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Shear layer regularization is a fundamental requirementn a FeedForward, Adaptive-Optic
(FFAO) wavefront correction scheme applied to a beam passing through the shear layer.
6Passive regul ar i z sustaiwed dscillatiors lob & shear laykreovers & | f
resonant cavity, thereby eliminating the needor active flow control actuation. In wind
tunnel tests, a strong acoustic resonance coupled with the cavity shear layer feedback
mechanism produced a robust, predictable shear layer motion. The unsteady pressure at the
upstream wall of the cavity wasperiodic enough to be used as a reliable phase reference.
This phase reference was used tdrive a phaselocked wavefront acquisition system and,
ultimately, a deformable mirror which applied a feedforward wavefront correction. The
source of the strong aoustic resonance resulted from trapped duct modes, a result of the
particular cavity and wind tunnel geometry combination. Unsteady pressure data indicated
that this otherwise undesirable source of resonance can be mitigated by lining the wind
tunnel wall opposite the cavity with an acoustically absorbent material.

Nomenclature

U] empirical constant

o stagnation speedf-sound
D cavity depth

DM deformable mirror

f frequency

FFAO feedforward, adaptiveoptic
fer,,  critical cuton frequency fothe cavitytunnel region

frer critical cuton frequency for the tunnel region

k empirical constant, convective speed ratig(Up)
L cavity streamwise length

m integer mode number

Mg freestream Mach number

OPD optical path difference
PSD  position sernisig device or power spectral density

U shear layer convective velocity

Up freestream velocity

I onraxis, farfield beam intensity

lo onraxis, farfield, diffraction-limited beam intensity
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I. Introduction

Theshear layer that forms wheir flow separates from a surface at high subsonic Mach nucaio¢ains a
rapidly varyingindexof-refraction(i.e. density field. When this field is near the exit aperture of a light source such
as a |l aser, the effects -opt itchdéd Abfo-tpdodffeasrireludehe fighly r ed t o
unsteadywavefront deformatiogimparted by the aeroptic fieldand tkeir resultingfar-field patterrs. In this paper,
the wavefront deformation is described its/ optical path differenc®PD, which has units of length, and the-far
field performance is described by the Strehl ratio which relatebehats on-axis intensity,l, to the diffraction
limited intensity,lo, which would result if there was no wavefront distortidrhe rapidly varying nature of the stre
layer has thus far prevented attempts to mitigate the-gio effects with traditional adaptiveptics. Feed
Forward AdaptiveOptic (FFAO) wavefront correctiohas been demonstrated as an alternative mitigaibhama
FFAO does not suffer theahdwidth limitations of trditional adaptiveoptic systemsbut requiresa priori
knowledge of theaeropt i ¢ def or mati on. me8rs ¢hat the sheay layer is dorcedgntolaar i z a-
predictable, repeating pattern for which phase and amplituéd the remaining unknownsActive shear layer
regularization involves relatively high frequency actuation of sufficient amplitude near the point of separation
Passive regularizatiom this contextexploits the selsustained oscillations of a sirdayer over a nant cavity.

Cavity Oscillations:The strong, unsteady pressure fluctuations associated with subsonic and supersonic
flow over a cavity have long been an undesirable feature of aircraft with exposed, internal weapons bays. This study
involved a shall (L/D = 4) cavity in compressible subsonic flow, similar to those studied by Krishnamurty
Roshkd, Plumbleeet al’, Rossitef, Heller et al.” among numerous others. Rossiter proposed a model of vortex
type structures in the shear layer propagating downstream at aldpedti k = U/Up. These structures impinge
on the downstream edge of the cavity, generating acoustic disturbances whapapedpack upstream to further
promote periodic oscillations in the shear layer. Using this simple model, Rossiter developed thesenal
formula

fL__m-a  m=1,2,3,etc) @)

u, M_+1/k

which relateghe Strouhal number (frequendy,cavity length,L, and freestream velocity)p) to an integer mode

numberm, the freestream Mach numbég, the convective speed rakand a phase relationship The values for

Uandk, are often chosen best fit the data. The-harmonic, integer modes associated withre often referred to

as Rossiter modes. Helletal®modi fi ed Rossiteroés formula (Equation 1)
number with a temperature cection to the Mach number. The resulting equation,

fL m-o

= (m=1, 2, 3, etc.) (2)
U, M_(A+[(y-n/2M*) ™ +1/k

is sometimes called the modified Rossiter equation. Equation 2[0witB.25 was used throughout this work as a
frequency prediction toolAlthougha Malley Probehas the capabilitio measurd at a sintg, streamwise location
within the cavity k was generally chosen to fit the unsteady pressure data.

