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Evaluation of Passive Boundary Layer Flow Control
Methods for Aero-Optic Mitigation

Adam E. Smith' and Stanislav Gordeyev”
University of Notre Dame, Notre Dame, Indiana, 46556

Results of recent experimental measurements of the effect of passive boundary layer
flow control method using Large-Eddy Break-Up devices on aero-optical distortions caused
by turbulent subsonic boundary layers at a range of trans-sonic speeds are presented.
Measurements were performed using a Malley probe to collect instantaneous one-
dimensional wavefronts with high resolution. Detailed statistical analysis of optical spectra
of aero-optical distortions are presented in order to evaluate the effect of modified turbulent
structures on optical wavefront fluctuations, and to assess the mitigating aero-optical effect
of each flow control method. It was found that a long, at least 1.6 boundary-layer
thicknesses, LEBU device, placed at 0.5..0.6 boundary-layer thicknesses away from the wall
resulted in significant, up to 33% reduction in overall level of aero-optical distortions. In
addition, velocity profiles measured with hot-wires are presented and analyzed in order to
investigate how the underlying large-scale flow structure is modified by the LEBU device.

I. Introduction

ESEARCH in the field of aero-optics is primarily focused on understanding the effect of turbulent aerodynamic
flows on the distortions of laser beams, and developing and testing flow control and adaptive-optic methods to
improve the performance of airborne optical systems [1,2]. The physical cause of aero-optical effects has its source
in the relationship between the index of refraction and the density via the Gladstone-Dale constant,
n(x,t) — 1 = Kgp p(x, t). @)

As a result of this relationship, and the definition of Optical Path Length, planar wavefronts propagating
through the spatially- and temporally-varying density distributions become distorted. The resulting unsteady
wavefront deviation from the average OPL is then expressed as the Optical Path Difference, OPD(x,t) =
OPL(x,t) — OPL(x,t) where the overbar denotes spatial averaging; it has been shown that OPD is the conjugate of
the zero-mean wavefront, such that W (x,t) = —OPD (x, t) [3].

Recent work in studying the characteristics of aero-optical aberrations caused by aerodynamic flows has
included studies of turbulent boundary layers, free shear layers, tip vortices, and flows around hemispherical turrets.
In addition, multiple studies to improve airborne optical system performance, including passive and active flow
control and adaptive optics techniques, have been studied experimentally and computationally [1,2]. Extensive
experimental and modeling work has been done in characterizing the aero-optic effects of turbulent boundary layers.
Cress, et al. [3,4] have explored the statistical relationship between aero-optical aberrations and various flow
parameters such as the Mach number, the boundary layer thickness, the angle of beam incidence, and the wall
temperature; scaling relationships were developed and shown to be consistent with experimental data. Additionally,
is has been shown that optically active structures within the boundary layer convect at about 0.82 of the freestream
velocity, which suggests that the most optically active structures reside in the outer region of the turbulent boundary
layer. These experimental findings have been supported by recent computational investigations of the aero-optics of
boundary layers by Wang and Wang [5]. Using previous experimental results and their corresponding statistical
models for boundary layer aero-optical aberrations, a number of areas of exploration of potential passive flow
control methods for aero-optics have been identified.

Prior experimental work exploring the aero-optics of boundary layers has shown strong evidence for the
dominance of large-scale (i.e. outer-region) turbulent structures as a source for boundary- layer-induced aberrations.
This evidence provides the motivation for investigating the performance of Large-Eddy Break-Up (LEBU) devices
as a potential passive flow control method for aero-optic mitigation. The LEBU device consists of one or more thin
plates or airfoils placed parallel to the wall inside of the boundary layer. They were studied intensively in 1980s and
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were shown to weaken the large-scale structure in the outer region of the boundary layer by reducing the turbulent
intensity and the integral length scales of boundary-layer structures for significant distances, on the order of 1000,
downstream of the device [6-10]. LEBU devices were shown to reduce the local skin friction, but introduced
additional drag themselves, causing them to be rejected as practical global drag reduction devices.

