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The aero-optical effect of a flat-plate adiabatic boundary layer has been measured using the
light generated by a laser-induced breakdown (LIB) spark. The measurements were
performed in a blowdown wind tunnel at freestream Mach numbers of 3 and 4.38. The tests
showed that the aero-optical effect of boundary layers with OPDms as low as 0.05 um could be
accurately measured using the LIB spark, including their deflection-angle spatial spectra. The
results demonstrate that using the LIB spark as a source of illumination, it is possible to make
accurate measurements of low-amplitude aero-optical effects in a manner that is self-
contained, non-intrusive, and suitable for a flight-test environment.

Nomenclature

Cr = skin friction coefficient P, = total pressure

5 = boundary layer thickness 0 = small-aperture deflection angle
dap = measurement aperture diameter 6 = deflection angle spectrum

dv = lenslet size o) = density

DL = laser lens aperture r = radial coordinate

E = pulse energy rms = root-mean-square

fe = collimating lens focal length St = Strouhal number based on &
fi = laser lens focal length t = time

k = streamwise wavenumber U, = disturbance convection velocity
Ksp = Gladestone-Dale constant U, = freestream speed

A = disturbance wavelength w = wavefront

A = laser wavelength x = streamwise coordinate

M, = Mach number y = cross-stream coordinate

n = index of refraction Zc = Zernike coefficient

OPD = optical path difference
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I.  Introduction
THE wavefront of a beam of light passing through a compressible flow is distorted by spatial and temporal

variations of the refractive index within the flow. The refractive-index variations are related to density variations

by the Gladstone-Dale relationship:
n(x,t) = 1+ K, p(x,t) 1)
where the Gladstone-Dale constant Kgp has a value of approximately 2.27x10 m®/kg for light at visible and near-IR

wavelengths. The optical distortion on a beam of light transiting the flow is then the average-removed integral of n

along the distance traversed by the light beam:

OPD(X, y,t) = _[n'(x, y,z,t)dz 2)

where OPD is the optical path difference, prime denotes mean-removed fluctuations, and propagation in the z direction
is assumed. The study of the optical effect of compressible flows is called “aero optics.” Examples of recent
investigations into the aero-optical effects of boundary layers, shear layers and shock waves are described in [1-6].

Aero-optical effects are most commonly studied to evaluate their effect on airborne optical systems including
directed-energy, imaging, or free-space communications systems. However, since the aberrations are the integrated
effect of the flow density field, aero-optical measurements can also be used to extract information on the underlying
flow itself. As shown in [1-3], a flight-test measurement of the optical aberration imposed by the (turbulent) vehicle
boundary layer can be used to estimate boundary-layer thickness &8, local convection velocity, density, and other
boundary-layer parameters; this kind of fluid-mechanic understanding cannot always be obtained from ground-test
and computational fluid dynamics (CFD) efforts alone.

Flight-test measurements of the aero-optical effect of a vehicle boundary layer (or other turbulent flow) are
complicated by the need for a source of light to provide the interrogating wavefront, that can be reliably generated at
different locations in the flow. One approach to solving this problem is to use an artificial light source for aero-optical
measurements that is generated by focusing the output of a laser to create a laser-induced breakdown (LIB) spark. In
this case, the broadband emission from the LIB is passed through the aero-optical flow of interest and into a wavefront
sensor to detect the optical effect of the flow. The advantages of this approach are that the LIB can be formed at any

location around the aircraft without the need for mounts or appendages that might perturb the aero-optical flow of



interest. A layout of a conceptual instrument to measure the aero-optical effect of the boundary layer on a flight-test

vehicle is shown in Fig. 1; such an instrument is both fully self-contained and nonintrusive.
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Fig. 1. Basic concept for instrument to measure aero-optical effect of aircraft boundary layer in flight.

