [14] is also presented. This model approximates the wavefront as a travelling wave
with the single wavelength, A. While a single frequency model is a simplistic approximation for a
cavity with multiple frequencies, qualitatively, the results are similar. Also, for the experiment to
demonstrate the spatial filtering properties of the wavefront sensor with a converging-diverging
beam, exact similarity to a shear layer is not significant.
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Fig. 7. (a) 2D wavefront auto-correlation map of the Mach 0.44 cavity flow. (b) AZ-averaged
plot of the 2-D wavefront auto-correlations. The characteristic flow scale, A, is defined as the
distance between two minima, identified by the vertical dashed lines.
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The aperture-averaged wavefront spectra for different apertures in the cavity flow are
presented in Figure 9. The attenuating effect of reduced aperture for the cavity flow is observed.
Again, as the aperture gets smaller, a greater range of frequencies, including higher frequencies,
are attenuated. The vertical lines represent the expected Rossiter modes in the cavity, which are
calculated using the equation below [15].

fmL m-—o
;;:o = Y—l _1/2 1 (4)
[M°°(1+TM°°) i

Here, i is the Rossiter mode frequency, m is the mode number, L is the length of the cavity, equal
to 0.1016 meters, U., is the free stream velocity of 150.6 m/s, a is the phase lag, which was chosen
to be zero, M., is the Mach number of 0.44, y is the ratio of specific heats of 1.4, and « is the
convective velocity, which is typically around 0.57 [13]. For this cavity flow, it was found that
only even modes were excited.
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Fig. 9. Aperture-averaged wavefront spectra for different apertures, demonstrating the
aperture-attenuating effect for the Mach 0.44 cavity flow.

Convergent-Divergent (C-D) Beam Experiments

Figures 5, 6, 8, and 9, demonstrate the basic principles of spatial filtering that are exploited
in this sub-section to create a diagnostic with spatially-filtered sensitivity. With reference to Figure
3, when the focal point is far from the flow of interest and the aperture across the flow is large, the
contribution to the wavefronts will primarily be preserved and aero-optical properties, such as
OPDrwms and the wavefront spectrum, will be largely unchanged. Conversely, when the focal point
is placed at or near the corrupting flow, the aero-optical signal from it will be greatly attenuated.

To demonstrate this spatial filtering capability, the focal point of the converging-diverging
experiment was moved to various Y-locations in the cavity flow test section. When the focal point
is moved, the corresponding aperture sizes at the boundary layer region and at the shear region of
the cavity flow change. The size of the effective apertures at each focal point location was
calculated, assuming an ideal converging-diverging beam, and the results are shown in Figure 10.
When the focal point is at the boundary layer, the boundary layer aero-optical signal should be
significantly attenuated and the cavity flow signal should be recovered, and conversely, when the
focal point is at the center of the shear region of the cavity flow, the cavity flow signal should be
significantly reduced, and the weaker boundary layer signal should be recovered. For the
convergent-divergent beam experiments, the re-imaging setup and the size of the lenslet array
resulted in some cropping of the circular aperture, mostly in the Z-direction, so a cubic superellipse
mask of constant shape was created that incorporated virtually all of the points. The size of the
superellipse in the streamwise X-direction was the aperture size.

11
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region of the cavity flow (CAV) versus spanwise focal point location.

Figure 11 shows the aperture-averaged wavefront spectra at several focal point Y-locations
across the tunnel. The vertical axis is the frequency, while the color hue represents the magnitude
of the aperture averaged wavefront spectrum at that frequency. The boundary layer is located at
the tunnel wall at Y = 101 mm, and the center of the shear region was estimated to be near Y = 3.2
mm. For Y > 70 mm, the aero-optical signature of the shear region was properly recovered, as
witnessed by the appearance of several discrete frequencies in the spectra. For Y < 70 mm, where
the focal point is closer to the shear layer, the spectra is less energetic and is expected to be more
representative of the boundary layer spectrum.
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Figure 12 shows the OPDrwms values from the spatially filtered wavefront sensor with the
focal point at various Y-locations across the tunnel. The OPDrwms Values are at a minimum when
the focal point is located at the center of the shear region of the cavity flow at Y = 3.2 mm. This is
consistent with greatest attenuation of the aero-optical effects occurring near the focal point.