While the overall effect of LEBU devices are not substantial enough to have a net global improvement, their
ability to reduce the large-scale structure is promising for aero-optic flow control, since statistical models show that
for the turbulent boundary layer, OPD,,, is proportional to the square root of the local skin friction and wall-normal
correlation length [11]. In addition to LEBU-based flow control, other passive devices, where were also shown to
reduce the boundary-layer structure, like riblets [12-14], for instance, might reduce the overall boundary-layer aero-
optical distortions. A model developed by McKeon and Sharma [15] can be applied to understand the physics of
flow modification caused by these passive devices, as their model specifically addresses the response of the large-
scale structures in the boundary layer to different wall boundary conditions. This model might be helpful to study
and optimize the effect of the passive flow control devices.

In this paper, the authors present the results of a systematic experimental parametric investigation of passive
flow control using Large-Eddy Break-Up devices and their effects on aero-optical distortions using a high-
bandwidth wavefront sensor (Malley probe). Section II presents the experimental-set-up and the data reduction
procedure. Section III presents analyses and discusses the results of wavefront distortion measurements downstream
of LEBU for a number of different LEBU lengths and locations. Various wavefront statistics, like spectra and
overall level of aero-optical distortions are compared and discussed in detail. Extensive velocity measurements
downstream of LEBU, using a single hot-wire are also presented and analyzed. Section IV provides conclusions and
future work plans.

II. Experimental Setup

Experimental measurements of the turbulent boundary layer were conducted in the Transonic Wind Tunnel at
the University of Notre Dame’s Hessert Laboratory for Aerospace Research. The wind tunnel has an open-loop
design with a 150:1 inlet contraction ratio, followed by a boundary layer development section, and a boundary layer
measurement section. The cross section of the boundary layer development and measurement sections is 9.9 cm by
10.1cm. The total length of the boundary layer development section is variable, and can be lengthened or shortened
using 30-cm modular sections to control boundary layer thickness at the measurement section. In the current study,
the total length to the optical section is approximately 170 cm. Free-stream velocity was measured using a Pitot
probe mounted upstream of the measurement location. For all wavefront measurements, sections of the upper and
lower Plexiglass walls were replaced with optical glass windows downstream of the LEBU device to ensure accurate
optical characterization of the boundary layer. The boundary layer profile was obtained using a hot-wire
anemometer, which is described later, to measure the mean velocity and velocity RMS profiles at a freestream
velocity M = 0.4. From these measurements, 99% boundary layer thickness, § = 2.4 cm, and the displacement
thickness, 6 = 3.15 mm were obtained at the LEBU mounting location.
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Figure 1. Schematics of the Large-Eddy Break-Up (LEBU) experimental setup (left) and mounting
details as seen from upstream of the device (right).

To achieve the best drag reduction, LEBUs, consisting of thin, zero-angle of attack plate or plates, are placed at
a height of approximately 80% of 6. To test the effectiveness of a single-plate LEBU device for aero-optic
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mitigation in the turbulent boundary layer, several LEBU devices with different lengths, manufactured from 0.8 mm
thick steel plate, were mounted to the wind tunnel side walls on two vertical sliding supports, as shown in Figure

1, which allowed for the continuous variation of the distance from the wall, 4, that the LEBU was mounted at. The
device spans the width of the test section, and as testing progresses, different LEBU heights (%) and lengths (L) were
tested, the full test matrix is shown in Table 1.

Table 1. LEBU Study Test Matrix and Data Types Obtained

Length (L)
19 mm 24 mm 38 mm
Height (h) |
24 mm Malley Probe/Hot-Wire - Malley Probe
19 mm Malley Probe/Hot-Wire Malley Probe Malley Probe/Hot-Wire
15 mm Malley Probe/Hot-Wire Malley Probe Malley Probe/Hot-Wire
12 mm Malley Probe/Hot-Wire Malley Probe Malley Probe