It should be emphasized that the purpose of the LIB in Fig.1 is to generate a near-point source of light for
measurement of the aero-optical flow of interest and not, for example, to investigate the behavior or composition of
the LIB itself. In this regard, previous literature on this kind of “aero-optical guide star” is sparse [7-10]. Although
“laser guide stars” are commonly used to evaluate atmospheric optical effects on ground-based telescopes [11], these
techniques are based on Raleigh scattering or sodium fluorescence and do not involve LIB. In [7], the requirements
for LIB measurements of aero-optical flows at hypersonic flow speeds is reviewed but detailed wavefront data are not
shown. In our previous work described in [8-10], the output of a pulsed Nd:YAG laser with wavelength of 355 nm
was focused to create a LIB spark which was successfully used to measure the aero-optical aberrations produced by a
compressible shear-layer flow. However, due to the small scale of the wind tunnel used in these investigations, the
LIB spark was formed in the quiescent laboratory air outside of the wind tunnel with the generated light directed
through the wind-tunnel test section and shear-layer flow; as such, the test did not fully simulate the conditions of an
actual flight-test deployment. Furthermore, although the tests showed that the optical aberration of the shear layer
could be accurately measured using the technique, the optical effect of the shear layer was quite large so that the tests
did not demonstrate the kind of measurement accuracy that can be achieved.

In this article the results of an effort to measure the aero-optical effect of a compressible boundary layer using the

light from a LIB spark are presented. The measurements were performed at high supersonic Mach numbers and are



novel in the sense that the LIB spark was generated in the flow and therefore more faithfully simulates an actual flight-
test deployment of the measurement approach. Furthermore, the magnitude of the aero-optical distortion created by
the boundary-layer flows under investigation were 1 to 2 orders of magnitude less than the shear-layer flows
investigated in [8-10], so that the results of these tests represent a more rigorous demonstration of the level of
measurement sensitivity that can be achieved using the technique. New methods to remove measurement noise and

improve the sensitivity of the technique are also presented.

I1. Experiment

The measurements were performed in the Trisonic Wind Tunnel (TWT) at the US Air Force Academy. This
tunnel has a blowdown configuration with test-section dimensions of 1 ft x 1 ft, maximum Mach number of 4.38, and
maximum test-section total pressure of 1.7 MPa. Air storage consists of six 25.5 m? tanks that can be pumped to a
pressure of 4 MPa, giving up to 7 min of total run time depending on test conditions. The stored air is first dried to
- 45°C dewpoint, filtered, and then heated to around 38°C in order to prevent water condensation, ice formation and/or
liquefaction in the test section.

The measurements were performed at test-section Mach numbers of M., = 3.0 and 4.38. Tunnel conditions for the
experiments performed are summarized in Table 1. The flow speeds shown in the table were computed using the
storage tank stagnation temperature of 311 K and assuming isentropic flow. The boundary-layer thickness & and skin
friction Cs at the measurement location were estimated from the geometry of the wind-tunnel nozzles using a semi-
empirical method described in [12], and & was also verified by Schlieren measurements. The equivalent standard-
atmosphere altitude shown in Table 1 is based on the test-section density, which has the most effect on the magnitude

of the aero-optical aberration produced by the boundary layer and hence signal strength of the measurements.

Table 1. Summary of test conditions for LIB spark measurements.

Parameter Test 1 Test 2 Test 3 Test 4 Test5
Mach number 4.38 3.0 3.0 3.0 3.0
Total pressure (MPa) 1.5 1.4 1.0 0.7 0.5
Density (kg/m?®) 0.36 1.13 0.86 0.57 0.42
Flow speed (m/s) 704 £2 633+2 633+2 633+2 633+2
o (mm) 26+25 16+£15 16+15 16+15 16+£15
Equivalent altitude (km) 11.1 0.8 35 7.3 9.7

Laser pulse energy (mJ) 18-25+2.6 10.6+2.6 11.8+2.6 12.6 £2.6 158 2.6




A. LIB Measurements

A schematic and photograph showing the optical setup for the LIB spark measurements in the TWT test section
are shown in Fig. 2. The experiments were performed with an empty test section. A LIB spark was formed near the
far wall of the test section by focusing the output of a Nd:YAG pulsed laser with wavelength A_ = 355 nm and pulse
duration At =5 ns through a fused-silica window with good UV transmission properties. The advantage of the 355 nm
wavelength is that, since the focal region of the focused laser beam becomes smaller as the wavelength is reduced,
breakdown can be achieved with less pulse energy so that smaller LIB sparks can be formed thereby improving the
performance of the wavefront measurements [8-10].
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Fig. 2. Schematic (left), and photograph (right), of experiment to measure aero-optical effect of wall
boundary layer of the Trisonic Wind Tunnel using return light from an LIB spark.