For comparison, the experimental results were compared with a model using the collimated
data from both the boundary layer and the cavity flow test sections. For simplification, the spatial
extent of these flows along the laser beam was ignored, and the flows were modelled as thin phase
screens. For each focal point location, the corresponding aperture sizes at the boundary layer and
at the center of the shear region of the cavity flow were determined using Figure 10. Then, a mask
of equal aperture to the convergent-divergent data was applied to the corresponding collimated
data, and the OPDruws for each flow regime was computed. Assuming that the boundary layer and
the cavity flow are statistically independent, the overall signal was then determined by the sum of
the squares of OPDrwms, similar to the procedure in reference [4], and given by,

This analysis is presented in Figure 12. The values are largest at Y =101 mm, where the
beam is smallest inside the boundary layer, and largest inside the much stronger shear region of
the cavity flow, as shown in Figure 10. Consequently, the only contribution to the modelled
OPDrws is from the cavity flow, which has larger aero-optical distortions. When the focal point is
near the boundary layer, for Y > 70 mm, the modelled OPDrms agrees with the convergent-
divergent measurements. As the focal point moves toward the shear region, the beam size and the
corresponding contribution from the boundary layer to the modelled OPDrws increases, while the
contribution from the shear region decreases. This demonstrates the spatial filtering of the
convergent-divergent beam arrangement, where the large aero-optical effects from the shear region
of the cavity flow are suppressed, while aero-optical environment from the less optically distorting
boundary layer is largely unchanged.

As the shear region is modeled as a thin phase screen, when the focal point is inside of this
phase screen, the beam diameter is zero and the modeled contribution from the shear region is
zero. In reality, the shear region extends in the beam direction, and the beam diameter in some
parts of the shear region will not be zero, albeit small. These regions with small beam diameters
will still contribute to the convergent-divergent beam distortions. Therefore, the modelled OPDrwms
should underpredict convergent-divergent OPDrwms. This can also be observed in Figure 12. As the
focal point moves toward the shear flow, the convergent-divergent measurements are consistently
higher than the modelled results. Another reason for the observed deviation of the convergent-
divergent data from the collimated phase screen computation is due to the rise in amplitude of the
convergent-divergent signal at very low frequencies shown in Figure 11. This spectral feature will
be discussed later in this paper.
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Fig. 12. OPDrwms values with the focal point at various Y-locations for the convergent-
divergent beam (C-D) at Mach 0.44, and with the modelled values computed from the
collimated data.

Following the same procedure, the power spectra for the convergent-divergent beam were
modelled using the collimated data. Based on the location of the focal point, a mask of the correct
aperture was applied to the collimated data from each flow configuration to determine the
contribution to the aperture averaged wavefront spectrum. These boundary layer and cavity flow
power spectra were then combined to determine the modelled power spectrum from the collimated
phase screens.

Figure 13 shows the results for Y = 101 mm, with the focal point inside the boundary layer.
For this Y-location, the beam aperture at the boundary layer wall was zero, and the convergent-
divergent spectrum should be close to the shear layer spectrum. Figure 13 demonstrates close
agreement across most frequencies. This shows that the sensor largely eliminates the contribution
from the boundary layer while capturing the cavity flow spectrum. Note that the magnitude of
cavity flow optical distortions are greater than those from the boundary layer, and would normally
dominate a boundary layer signal even with a collimated setup. Therefore, this comparison is
largely to verify that the sensor behaves as expected rather than to demonstrate any attenuating
effects.

A notable difference is that the Rossiter modes are significantly attenuated in the
convergent-divergent spectrum. One possible reason for this is uncertainty in centering of the beam
along the X-direction of the cavity. Another difference is at frequencies below 100 Hz, where
higher values are present for all the convergent-divergent spectra, which are not present in the
modelled spectra. The exact source of this disagreement is not yet known, and further investigation
is warranted.

14



Downloaded by Stanislav Gordeyev on August 16, 2021 | http://arc.aiaa.org | DOI: 10.2514/6.2021-3123

10718 ¢ : : :
’ c-D

Collimated

Aperture Averaged Wavefront Spectra

107 ‘ : ‘
10" 102 10° 104

Frequency (Hz)
Fig. 13. Comparison between the spectra from convergent-divergent (C-D) beam at Mach
0.44 and the modelled spectrum using the collimated data. The Y-location is inside the
boundary layer, at Y =101 mm.