One-dimensional wavefronts at various streamwise locations downstream of LEBU device were acquired using
the Malley Probe, the operation of which is described in detail by Gordeyev, et al [16]. Using two beams aligned in
the streamwise direction, as shown in Figure 2, each with a diameter of approximately 1 mm, the Malley Probe
measures the beam deflection angle §(f) for each beam, which is equivalent to the slope of the wavefront in the x-
direction of mean flow,

d d
0(x,z1t) =EW(x,z, t) = —EOPD(x,z, t). 2)
OPD,,,s can be computed from the deflection angle amplitude spectra using the equation
PN 2
)]

OPD2,, = zucf0 @) df. (3)

In the present study, deflection angle data were sampled at 200 kHz for 10 seconds. From this time trace of the
deflection angle, a number of quantities including deflection angle amplitude spectra, one-dimensional wavefronts,
and OPD,.,,s can be computed using the frozen-flow assumption, dx = U.dt, where the convective velocity U, is
computed from the phase delay between readings from two Malley beams aligned in the streamwise direction with
separation A.
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Figure 2. Schematic of the Malley Probe wavefront sensor.

Assuming that the boundary layers on opposite side walls of the wind tunnel test section are statistically
independent, the contribution of the LEBU-modified boundary layer, OPD:EBY may be isolated from the
contribution of the un-modified upper boundary layer using an extension of the statistical relationship shown in
[3,17], OPDEEEV = \/(OPDBBL)2 — (OPDBaseline)2 /2, where OPDREL is the value of OPD,,, measured by a
wavefront sensor passing through the LEBU-modified boundary layer and the un-modified boundary layer, and
OPDjaseline is the value of OPD,,,, measured by a wavefront sensor passing through two un-modified boundary
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layers in the control case. Similarly, it is also shown in [3] that deflection angle spectra of the LEBU-modified

boundary layer can be extracted in a similar manner, 8 () zzy = \/(é(f)DBL)Z - (é(f)Base”ne)z/Z.

In addition to wavefront measurements, hot-wire velocity profiles were obtained at several locations downstream
of the LEBU devices with a single hot-wire mounted to a linear traverse and a commercial constant temperature
anemometer. Velocity was measured for at 200 kHz for 5 seconds at each point in the profile, and the anemometer’s
built-in low-pass filter was used with a cutoff frequency of 100 kHz. The hot-wire was calibrated in the freestream
for Mach numbers ranging from M = 0.16 to 0.43. The freestream Mach number for each test was set at M = 0.4 to
match the freestream velocity of the wavefront measurements.

III. Results

A. Wavefront Measurements

Time series of wavefront deflection angle, 6(f), were measured using the Malley probe for the incoming Mach
number of M = 0.4 at a number of locations over a distance of 150 mm downstream of the LEBU devices for the
baseline and with a single LEBU device. Streamwise development of OPD,,,,, normalized by the OPD,,, for the
baseline (no LEBU device) for the LEBU configuration of L/§ = h/6 = 80% are shown in Figure 3, left plot.
Aecro-optical distortions were reduced by 10% immediately downstream of the LEBU device, continued decreasing
up to x = 39, where it reached 25% reduction and remained at that value throughout the end of the measurement
section at 65. Analysis of deflection angle spectra, presented in Figure 3, right plot, shows a significant decrease in
the low- and middle-frequency (St; = 0.2-3) region for x = 1.5, compared to the baseline case, indicating the size
reduction of the aero-optical structure. Further downstream, at locations x = 3.56 and 5.79, the optical energy at low
frequencies was slightly increased, although still below the baseline values; the same time, the energy at high
frequencies, above St; = 3, were reduced, most probably as a result of the energy cascade, as the reduced energy at
low frequencies started decreasing the energy transfer to high-frequency end of the spectra and ultimately reducing
the energy content at high-frequency.
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Figure 3. Streamwise development of OPD,,, (left) and deflection angle spectra (right) for h = 0.84,
L = 0.88 LEBU device.