The laser beam was first expanded to a diameter of 50 mm and focused using a 500 mm focal length lens giving
an f# for the focused beam of f./D. = 10. Beam pulse energies E just above the breakdown threshold were used to
generate the LIB spark, and are shown in Table 1. The mean irradiance at the beam focal point, computed using Eq.
(3) [13], was in the range 1.5 to 3 x 10** W/cm?; these irradiances are comparable to breakdown thresholds reported

in, for example, [14]. No flow seeding or other measures were taken to aid the generation of LIB.
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After passing through the wall boundary layer of the TWT test section, the light from the LIB spark was collected
using a collimating lens (see Fig. 2), passed through a beam reducer, and into a wavefront sensor. The wavefront
sensor consisted of a lenslet array with 38.1 mm focal length and 0.3 mm lenslet pitch attached to a high-speed camera.
The beam size on the CCD sensor was typically sized to span around 50 lenslets, with pixel resolution of ~15 pixels
per lenslet. The sampling frequency of the measurements was 10 Hz, which was dictated by the pulse repetition rate
of the Nd:YAG laser. The exposure time of the wavefront-sensor camera was also much longer than the 5 ns pulse
duration of the laser, so that the wavefront sensor captured the full emission of the LIB spark. With this setup, the
brightness of the LIB spark generated with the pulse energies shown in Table 1 was found to be sufficient for good
wavefront measurements.
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Fig. 3. Schematic of experiment to measure TWT wall boundary-layers aero-optical effect using CW laser.

B. CW Laser Measurements

Wavefront measurements of the TWT boundary layer were also made using a collimated, continuous (CW) laser
beam, and used to compare with the data obtained using the LIB spark. A schematic showing the setup for the
experiments using the CW laser is shown in Fig. 3. For these tests, a collimated 25 mm diameter, 532 nm wavelength
light beam was directed through the empty test section normal to the optical-access windows. A return mirror on the
other side of the test section was used to reflect the beam back through the test section and into a wavefront sensor, so
that the beam passed through both wall boundary layers twice, amplifying the optical aberration detected by the CW
beam by a factor of 24/2 [1]. The wavefront sensor had the same configuration as the LIB tests, that is, a high-speed
camera with a 38.1 mm focal-length lenslet array with 0.3 mm lenslet pitch. CW measurements of the boundary-layer
aero-optical effect were performed at test-section conditions corresponding to tests 1 and 3 of Table 1 (M= 3.0, P; =

1.0 MPa and M., = 4.38, P; = 1.5 MPa). Additional information on the CW measurements can be found in [15].



I11. Results
Figure 4 shows an example of a single unprocessed image from the wavefront sensor acquired using the LIB
spark. Each “dot” in the unprocessed image is formed by a lenslet in the lenslet array and is an image of the LIB spark
itself on the wavefront-sensor camera CCD array. Close inspection of Fig. 4 shows that the individual spark images
become more elongated towards the edges of the measurement aperture. This elongation is the result of the different
aspect of the LIB spark as “viewed” by the individual lenslets in the lenslet array, so that the spark appears elongated
in the perspective of the lenslets located on the edge of the aperture. Previous work on how the wavefront

measurements are affected by the size and shape of the LIB spark can be found in [10].
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Fig. 4. Typical unprocessed dot pattern (left) from wavefront sensor with circular aperture shown, and sample
wavefront (right) computed from apertured dot pattern.

The grey regions at the top and bottom of Fig. 4 are regions of the camera CCD array that were outside of the
extent of the lenslet array. These regions were removed by applying a circular aperture with diameter dar = 25 mm to
the dot pattern, see Fig. 4. Wavefronts were then computed from the apertured dot patterns using standard methods.
Specifically, “areas of interest” (AOIs) were defined around each dot (i.e. spark image) in the raw camera images after
which dot locations were determined using a first-order centroiding algorithm [16]. Reference locations for the dots
were then computed as the average over all images for a given test, and wavefront slopes were computed based on the
dot deflections from their reference locations. Wavefronts were reconstructed from the wavefront slopes using the
Southwell method [17], and optical tip, tilt and piston were removed from the wavefronts using a least-squares plane

fitting calculation. Figure 4, right, shows a typical wavefront computed using this methodology.