The feedback type forcing described by the Rossiter mouatin be altered and amplified by acoustic
resonances within or near the catfityAcoustic energy generated by the cavity oscillations and directed outward
from the cavity would radiate away an open environmenwvhereas asolid wall opposite the cavity iribits
radiation Thereforethe acoustic energy generated in the cavity must escape thetcawigl region through the

inlet and exit ducts. For a -ifiwalvlid ygeomet ry | i kreblem brises wheretheuezcted her e,
acoustic frequency is above the critical,-ontfrequency of the larger cavitynnel region f;r ., but below the
critical, cuton frequency of the smaller tunnel regigi,, . The acoustic dibi élInd t-thec ame/d

tunnel region, resulting in very high amplitulfesMlore detailed descriptianof trappedmodesand theoretical
analyses are available in Alvarez and Kers¢hand Kerschen and Caih The latter reference shows that tragp
modes are more prevalent in cavitynnel geometries where the cavity is depth is significant compared to the height
of the inlet and exits.
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Il. Experimental Setup

The wind tunnel experiments described here were performed in two phésediassertaboratory at the
University of Notre Dame.The Phase 1 experiments included pressure and optical measurements, and culminated
with a demonstration of FFAO wavefront correction. The Phase 2 experiments includednstesdy pressure
measuremest to examine the effect of trapped duct modes on the Phase 1 experinBaitsphases were
conductedusingan indraft wind tunnel similar to the configuration shownFigure1l. Air is drawn through a
150:1 contraction inleéihto a rectangular test seationeasuring 9.9 10 cm. The flow then passes through diffuser
section to vacuum pumps housed in a separate room.

I Laser Beam

INLET TEST SECTION DIFFUSER —
= To Pumps

Cavity

I OPTICAL BENCH I

Figure 1: General wind-tunnel arrangement

The Phase ZXest sectior{Figure2A) was constructed primarily of aluminum and optical glaBke cavity
was formed by a displaced section of the cavity wall with a d&ptff,3.81 cm and length, of 15.24 cm(L/D = 4).
Kerschenand Cathr ef er t o t-miws | & s g e dleeatiovoltiieycavity depth to the tunnel height
was 0.375, the largest ratio considered in the theoretical analysis diIR&he floor, roof and sidevalls of the
cavity were constructed from 1.9 cm thick optical glaS®ven static pressure pomg&re mounted upstream and
along the length of the cavity to measure the incoming and external (to the cavity) flow static pressures with a
Mercury-based, Ltube manometer. Unsteady pressure tranducers (Kulites) were mounted in both the forward and
aft walls of the cavity to provide fluctuating pressure data within the cavtyishay 2310 signal conditioner
provided ech Kulitewith a Wheatstone bridge circuigxcitation voltagegain control, ACcoupling and voltage
output. The voltage output from thsignal conditioner was acquired with a4B&sed, Microstar data acquisition
system at a 100 kHz sampling frequency.

(A)
[— —

Laser
Beam

Shear Layer ‘I

= e

Figure 2: lllustrations of Phase 1 A) and Phase 2RB) test sections. The lightly shaded walls

of the Phase 1 test section represent the optical
upper wall of the Phase 2 test section could be replaced with a solid Plexiglas wall, restoring

a geometrynearly identical to that of Phase 1.

The Phase 2 test section included another céwityall geometry constructedlmost entirely from
Plexiglas. The cavity was 15.24 cm long and 3.71 cm deep, slightly shallower than the Phase 1 cavity. In addition,
the Plexiglas alonghe upper wall of the test section (opposite the cavity) could be replaced with a porous steel
screen backed by 15.24 cm of open cell, acoustic damping foam, sh&iguia2B. This acoustically treated wall
extended./2 upstream and downstream of tlavity ends. Kulite unsteady pressure sensors were mounted in seven
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different locations, including the centers of the upstream and downstream cavity Stallie.wall pressuresvere

measured byifferential pressure transducesfour streamwiseokations, one near the inlet and three more spaced

at approximately 7.6 cnl(2) over the upstream lip, middle and downstream lip ofcthaty. Because the cavity

causes some blockage in the tunnel, the flow accelerates over the lengthcofthd t vy . The fAfreest
pressure was therefore taken to be the average of the three values acquired over the length ofapercagitill

of the pressuredata(unsteady and static) weeequiredsimultaneouslyy a PCbased Microstar datacquisition

system with a sampling rate of 50 kHz fox 80° samples.