These results demonstrate that Large-Eddy Break-Up devices do have an effect on reducing OPD,,,; through the
suppression of large-scale turbulent structures in the boundary layer. However, the optimum values for LEBU length
and height, obtained in previous aforementioned studies, were motivated by minimizing the local skin friction
coefficient, Cr, in the boundary layer. Wavefront distortions, on the other hand, are an integral quantity through the
whole turbulent boundary layer along the beam path, so the optimum LEBU size and location to reduce the local
skin friction might not necessarily be the optimal to reduce an overall level of aero-optical distortions. Therefore, a
parametric study of LEBU length L, and height h, is needed, to find an optimal configuration from aero-optical-
mitigation point-of-view.
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1. LEBU Length Variation

To investigate the effect of LEBU device streamwise length, L, aero-optical measurements were collected for
two additional LEBU devices with lengths L = 1.0 and L = 1.6§ at a range of locations downstream of the LEBU
device for the fixed LEBU height of # = 0.80., OPD,,,, results are shown in Figure 4. It shows that while the
L = 0.86 provided the best initial decrease in OPD,,,, it had reached the aero-optical reduction of approximately
25%. The same time, the longer LEBU device with L = 1.6§ showed continued decrease in OPD,,,; up to the end
of the measurement region at x = 6J, where the reduction of OPD,,,; was in excess of 30%. The LEBU device with
L = 1.08 does not give any significant improvement over the other two devices, in fact it showed the least amount
of the aero-optical reduction. Deflection angle spectra at two streamwise locations, x = 3.50 and 5.6, are presented
in Figure 5. Spectra at x = 3.58 , Figure 5, left plot, shows that all tested LEBU lengths effectively suppressed the
low-end, below St; = 1.5, of the deflection angle spectra; further downstream, at x = 5.66, see Figure 5, right plot,
LEBU devices with L = 0.8 and L = 1.60 suppressed the optical energy over all frequencies via the energy transfer
mechanism, as discussed before. In addition, the LEBU device with L = 1.66 was slightly more effective in
suppressing the low-frequency end of the spectrum, compared to the LEBU device with L = 0.84. The spectrum for
the LEBU device with L = 19, however, showed a recovery of the spectrum, compared to the baseline spectrum,
except for the high end, above St; = 3, end of the spectrum; the reasons for this behavior are not quite clear at this
moment and warrant additional investigation.
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Figure 4. Comparison of streamwise OPD,,,; variation for different LEBU device lengths, L, at & = 0.86.
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Figure 5. Comparison of deflection angle amplitude spectra at 3.56 (left) and 5.60 (right), for different
LEBU device lengths.

In summary, for the different LEBU lengths tested, the longest LEBU device with L = 1.6 was found to
provide the most significant reduction in OPD,,,. As it will be discussed later, there are some indications that a
longer LEBU device might be even more efficient in reducing the overall level of aero-optical distortions
downstream of it.
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2. LEBU Height Variation

Similar to the investigation of LEBU device length, we will next investigate the effect of LEBU device height, 4
on aero-optic performance for the optimal LEBU length found in the previous section, L = 1.65. Malley probe
wavefront measurements were taken for four different LEBU device heights, # = 1.0, 0.8, 0.6, and 0.56, and the
streamwise evolution of OPD,,,; shown in Figure 6. It clearly showed that while all tested heights reduced aero-
optical distortions, lowering the height of the LEBU device to 0.5..0.65 gave the best aero-optical improvement, on
the order of 30%, over almost the entire measured streamwise range. Note that for # = 0.58, a local minimum in
OPD,,,, was observed at approximately x = 48, downstream of which OPD,,,, began to increase slightly, while for /
= (.64 it appears that the OPD,,,, leveled off downstream of x = 36 throughout the end of the measurement section at
x = 648. For & = 0.85, while the initial improvement was not as drastic as for smaller values of 4, it continued to
decrease steadily throughout the measurement section to reach approximately 33% reduction at x = 6§ the slope of
the curve suggested that there may be further reduction of OPD,,,; downstream of the optical measurement section.
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Figure 6. Comparison of streamwise OPD,,,; variation for different LEBU device heights, L = 1.64.
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Figure 7. Comparison of deflection angle amplitude spectra at x = 3.5 (left) and 5.66 (right), for
different device heights.