A. Compensation for Spark Motion Effect

A consequence of using the LIB spark for wavefront measurements is that the resulting wavefronts can be
altered by the effect of motions of the LIB spark itself. As shown in [10], these motion-induced variations of the LIB
spark wavefront are produced even in still air, where in this case the spark motions are produced by small
displacements in the exact location of the LIB spark and/or variations in the shape of the spark between spark ignitions.
Since the wavefront for an individual measurement is computed from the displacements of the raw dot locations from
the reference dot locations (that were ensemble-averaged over multiple measurements, see Fig. 4 and preceding
explanation), small variations in the spark shape or effective location for an individual measurement can alter the dot
pattern and resulting wavefront in a manner that is unrelated to the aero-optical effect of the flow under test.

A distinction between the current study and the previous results reported in [10] is that spark motion could also
have been produced by convection of the spark with the tunnel flow, which moved at a speed of up to 704 m/s in a
direction perpendicular to the line of sight of the wavefront measurements, see Table 1 and Fig. 2. As shown in [18],
if laser pulse energies significantly greater than the breakdown threshold are used, the spark can have a lifetime (i.e.
the time duration over which the spark emission is detectable by the wavefront-sensor camera) that is significantly
longer than the laser pulse duration and on the order of several microseconds. However, for the LIB wavefront
measurements described here, the laser pulse energy was reduced to the minimum level that produced raw dot patterns
that were just bright enough for accurate measurements; as such, the effective spark lifetime was likely much shorter
and on the order of 1 ps or less. More importantly, it is worth repeating that it is the spark-to-spark variation of the
spark convected motion from the mean that produces the motion-induced LIB aberration, which is much less than the
absolute convected motion. Finally, as shown by the optical setup in Fig. 2, the convected motion of the spark was
perpendicular to the wavefront-sensor line of sight so that the LIB convected motion would be expected to produce
primarily optical tip/tilt, which was not used in the current study and was discarded from the data (see above). In
summary, although no attempt was made to evaluate it in detail, it is possible that the convected motion of the LIB
spark could also have had an effect on the wavefront results, but this effect was likely much smaller than the variations
in spark location that occur even in still air and are reported in [10].

In [10] it was shown that the motion-related wavefront distortions of the spark emitted light are primarily
characterized by the Zernike defocus mode [19] with a small amount of comatic aberration also present. Figure 5 [10]

illustrates how Zernike defocus arises from small displacements & of the spark towards or away from the focal point



of the lens used to collimate the spark emitted light; referring to Fig. 4 it is seen that the sample LIB wavefront clearly
shows a significant defocus component. Note that aberrations including defocus, coma, etc. could also conceivably
have been added to the measured wavefronts by imperfections in the optical setup used to collect and direct the spark
light into the wavefront sensor; however, again these aberrations are non-variant from measurement to measurement
and are effectively “zeroed out” when the reference dot locations are computed via the averaging of multiple

measurements.

dap

Fig. 5. Schematic showing how small displacemenics € of the LIB spark towards or away from the collimating
lens produce residual defocus on the measured wavefront [10].

Based on the findings of [10], a Zernike decomposition of the wavefronts measured using the LIB spark was
performed. The result for a typical data set is plotted in Fig. 6, which shows the magnitudes of the first 40 Zernike
coefficients for wavefronts acquired at M., = 3, Py = 1.0 MPa. In Fig. 6, the magnitude of the Zernike coefficient for
each mode represents the contribution of that mode to the overall root-mean-square of the spatial wavefront distortion,
OPDims. Included in the figure is an equivalent Zernike decomposition of a set of wavefronts acquired using the CW
laser at the same Mach number and using the same size of measurement aperture. Figure 6 clearly shows that the spark
wavefronts are affected primarily by defocus (Zernike mode 4) and some coma (mode 7) in agreement with [10]. The
results in Fig. 6 also extend upon the findings of [10] by showing that the LIB also produces some astigmatism (mode
6), and by quantifying the magnitude of the LIB effect via comparison with equivalent CW data. Diagrams of the
Zernike defocus, astigmatism and coma modes are shown in Fig. 7 for reference.