Aero-Optic MeasurementsAerc-optic data were acquired only during Phase 1. The-@gtio wavefront
disturbances were measured with two devices, a Malley Probe, originally eedayilGordeyevet al'®, and a
Wavefront Sciences CLA3D ShackHartmann wavefront sensoiThe Malley Probe utilized two small diameter
(~1mm) beams, propagated normal to the shear layer and spaced closely together in the flow direction. Because the
beans are of such small diameter, all relevant amptic disturbances are manifested as beam jitter. By correlating
the two beam jitter signals, the convective velodity, of the aberrating structure can be computed. The jitter time
series acquired fromaeh beam can be used to extract temporal frequency information. The beams were propagated
from the optical table, through the flow and then reflected back along their incoming path. This double path through
the shear layer increased the sigioahoise atio. The beams were then focused onto pletectors called
Position Sensing Devices (PSDO6s) where the jitter was
PSD generated currents which were fed to a tirapedance amplifier where the sajs were converted to voltages
and lowpass filtered at 50 kHz to avoid frequency aliasing. The output voltages were acquired at 100 kHz by the
same Microstar system described above.

Instantaneous, twdimensional wavefronts of the shear layeravacquired using a Wavefront Sciences
CLAS-2D, ShackHartmann wavefront sensaevith a 44 x 33 lenslet array The sensor was illuminated by a
frequency doubled Nd:YAG pulsed laser with an approximately 6 ns pulse duration. Although the2DLAS
system isncapable of producing temporally resolved wavefronts of the aberration cyslas possible to trigger
the system to capture wavefronts at a constant phase ohsteady pressumisturbance cycle. In this case, the
system was triggered by the upstream Kulite or Malley Probe signal, as described in the next section. The strong
periodicity of the signal all owed acquisition of wave
complete gcle of the shear layer oscillation. Tvmoindred individual wavefronts were acquired at each phase
angle. A Fourier optics code was then employed to convert the wavefront measurements into realizations of the far
field intensity distributions.

Adaptive Optics Systerfihe coreadaptiveoptics system used in this wonkasthe same as that described
in References$, 14 and 15. The centerpiece of the system ig@& mm diameter37 actuator, Xinetics deformable
mirror (DM). Thepiezoelectricactudors have a stroke of -+ em and can be driven linearly to frequencies above
5 kHz. In comparison, theelevantaercoptic disturbances posses€@BD values in the range of 0.4 em, with
disturbance cycle frequencies under 1200 Har this work, tle DM was decoupled from its traditional adaptive
optics system and driven with ppeogrammed input§om athirty-seven channel digitab-analog systemusing
five National Instruments NI PX6733, 8channé 16-bit, analogoutput boards These signafyenerators were
driven with digital time histories obtained from the ppsicessed, phadecked, average®PD results, producing
the necessary conjugate corrections on the DMis feedforward system is described in much greater detail in
Reference8 and 14. Further details of thactuator responsesn be foundn Referencel5. Figure 3 shows a
simplified schematic representation of the FFAO experiment optical laybigh includes the laser beam train and
the component relationships of the adaptipgics system, laser, wavefront sensor and delay circuit (described
below).