Figure 7 presents deflection angle spectra for LEBUs of different heights at streamwise locations x = 3.56, left
plot, and 5.68, right plot. At streamwise location x = 3.54, all tested heights showed the suppression of the optical
energy, with the level of suppression monotonically increasing with the height decreased, indicating the suppression
of large-scale turbulent boundary layer structure, so the LEBU device with the 2 = 0.65 achieved the strongest
suppression of the low-frequency end of the spectra, At the high-end of the spectra, above Stz; = 3, the trend is
opposite, with a consistent, although fairly small increase of the optical energy with the height decreasing,
suggesting an increased presence of small scale structures. Near the end of the measurement section at x = 5.66, all
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three heights where 4 < § showed an overall suppression of the optical spectra; for the 2 = 0.85 case, an additional
decrease at high-frequency range above S7; =3 was observed.

3. Streamwise Correlation

Figure 8 and Figure 9 present selected streamwise correlation functions of Malley probe wavefront data
computed by taking the inverse Fourier transform of the single-boundary layer wavefront spectra and the implying
the frozen-flow approximation. In Figure 8, Malley probe wavefront correlation functions for the un-modified
boundary layer are shown to be in good agreement with the model correlation curve presented in [18] for large-
aperture wavefront measurements for values of x > 0.15. The slight increase in correlation of experimental data in
the region x < 0.10 might be attributed to the filtering of high-frequency (small-scale) structures by finite sub-
aperture (beam diameter) of the Malley probe wavefront sensor. Since there is good agreement between baseline
data and the model correlation curve, streamwise correlation curves for LEBU-modified wavefront measurements in
Figure 9 are compared to the model correlation curve from [18].
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14 —&— x = 3.885
—&— x = 5.965

Figure 8. Streamwise wavefront correlation functions for baseline wavefront measurements compared to
model equation from [18].

Figure 9, left plot, presents Malley probe correlation curves at several streamwise locations for the L = 1.69, h =
0.6 LEBU. For all wavefront measurements within the first 60 there is a decrease in the zero crossing location,
starting with an approximately 30% reduction for the region just downstream of the LEBU. For locations further
away from the LEBU, the reduction in zero-crossing location is still observed, but the reduction is less than the
initial location just downstream. Correlation curves for the L = 1.6J, & = 0.86 LEBU device, presented in Figure 9,
right plot, shows a less significant effect on the correlation curve zero crossing location as compared to the left plot,
but a reduction in zero crossing location is still achieved downstream of the LEBU device over the baseline value.
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Figure 9. Streamwise Malley probe correlation curves for L = 1.6, h = 0.60 (left) and # = 0.80 (right) LEBUs.
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Figure 10. Wavefront correlation length as a function of downstream distance.

The streamwise development of correlation lengths computed from the wavefront correlation curve zero-
crossing location are shown normalized by the average baseline correlation length in Figure 10 for three different
LEBU device configurations. The largest reduction of wavefront correlation length A, is shown to be by the L =
1.66, h = 0.60 LEBU configuration. Correlation lengths for all three LEBU devices shown to be effective at reducing
levels of OPDrms show a maximum reduction 1-30 downstream of the LEBU trailing edge, and then a gradual
decrease in improvement in the region >3J downstream.