In [10], it is shown that the OPDms contributed by the Zernike defocus mode (Zcs) can be related to spark

motion & by:
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In Eq.(4), fc/Dc is the f# of the collimating lens used to collect the light from the LIB spark, where fc/Dc=10 for the

Ze,=



LIB wavefront measurements as shown in Fig. 2. Using the result Zcs ~ 0.1 um from Fig. 6 gives €~ 0.27 mm. This
result corresponds reasonably well with typical variations of spark dimensions reported in [10] and other studies.

In general, wavefront distortions produced by compressible boundary layers and other aero-optical flows are very
poorly represented by Zernike modes, as demonstrated by the slow convergence of the Zernike coefficients for the
CW wavefronts shown in Fig. 6. This is because the radial and azimuthal symmetries of the Zernike mode shapes fail
to capture the dominant streamwise orientation of boundary-layer aero-optical disturbances. As such, a first approach
to removing the effect of LIB spark motion is to simply subtract the affected Zernike modes from the measured
wavefronts. The top row of Fig. 8 shows a sample of 4 wavefronts acquired using the LIB spark with Zernike modes
4, 6, and 7 removed. The wavefronts in Fig. 8 no longer show the strong defocus mode present in Fig. 4 right, and are
much more representative of boundary-layer aero-optical disturbances; specifically, they show dominant optical-
structure sizes on the order of the boundary-layer thickness in agreement with boundary-layer aero-optical behavior
described in [1-4]. Four wavefronts acquired using CW illumination are also shown in the bottom row of Fig. 8 and

show qualitatively similar characteristics and structure sizes to the LIB wavefronts above.
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Fig. 6. Zernike coefficient magnitudes for a data set acquired at M, = 3, P, = 1.0 MPa
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Fig. 7. Nondimensional Zernike modes 4, 6 and 7.

In [1,2] the OPDm;s of the aero-optical aberrations produced by a flat-plate adiabatic boundary layer was modeled



using:

OPD,,,, = Kgpp,M25,[C F(M,) (5)
where F(M.) is an empirical function shown in Fig. 9. In [3], a model for the boundary-layer was developed that had
similar functional form to Eq. (5) but with slightly different F(M..) that is also shown in Fig. 9. The OPDns that was
computed for the full-aperture, CW measurements made at M., = 3 and 4.38 were shown to match the models within
experimental error, see data points in Fig. 9 [15]. As shown in Table 1, Tests 2 to 5 were performed at M., = 3 but at
different total pressures and hence static densities; a plot of the OPD,ns for the data acquired using the LIB spark for
these tests, and with Zernike modes 4, 6 and 7 removed, is shown in Fig. 10. The figure includes Eq.(5), and shows
that the LIB results also match the model within experimental uncertainty. Figures 8 and 10 therefore demonstrate
that, after correcting for the Zernike modes imposed by the LIB itself, it is possible to make accurate measurements
of boundary-layer optical distortions and OPD;ns using the LIB spark at altitudes up to at least the maximum shown

in Table 1, where the local air density and hence strength of the optical signal is significantly reduced.
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Fig. 8. Examples of wavefronts acquired using LIB spark with Zernike modes 4, 6 and 7 removed (top row)
and using CW illumination (bottom row), M, = 3, P, = 1.4 MPa, § = 15 mm, dap = 25 mm.
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Fig. 10. Spatial OPD,., for tests 2 to 5 in Table 1, with Zernike modes 4, 6 and 7 removed.

B. Deflection-Angle Spatial Spectra

The deflection-angle temporal spectrum is typically calculated from measurements of the motion of one or more
small-aperture light beams acquired at sufficiently high sampling rate to resolve the spectral content of the boundary-
layer aero-optical effect. However, since the sampling rate of the LIB measurements was limited to 10 Hz by the
pulse-repetition rate of the LIB laser, deflection-angle data for the LIB tests were instead estimated from the slope of
the wavefront data dW/dx calculated along the centerline of individual wavefront snapshots in the streamwise direction
(after removal of Zernike modes 4, 6 and 7), as depicted in Fig. 11:

e(x):% (6)