The primary difference between thEFAO correction scheme used in this wankd those ofprevious
FFAO experimentswas the triggering scheme. Since the flowas passively forced by an aero
acoustic/hydrodynamic resonandée disturbance hasehad tobe inferred from a reference pressure signal or
Malley Probe jitter signal. In this case, the unsteady pressure signal from the upstream cavity wall was selected as
the appropriate reference signal because aélgdively clean andtrongly peiodic shape.The pressure signal was
bandpassed filtered to isolate the primary disturbance frequandyAC coupled to prepare it for analysis. The
signal was then input to a custdiilt triggering delay circui{seeFigure 3) which determiné the rderence phase
with a zero crossing analysi®ased on this reference phase, up to four programmable, independently delayed TTL
pulses were outputThe delays varied frort es to 10 es, with a 1es resolution. When thEFAO analogoutput
system received a trigger, it automaticadlytputthe data stored in the FIFO memory to the thityen analog
output channelat an update ratef approximately 24 times per disturbance cydeeally, a system could trigger
and apply awavefont correction ateach disturbance cycleln reality, the zerecrossings of the reference signal
were not perfectly spaced according to the peak disturbance frequénegis more practical, therefore to allow the
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DM to run for tendisturbancecycles before itwaited for the nexttrigger pulse. This helpethe DM to remain
locked to the flow even if the National Instrumentshmard timing oscillators begda drift during the experiment.

| Laser |'< TTL

Delay
Circuit

L1

NI Analog Output
Waveform
Generator

!

DM Amplifier

Relay Optics

Figure 3: Optical beam train schematic for 2D wavefront acquisition and FFAO wavefront
correction.

Ill. Results

Phase 1 Resutt§he unsteady pressure (Kulite) and Malley Probe jitter spectra shown in Eigulieate
a dominant peak frequeneyear1140 Hz at Mach0.65 for both the pressure and optical disturbances, respectively
Both spectra also indicate a smalberakaround430 Hz. Using the measured flow conditions avaluation of the
Equation2, with U= 0.25 andk = 065 gives predicted oscillation frequencies @4z whenm = 1 and 147 Hz
whenm = 2. The value ok = 0.64 was initially chosen based on Malley Pratmvection data, bk = 0.6 is used
here because it is consistent with the value chosen in Phase 2 (bieldhis case, Equatiod seemed to accurately
predict the second mode frequeployt the observed and predicted first mode frequencies differedpogxamately
14%, a significant error.During Phase 2 (described latepressure data was acquired over a range of Mach
numbers, rather than at a single Mach number. The Phase 2 experiments demonstrated that the prevalence of the
peak at 11@ Hz was dudo a combined effect of the Rossitgpe shear layer feedback phenomenon, an acoustic
resonance within the cavity and, most importantly, trapped duct modes thiguavity-tunnel region.The Phase 2
experiments also showed that Equat@ns a poor predictr of oscillation frequenciesvhen the wind tunnel
configuration gives rise to trapped modes

The advantage of this trappetbde resonance was thatrégularizedthe shear layemotion into a
predictable, repeating patterAs mentioned in the previous section, thresteagl pressure signdtom the upstream
cavity wall was sufficiently periodicto be used as phase reference for the triggering delay circuit which output
TTL pulses to the pulsed laser and wavefront sensor canmienis phase reference allowed for phéseked
acquisition ofwavefronts and shadowgraphs. The shadowgraphs, although poor in quality, were of sufficient clarity
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Figure 4: Amplitude spectra for unsteady pressure in the affacing cavity wall (A) and the
Malley Probe jitter (B) for two beams passed through the center ahe cavity. The two non
harmonic peaks are at ~430 Hz and 1147 Hz.

to reveal arapparently regularized flow structur®hasdocked wavefronts were acquired at 12 phase angles over
the disturbance cycleSix phaselocked,averagd wavefrontsof the uncorected aeraptic disturbanceare shown

in Figure5. These wavefronts were used to programcihvgugate correction for the DMThe correctedvavefronts

in Figure 6 indicate that once FFAO wavefront correctiomas applied, the large shear layer disturbaneas
removed. The overall aperture tilt of the corrected wavefronts was removed irppmstssing. In a full adaptive
optic system, a tilt removal (fasteering) mirromaybe used to remowt after the DMcorrection is applie§.
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Figure 5. Phaselocked, averaged wavefronts of the uncorrected cavity shear layer.