B. Velocity Measurements

In order to further understand the relationship between the effect of LEBUs on aero-optical mitigation in the
turbulent boundary layer and their effect on the boundary layer flow, hot-wire velocity profiles were obtained at
several locations downstream of the LEBU device with L = 1.66 for two different heights # = 0.66 and 4 = 0.86, as
these configurations were shown to give the largest reductions in OPD,,,. Mean and RMS velocity profiles,
normalized by the freestream speed, downstream of the LEBU devices at x = 3.58 are presented in Figure 11. The
distance from the wall is normalized by the initial incoming boundary layer thickness, J. In the mean velocity
profiles, Figure 11, left plot, a well-defined wake deficit was observed, centered at the corresponding height of each
LEBU device, with no significant change in the average velocity elsewhere in the boundary layer. The profiles of
the fluctuation velocity component, u,,, presented in Figure 11, right plot, showed a significant reduction in the
velocity fluctuations inside the wake, compared to the baseline; in addition, an extended reduction effect in the
fluctuating velocity closer to the wall into the lower-velocity region of the turbulent boundary layer was observed.
There was also a small peak in the fluctuating velocity profile at the upper side of the wake, the peak was stronger
for the height of # = 0.89. The exact reason for this localized increase in the fluctuating velocity is currently under
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Figure 11. Mean and RMS velocity profiles for L = 1.68 at varying heights at x = 3.54.
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investigation. It is worth noting that the flow displacement due to growing incoming boundary layer and the flow-
blocking effect from LEBU creates an additional positive vertical velocity component, so the LEBU device
effectively is placed at a small angle of attack, a.¢s. A control volume analysis was performed to evaluate the
magnitude of the effective angle of attack for the LEBU devices shown, and for all tested devices the magnitude of
@crr Was less than two degrees; so the flow separation over the upper surface of the LEBU device is unlikely.
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Figure 12. Mean and RMS velocity profiles for L = 1.60 at varying heights at x = 5.606.

Similar features were observed in both the mean and fluctuating velocity profiles a further downstream location
at x = 5.60, see Figure 12. Note that for the mean velocity profiles at x = 5.668, Figure 12, left plot, the wake width
was increased in the wall-normal direction, and the maximum velocity deficit in the wake was slightly decreased.
The fluctuating velocity profiles, shown in Figure 12, right plot, have also showed an increased spread in the wall-
normal direction. Additionally, a small increase in u,,, near the wall was observed for both devices, while the
intensity of velocity fluctuations above the LEBU device was decreased.

Since a well-defined wake deficit is observed in the LEBU-modified mean velocity profiles shown in Figure 11
and Figure 12, the superimposed LEBU-induced wake is computed for the L = 1.60, A = 0.6 device by subtracting
the LEBU-modified boundary layer profiles, U(y), from the un-modified boundary layer profiles, Upgeiine(y).- The
maximum velocity deficit U, and wake half-width b, defined by the distance between the two points where U(y) -
Upuseiinedy) = 0.5U), are calculated from the wake deficit profiles and the results are plotted in Figure 13 using the
established scaling laws for self-similar planar wakes [19]. Self-similarity consistent with canonical plane wake data
from [19] is observed on the outer part of the mean wake velocity profile (y - £)b" > 0 for all streamwise locations.
For the inner part of the wake (v - )b > 0, the wake velocity profiles deviate slightly from the self-similarity
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Figure 13. Mean wake velocity deficit profiles (left) and streamwise development of wake velocity deficit U,
and half-width b (right) for L = 1.66, 2 = 0.66 LEBU device.
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scaling as streamwise distance downstream of the LEBU device increases. Planar wake self-similar behavior was

also observed in the scaling of U, and b as a function of streamwise location in Figure 13, right plot, using the

. . . - 1db? .
respective linear growth scaling where x ~ 4%, and x ~ U,>. The growth rate a = P where O is the wake

momentum thickness, was found to be approximately 0.15 for the LEBU wake velocity profiles, which is less than
the range of published growth rate values of 0.29-0.41 for self-similar planar wakes [19]. Fluctuating velocity
measurements, however, were found to not scale as a self-similar planar wake, due to the large reduction in u,,,
below the LEBU device shown in Figure 11 and Figure 12. One possible reason for this observed behavior is that
because the LEBU device induces a wake in a sheared mean flow, it reduces the local velocity gradient below the
LEBU device and increases the velocity gradient above it, see Figure 11, right. This local mean velocity
modification results in either a reduction or an increase in the turbulent fluctuating velocity component downstream
of the LEBU device, as the dominant turbulence production term, u'v'(dU /dy), is proportional to local the mean

velocity gradient.