Deflection-angle (also referred as jitter) spatial spectral densities, é(k) 2, shown in the following figures, are plotted




against the ratio k/2z=d/1, where A is the wavelength and k is the wavenumber of the aero-optical disturbance. Note
that for small-aperture measurements made at high sampling rate, the deflection-angle temporal spectra are instead
normally plotted against the Strouhal number based on the sampling frequency Sts[1-3. 15]; however, the two methods
yield essentially the same results with the same spectral behavior, and are simply related by the convection speed, Uc,
of aero-optical structures, @ = 2af = Uck [1]. From here it is straightforward to show that the normalized streamwise
wavenumber, &k/2z, is related to Strouhal number based on 6, as ok/(27) = fdlUc = U./U; Sts. The ratio U¢/Ux is a
weak function of the Mach number [15, 20]. For a flat-plate adiabatic boundary layer, U; ~ 0.88 U, for My = 3,
increasing to 0.9 U., for M, = 4.38 [3, 15]. As shown in [20], 0 has characteristics that are similar for equilibrium
flat-plate boundary-layer flows over a wide range of Mach numbers; specifically, the peak of the spectrum occurs at

Sts~ 1, or, in wavenumber space, at &k/(27) ~ 1.1. Thus, the peak location in the spectrum can be used to estimate 6.
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Fig. 11. Diagram illustrating extraction of deflection-angle data from centerline of individual wavefronts.
Deflection-angle spectral densities computed from the LIB data and the CW data are compared in Fig. 12 for M
=3 and in Fig. 13 for M., = 4.38. The LIB data in the figures show the ensemble average of 100 to 150 separate jitter
measurements with the error bars showing the uncertainty at the 95% confidence level. Note that the maximum
wavenumber resolvable by the method is related to the lenslet size in the wavefront-sensor lenslet array giving:
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Similarly, the minimum resolvable wavenumber is:
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The jitter spectra for all tests performed at M., = 3, Tests 2 to 5 in Table 1, are summarized in Fig. 14, which shows

how the jitter spectrum shifts due to changes in OPDyys caused by different ps.
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Fig. 12. Deflection-angle spectral densities measured using LIB (with Zernike modes 4, 6, 7 removed) and CW

illumination, M« = 3, Pt = 1.0 MPa, dap = 25 mm.
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Fig. 14. Deflection-angle spectral densities measured using LIB (with Zernike modes 4, 6, 7 removed) for tests
2to5in Table 1.

Figures 12 and 13 show that the spectral densities computed from the individual LI1B wavefronts, after removal
of Zernike modes 4, 6 and 7, are generally within experimental uncertainty of the spectra calculated from the CW
data. The divergence between the LIB and CW spectra at large wavenumbers visible in Fig. 12 is most likely caused
by the lower signal-to-noise ratio of the LIB measurements, which only sampled the wall boundary-layer once and
therefore did not have the 2+/2 signal amplification of the CW beam from passing through the test section twice, see
Section Il. More importantly, Figs. 12 and 13 also show a discrepancy between the LIB and CW spectra at the lowest
wavenumbers , especially at M., = 3 (Fig. 12), where the LIB spectra generally show smaller amplitudes than the CW
spectra. This discrepancy can be attributed to the removal of the low-order Zernike modes performed to compensate
for the effects of LIB spark motion. Figure 15 shows curves extracted along the centerline of the Zernike modes 4, 6,
and 7 and clearly illustrates the low-frequency sinusoidal appearance of the modes, so that complete removal of the
Zernike modes 4, 6 and 7 from the LIB data may also remove low-frequency components of the actual boundary-layer
aero-optical effect. As mentioned previously, the peak of the spectrum occurs at ¢k/(2z) ~ 1.1 .This means that, in

situations where the measurements are performed on an unknown flow in a flight-test environment, the inability to
accurately resolve the low-wavenumber components oféusing the LIB spark could compromise the ability to

accurately determine the boundary-layer aero-optical effect, especially if the lowest-wavenumber component(s) of 0



occur in the range &/(27) ~ 1.
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Fig. 15. Normalized plots along centerline of Zernike modes 4, 6, and 7.