Table 1 summarizesmportant wavefront statistics for both the uncorrected and FFAO corrected
wavefronts. The values in Table 1 are the averages (bXephase angles) of theghaselocked, averaged
wavefronts. Figure7 plots he OPD,,s and the Strehl rat&for the phaseaveraged wavefrontgersusphase angle
The plots in Figure indicate that the effectiveness of the FFAO correction was severely limited at the 150° and
180° phases. Figui actually indicateshat the FFAO correction has a negligible effect on the Strehl ratio at 150°
anda negative effect at 1800therwise the FFAO correction seedto have a significantly positive impgover
the rest of the disturbance cycldt was unaar what caused the errors evident around 180°, and they are discussed
further in theConclusionssection.
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Figure 6: FFAO corrected, tilt-removed phaselocked, averaged wavefronts of the
cavity shear layer.
Uncorrected WF FFAO Corrected/Tilt
Removed WF
OPDyys (€M) 0.21 0.08
OPD,., (em) 0.77 0.46
Strehl (/1) 0.28 0.75
Powerin-the-Bucket (% 51.6 80.6
of diffraction limited)
Table 1: Phaselocked, averaged wavefront (WF) statistics. The values were averaged over
the 12measured phase angles.
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Figure 7: 2-D wavefront (WF) OPD,s(A) and Strehl Ratio (B) as a function of phase angle

for uncorrected and FFAO corrected/tilt-removed wavefronts.



47" AIAA Aerospace Sciences Meeting Wittich, Duffin, Jumper, Cain and Kerschen
Orlando, Florida, January®

Phase 2 ResultsThe unsteady pressure and wavefront results obtained during Phase 1 indicated the
existence of a single, dominant peak frequency with only one ntireharmonic modevident (and a much lower
strength) This behavior of the unsteady pressure in the cavity did not appear to agree with the results df®ossiter
Heller et al® This discrepancy motivated the Phase 2 study of an almost identical geometry owge afra
subsonic Mach numbersin one experiment, the wall opposite the cavity was-imali thick Plexiglas, and
unsteady pressure data were acquired at 36 Mach numbers between 0.34 and 0.76. In a second experiment, the
Plexiglas wall was replaced withe acoustic muffler shown in Figub®, and unsteady pressure data were acquired
at 35 different Mach numbers ranging from 0.28 to 0.Fgyure 8 shows the contours plots of the power spectral
densities of unsteady pressure for each case. Frequendgttedpas the nodimensional Strouhal number
consistent with Equatio®.

The contours of Figur8A show a sharp peak (overlaid by the white cuthe} begins arountach 0.55
and remains intense throughout the Mach number range. The white curve ingAgsra simple estimation of
longitudinal standing wave resonance inside the calvitya,/(2L) wherea, is the stagnation speed-sound. The
dashed, black curvesdicate the cubn frequenesof the cavitytunnel sectionf;r .. for the first two duct modes,
while dotteddashed curves indicate the @it frequencies of the tunng}; ... The solid black curves indicate the
first three Rossiter modes (Eation 2 with m =1, 2 and 3 the first mode being the lowest. The peaks at very low
frequencyfL/lUp @ 0. 1) wer e | i k e-tuynel matan. sTdel othbrysharp peaks imithe dpectra fall
within the window fcr.,. < f < fr,,, the region re trapped modes can ocurA broader, weaker peak appears
to agree well with the first Rossiter mode prediction, but the sharp dominant peak between Mach 0.55 and Mach
0.79 clearly agrees with the standing wave frequency estimation and appears tprbdubeof a trapped mode

Figure8B shows the power spectral density of unsteady pressure @hdtreant(i.e. aftfacing) wall of the
cavity when the solid Plexiglas wall is replaced by the acoustic muffler. The sharp dominant pealEgprerdA
is no longer evident, and over much of the Mach number range, the less iptessare peaks show good
agreement with the predicted Rossiter modégoustic resonance still appears to pky important roleabove
Mach 0.55 where the values for the second Rossiter rigst®nd black curve from the bottom) and the cavity
standing wave (white curve) intersect and remain fairly close together. Regardless of whether some effect of the
trapped mode response remaitie strong differences between Figui@a and 8B suggests that its influence has
been minimied for this windtunnel geometry

(A) (B)

Figure 8: Power spectral density of unsteady pressure for the rectangular cavity wita
solid upper wall (A) and an acoustically treatedupper wall (B). The white, solid curves
represent longitudinal, standing wave frequenciesa(/2L). The black, solid curves are the
Rossiter modes (Equatior? with m =1, 2, 3 and 4rom bottom to top). The black, dashed
curves in (A) represent the critical cavitytunnel cut-on frequencies f¢r , for the first two
modes, while black, dotted-dashed curves indicate the cubn frequencies of the
tunnel, fr,,.