In [5,11] it was shown that the main mechanism for unsteady density fluctuations in turbulent boundary layers,
which is ultimately responsible for aero-optical distortions, is due to an adiabatic heating/cooling, so-called Strong
Reynolds Analogy, p'(y) ~ U( y)u'(y) - Substituting it into the linking equation [20], it was shown that OPD,,,, for

canonical boundary layer can be correctly predicted from the velocity field as follows [3]

1
2
d (%)] ' 4)

where v is the ratio of specific heats, 7 is the recovery factor, and A, is the density correlation length.
As the term U(y)u'(t,y) is proportional to density fluctuations, we can compute the power-spectral density,

Sera(fL¥) =F {((7 u'(t, y))z}, where F denotes the Fourier transform, for the baseline and LEBU-modified

boundary layer velocity profiles. To identify where LEBU devices are causing reductions in OPD,,, in frequency
space and in wall normal direction, the ratio of power spectra of the LEBU-modified boundary layer term to the
power spectra of the baseline measurements at each y-location, C(f,y) = Ssra(f, ¥) .esu/Ssra(f> V) asetine> Was
computed. Contour plots of this ratio are shown in Figure 14. Note that values of C(f, y) < 1 indicate a reduction of
the term U(y)u,.s(y), while C(f, ) > 1 indicates an increase as compared to the baseline measurement. Also, the
vertical lines of C(f,y) < 0.5 near St; = 4.5 and St; = 10 correspond to electronic noise from the hot-wire
anemometer. Figure 14, left plot, shows that C(f; y) for the L = 1.6, h = 0.60 device suppresses large-scale, St; <
1.0, turbulent structures over a significant span of the turbulent boundary layer (0.2 < y/6 < 1.0). In this range of
Strouhal numbers less than 1.0, there is no significant increase in the spectra. Above St; = 1, we observe two regions
of C(f, ) > 1.0; one region is above the LEBU centered at approximately y = 0.80 and extending from
approximately 0.65 to 1.0 in the spanwise direction, and another region is below the LEBU height y = 0.54.
Between these two regions of increase, there is a slight decrease. Similar reductions in large scale, St; < 1.0,

2 (ﬁ(y)urms (y)>2 A, ()

OPDyps = \/EKGDpooé‘MZ(V -1 |:J- U2 S
0 ©

Figure 14. Contours plot of C(f, y) for L = 1.60, h = 0.60 (left) and & = 0.86 (right) LEBU devices. LEBU
locations are marked by the white line, and the solid black contour indicates where C(f, y) = 1.0.
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turbulent structures is observed in Figure 14, right plot, for the L = 1.66, & = 0.80 LEBU device. Above St; = 1, we
also observe two regions of C(f; y) > 1.0; one is above the LEBU centered at approximately y = 0.96 and extending
from approximately 0.80 to 1.1 in the spanwise direction, and another is below the LEBU height y = 0.6J. Note
that, compared to the & = 0.60 device, the region of increased C(f, y) above St; = 1, y = 0.80 shows an increase in
energy that is approximately 1.5 times greater. For the region above St; = 1 and near the wall, however, the increase
in C(f; y), is less significant that the increase shown for the # = 0.66 LEBU.

h/&=0.6 h/5=0.8
1.4 . ‘ ‘ 1.4 o : ! ‘
baseline g : baseline
1.2 L/&=1.6, %/8=3.5 4 1.2+ N Sisecr| FermmE L/&=1.6, x/6=3.5 |4
L/3=18, x/3=5.6 S “Lis=1.86, x/6=56
1 R A 2 1o PRy s e £
0.8 & 0.8 0
=] w0
> >
0.6 8 06f
0.4 & 0.4+
0.2 8 02
0 i . : ‘ 0 i ; : ‘
0 0.02 0.04 0.06 0.08 0.1 0] 0.02 0.04 0.06 0.08 01
U, (2 Uy, (U2

Figure 15. Normalized mean times normalized fluctuating velocity at 2 = 0.60 (left) and & = 0.89 (right).
Wall-normal distance of the LEBU device is marked by the solid black line.