The fact that the LIB spectrum in Fig. 13 matches the CW data better than in Fig. 12 was most likely the result of
a more-optimum adjustment of the laser pulse energy to produce a smaller LIB spark that had less variation from spark
to spark yet was still bright enough for good wavefront measurements. As such, one method of achieving better 8
spectra would be to fine tune the laser pulse energy for each test; however, this may not be easily achievable and in
any case, would still not eliminate all of the LIB aberrations. Referring to Eq. (8), another method of improving the
accuracy of the jitter spectrum in the range &k/(27) ~ 1 would be to use a large measurement aperture, dap, which
would decrease the ratio 6/ dap and hence shift the Zernike-affected range of the spectrum to lower wavenumbers.

However, this option may be impractical for large ¢ and/or flight-test measurements where space is limited.

An alternative and preferable approach to better resolving the low wavenumber components of fis to attempt to
remove only the part of the Zernike modes 4, 6 and 7 that are actually affected by the spark motion. Referring to Fig.6
it is clear from the CW data that the boundary-layer aero-optical effect contains nonzero magnitudes of the Zernike
modes 4, 6 and 7, so that full removal of these modes also removes part of the actual boundary-layer aero-optical
signal. In an effort to more accurately account for the effect of the LIB motion, these modes were instead reduced to
the levels that would exist normally, that is, the levels measured using the CW illumination. Since the Zernike-mode
amplitudes for the LIB and CW data closely match at high mode numbers, this improved estimate of the jitter energy
at the lowest Sts was obtained by extrapolating backwards from the high-order LIB Zernike coefficients to estimate

the values of modes 4, 6 and 7 that would exist in the absence of spark motions. This result of this method of estimating



the coefficient magnitudes for modes 4, 6 and 7 is illustrated in Fig. 16, where the curve fit to the higher-order modes
was produced by a simple polynomial (in this case, cubic) fit to modes 9 through 40. Note that this method does not
predict the sign of the estimated Zernike coefficients 4, 6 and 7; rather, the sign of these modes from the decomposition
of the original, raw wavefronts was maintained and only the magnitude of the Zernike modes 4, 6 and 7 was estimated.

Despite this limitation, Fig. 17 shows that the method produces an improved approximation of the jitter energy at the

lowest frequency of the @ spectrum that more closely matches the CW data.
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Fig. 16. Method for improved estimate of |zc| for modes 4, 6, 7.
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Fig. 17. Deflection-angle spectral densities measured using LIB with full and partial removal of Zernike modes
4, 6, 7 using method of Fig. 16. Left: M. =3, Pt=1.0 MPa, dar = 25 mm. Right: M. =4.38, Pr=1.4 MPa, dap =
25mm.

IV. Concluding Remarks
The investigation has demonstrated that it is possible to accurately measure the aero-optical effects of flat-plate

boundary-layer flows, including OPD:ns and deflection-angle spatial spectra, using the light emitted by a LIB spark.



A key step in the measurement technique is the handling of wavefront distortions caused by motion of the LIB spark
itself. The investigation has shown that these wavefront distortions can be identified via a Zernike analysis and
removed by subtraction of a few low-order Zernike modes, specifically defocus, coma and astigmatism. Other
important contributions of the investigation include the complete identification of all Zernike modes affected by the
LIB motion and evaluation of their typical magnitudes by comparison with equivalent CW data acquired for the same
flow and measurement aperture; these kinds of results have not appeared previously in the literature.

As such, the investigation has shown that after correction for the LIB-induced Zernike modes, it is possible to
measure very low optical signals using the LIB spark. Specifically, boundary-layer wavefronts with OPDynys as low as
0.053 um were successfully measured using the LIB emission, corresponding to the expected aero-optical signal of a
flat-plate turbulent boundary layer with = 16 mm at an altitude of 9700 m. This is especially significant if it is
recognized that the measurements were made with only a single pass of the interrogating LIB light through the
boundary-layer flow, in a manner that reproduces the kind of measurement that would be made in an actual flight-test
situation. Furthermore, the measurements were performed with the LIB spark formed in the flow, with no observed
effect of the flow on the wavefront measurements.

Future efforts should continue to be directed toward methods of mitigating the effect of spark motion, or of
eliminating it altogether. For example, there is likely a preferred orientation of the spark with respect to the

measurement aperture that minimizes the influence of the spark motion effects on the measured aero-optical data.
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