To demonstrate the attenuating effect of the spatially filtered wavefront sensor, the focal
point was placed at the center of the shear region of the cavity flow. This is expected to achieve
the greatest possible attenuation of the cavity flow and the best ability to recover the weaker aero-
optical signal from the boundary layer. Figure 14 presents a comparison between the convergent-
divergent and the modelled spectra for Y = 3.2 mm. Apart from the increase at low frequencies
also observed in Figure 13, the convergent-divergent spectrum shows excellent agreement with
the modeled spectrum computed from phase screens using the collimated data. With the focal point
in the shear region, the much stronger aero-optical environment from the cavity flow is largely
suppressed, and only the boundary layer distortions remain. Furthermore, the results in Figure 14
show that the contribution from the cavity flow to this wavefront signal is essentially zero when
the focal point was at the center of the shear region, despite this shear region having some finite
width. This indicates that the small but nonzero beam diameters near the focal point are sufficiently
small to essentially filter out the entire signal for the sampled frequency range when the majority
of the contamination is within a relatively narrow area such as the cavity flow shear region.
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Fig. 14. Comparison between the spectra from convergent-divergent (C-D) beam at Mach
0.44 and the modelled spectrum using the collimated data. Focal spot location is inside the
shear region of the cavity flow, at Y = 3.2 mm.

Finally, to test if the spatially filtered wavefront sensor can recover the correct spectrum
with contributions from both the boundary layer and the cavity flow, the focal point was placed
halfway between these flows near the center of the tunnel. The corresponding convergent-
divergent and modelled spectra are shown in Figure 15. Apart from the rise at low frequencies
below 1 kHz and a small mismatch in amplitudes of the Rossiter modes as mentioned previously,
there is excellent agreement between the convergent-divergent spectrum and the modeled
spectrum computed using phase screens from the collimated data.
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Fig. 15. Comparison between the spectra from convergent-divergent (C-D) beam at Mach
0.44 and the modelled spectrum using the collimated data. Focal spot location is halfway
between the boundary and the shear layers, at Y = 50.8 mm.

Together, Figures 13-15 show that, although further investigation should be done to
identify the source of low frequency contamination and ultimately eliminate it, the concept of
filtering out aero-optical contributions from different areas in the flow along the beam via varying
aperture sizes with a convergent-divergent beam works. When the focal point was placed at the
boundary layer, the proper aero-optical statistics of the cavity flow were recovered. Similarly,
when the focal point was placed at the center of the shear region of the cavity flow, the aero-optical
environment of the boundary layer was recovered. Finally, with the focal point in the center of the
tunnel, the combination of the contributions from each flow regime for the correct aperture sizes
recreated the signal as expected.

V.  Conclusions

The concept of using a convergent-divergent beam to create a spatially filtered wavefront
sensor with optical attenuation near the focal point was presented and studied. This diagnostic
relies on the fact that the filtering of tip, tilt, and piston components from wavefronts removes any
aero-optical distortions larger than the aperture of the beam. As the beam aperture is almost zero
near the focal point in a convergent-divergent beam, the contribution from the region near the focal
point is removed, while the contributions from other regions are largely unaffected.

A demonstration was performed in a subsonic tunnel with two dissimilar aero-optical
flows; a boundary layer at one wall and a flow over a cavity at the opposite wall. Wavefront data
was collected with the focal point at various spanwise locations. In addition, traditional collimated
wavefront measurements were taken in the cavity flow test section and in a separate test section
with boundary layers on either side. Using the collimated beam experiments, the wavefronts were

17



Downloaded by Stanislav Gordeyev on August 16, 2021 | http://arc.aiaa.org | DOI: 10.2514/6.2021-3123

re-apertured at progressively smaller apertures, and the aperture-related attenuating effect was
confirmed in both the OPDruws levels and the spectra of aero-optical distortions.

The collimated wavefront data was used to model the convergent-divergent beam results.
Specifically, the collimated data from each of these experiments was apertured down to the
corresponding aperture sizes of the convergent-divergent beam for each focal point Y-location and
then combined. With the focal point at the boundary layer, the aero-optical environment of the
cavity flow was recaptured, and with the focal point in the center of the shear region of the cavity
flow, the aero-optical distortions related only to the boundary layer were recovered. The only
significant deviations between the measured and the modelled spectra were observed at low
frequencies below 1 kHz, and the exact reason for this discrepancy is currently under investigation.

Because the boundary layer distortions are much weaker than the cavity flow distortions
and would normally be overridden by the stronger cavity flow if a traditional collimated beam set-
up were used, the recovery of the boundary layer signal verifies the spatial filtering properties of
the wavefront sensor with a convergent-divergent beam. Finally, an additional verification of this
sensor was performed by placing the focal point near the center of the tunnel, and it was shown
that, apart from low frequency contamination, the wavefront spectrum of the convergent-divergent
beam was virtually identical to the combined contributions from both flows at opposite sides of
the test section. The proposed spatially filtered wavefront sensor can be a useful tool for taking
wavefront measurements with signals near the focal point greatly attenuated, allowing aero-optical
distortions in the regions with large beam apertures to be correctly measured.
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