The wall-normal profiles of the term U(y)u,,,s(y) may be computed either directly from velocity time series or by

integrating the power spectra S, (f,y) in the frequency domain; U(y)Uyms(¥) = ( fom Ssra(f) y)df)l/z. Profiles
are presented in Figure 15 at two streamwise locations for the baseline and for LEBU devices with two different
heights and showed a reduction in the wake downstream of the LEBU device, indicating the reduction in the density
fluctuations in this region. However, using the measured velocity profiles, and using the density correlation length,
A,(»), for the canonical boundary layer, Eq. (4) predicts a reduction in OPD,,,; of approximately 10%, which is less
that experimentally-measured reduction value of 30%. But it was shown in Figure 10 that in the LEBU wake there is
decrease in the measured streamwise wavefront correlation length of 25% in the region of 30% OPD,,,, reduction. If
we assume that A, is proportional to A, Eq. (4) now predicts a reduction in OPD,,,; of approximately 22%, which is
closer to the experimentally-measured reduction value of 30%. Thus, the linking equation, Eq.(4) still works for the
boundary layer, modified by the LEBU device, as the main assumption, the Strong Reynolds Analogy, is still valid
for the LEBU-modified boundary layer

IV. Conclusions and Future Work

This paper has presented results from an experimental parametric study of compressible, turbulent boundary
layer flow control using a single Large-Eddy Break-Up device for the purpose of aero-optic mitigation. One-
dimensional wavefront measurement of OPD,, in the region up to 65 downstream of the LEBU device with
different lengths and heights demonstrated an optimal LEBU configuration for aero-optic mitigation of at least L =
1.68, and /= 0.5..0.66. This configuration gave a maximum reduction in OPD,,,; of more than 30% over a length of
several §, compared to the baseline wavefront measurements. In addition, the aero-optic characterization of the
LEBU device with L = 1.6, & = 0.85 suggested that, beyond 6§ in the streamwise direction, there may be an
additional reduction in OPD,,,; beyond what has been observed in this study. Measurements of mean and fluctuating
velocity at several locations downstream of the optimal LEBU configurations are also presented in this paper.

Compared to LEBU lengths and heights recommended for drag reduction in turbulent boundary layers, the
devices, which were found to work best for aero-optic mitigation, have a longer streamwise extent, and are placed
slightly closer to the wall. Also, the aero-optical reduction effect appears immediately downstream of the LEBU
device, while it typically takes several boundary-layer thicknesses downstream of the device to reduce the local skin
friction coefficient [21,22]. This suggests that the wake created by the LEBU device affects the large-scale structure
directly, while it takes some time and streamwise distance for the modified large-scale structure to affect the small-
scale structure near the wall, to reduce the local drag. So, while the initial motivation to test LEBU devices for aero-
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optical mitigation was the link between OPD,,,; and C;, OPD,,,; ~ (Cf)l/z, this relation was shown to work only in the
canonical turbulent boundary layer, where the global quantity OPD,,,; and the near-wall local Cyare interconnected,
as the large-scale and the near-wall structures are an equilibrium state. The LEBU device directly modifies the
outer-region of the boundary layer, thus disrupting this global equilibrium.

Results from this experiment showed that one way to directly modify large-scale turbulent structures is to
decrease the local mean velocity by introducing a higher turbulent dissipation without significantly increasing the
turbulent velocity fluctuations. Therefore, it is of interest to study a wider class of passive boundary layer flow
control devices such as thin pin fences and fine screens, and their effect on boundary layer aero-optic mitigation;
note that these devices were already shown to reduce aero-optical distortions of the separated shear layer [23] and to
eliminate the local shocks over turrets at transonic speeds by slowing the local flow [24].

Future work on this topic includes extending aero-optical characterization of the LEBU wake up to and beyond
106 downstream, and further investigating the effects of different LEBUs lengths and heights on the streamwise
extent and overall levels of aero-optic mitigation in the turbulent boundary layer. In addition, studies of multiple-
LEBU devices and their effects on aero-optical distortions are needed. Additional velocity characterizations will be
performed with hot-wires and x-wires, along with PIV and simultaneous aero-optical measurements in order to
better understand the effect of LEBUs on unsteady density field in the turbulent boundary layers, as well as the
spanwise density correlation length.
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