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Aperture Effects on the Aerooptical Distortions
Produced by a Compressible Shear Layer

Edward J. Fitzgerald¤ and Eric J. Jumper†

University of Notre Dame, Notre Dame, Indiana 46556

A recent paper presented time-series measurements of optical wave front distortions produced by a weakly
compressible shear layer using the small-aperture beam technique (SABT). These researchers used a posttest,
high-pass, digital � lter to remove vibrational noise from their beam-jitter signals, choosing a corner-frequency
compatible with their 5-cm test aperture. A reexamination of their raw data is documented, and the proper
corner-frequency selection for vibration-corruption removal is systematically treated. The resulting SABT wave
front reconstructions recaptured the structures previouslyreported, but now reveal large-amplitude, time-varying,
tilt aberrations not previously of interest to 5-cm-aperture optical-system applications. These tilt aberrations are
indicativeof large-scale � ow structures with a spatialscale larger thanthe test aperture. Thisconclusion is supported
by the results of a recently published numerical simulation. Experimental evidence is presented that suggests that
the measured small-scale distortions may have been caused by temperature discontinuities in the splitter-plate
boundary layer that fed into the shear layer.

Introduction

T HE transmission of a collimated beam of light through a tur-
bulent, variable index-of-refraction � ow (caused by density

variations, for example) produces a time-varying distortion on the
previously planar optical wave front. When the depth of the turbu-
lent region is on the same order as the beam aperture or less, the
phenomenon is termed “aerooptics.”1 The high-propagationspeed
of light relative to practical � ow speeds means that the optical beam
sees a “slowly” time-varying series of “frozen” index-of-refraction
� elds.Thus, the aeroopticproblemis inherentlytied to thedynamics
of the � ow� eld.

These types of optical propagation conditions can be expected
to be encountered in airborne optical systems. For such systems,
aeroopticsproducea signi� cant loss in performance.Dynamic mea-
surements of aerooptical aberrationshold the promise of eventually
allowing adaptive-opticcorrection of the aberrations to restore sys-
tem performance.2 To date,dynamicaeroopticalmeasurementshave
been mostly limited to low-speed � ows using dissimilar-indexmix-
ing to produce the aberrations. Although these � ows have proven
to be good for developing new optical diagnostic tools,3;4 the ques-
tion of what sort of dynamic aberrations would be produced by a
� ow� eld more representative of a jet-aircraft’s optical installation
has remained unanswered. To address this question, the Acoustic
Research Tunnel (ART) at Arnold Engineering Development Cen-
ter (AEDC) was modi� ed to produce a weakly compressible shear
layer in 1993. Important design features of the facility will be sum-
marized; a more detailed descriptionof the facility may be found in
Ref. 5.

The ART facility operates off of bleed air supplied by the AEDC
16T/16S wind-tunnel complex. The shear layer was produced from
a »0:8 Mach high-speedside (velocity,U1 ¼ 261 m/s) mixing with
a »0:1 Mach low-speed side (U2 ¼ 35 m/s) as shown schematically
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in Fig. 1. For these tests, the unit Reynolds numbers for the slow
and fast streams were 1:4 and 12:7 £ 106/m, respectively. Because
each stream was supplied from a common plenum, they shared a
common total temperature T0 ¼ 27±C. The static pressure across
the shear layer was constant and equal to the stream-matched static
pressure, p1 ¼ 0:6 atm (Ref. 5). These � ow conditionscan properly
be classi� ed as nearly incompressible.6

The facility had three observationstations.The � rst was centered
4.2-cm downstreamof the trailing edge of the splitter plate, and the
remainingtwo were spaced48.3 cm successivelydownstream.Each
station consisted of four viewing windows. Two, 20.32-cm-diam,
schlieren-gradewindows were on either side of the facility for view-
ing along the span of the splitter plate or “� ow-visualization path”
(as shown in Fig. 1). The remaining two windows per station, each
75 mm in diameter, were on the horizontal tunnel walls, that is, top
and bottom, to allow optical access normal to the splitter plate (the
“aerooptics path”). Notre Dame researchers were invited to make
optical wave front measurements in the facility using their then-new
wave front sensor, the small-aperture beam technique (SABT). As
detailed in Refs. 7 and 8, Hugo et al. successfully obtained the � rst
time-resolved, time series of optical wave fronts for propagation
through a compressible shear layer.

The growth rate of a mixing layer is driven by the growth of
large-scale, vortex structures.9;10 This growth rate has been charac-
terized in semi-empirical laws for incompressiblemixing layers11;12

with correctionsfor compressibility12¡14 aswill be summarized.The
average vortical roller diameter ±viz, measured from schlieren pho-
tographs of compressible shear layers, can be estimated from the
following empirical relation reported in the literature14:
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where ru is the velocity ratio U2=U1 , s D ½2=½1, and C± is a constant
¼0:17 for thepresentconvectiveMach number.For the AEDC shear
layer conditions,Eq. (1) predicts ±viz ¼ 12:6 cm at the center of the
station 2 aperture, that is, a structure more than twice the size of the
5-cm test aperture. The effect of the aperture is to act as a spatial
� lter on the measured wave front. The distortion caused by these
largest-scale � ow structures is, thus, reduced to a time-varying, tilt
aberration with a period indicative of the large-scale structure.15;16

Note that the spatial wavelength of the aberration caused by a com-
pressible shear layer would be expected to correspond to the length
of the vortex roller and the braid connecting it to the following
roller.17 This characteristic wavelength 3, then, would equal the
spacing between vortex rollers. 3 can be estimated (on average)
by9;11;18;19
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Fig. 1 Schematic of AEDC facility, from Ref. 5.

3=x D C3.±viz=x/ (2)

where C3 is an empirical constant. Typical values of C3 reported
in the literature are from 1.5 (Ref. 9) to 1.95 (Refs. 18 and 19).
For an aberrating structure of characteristic size 3, the wave front
aberration temporal frequency would be expected to vary with the
structure’s convection velocity as

fOPL D Uc=3 (3)

The large-scale structures’ size and convection velocity (Uc »
150 m/s) (Ref. 14) would lead one to expect tilt-distortion varia-
tion frequencies of fOPL » 600–800 Hz.

Hugo et al. employed a posttest, high-pass digital � lter to re-
move signal noise caused by vibration of the test section’s opti-
cal access windows.7;8 They conservatively chose their cutoff fre-
quency to minimize the chances of vibrational corruption of the
beam-jitterdata.7 The 2–2.5-kHz corner frequencywas also chosen
because the small measurement aperture already functioned as a
spatial � lter for any larger-scale structures. In terms of making use
of the measuredwave front information,moreover, inferredsystem-
performance estimates are ordinarily made after removing tilt over
the aperture. Thus, a caveat was pointed out in Ref. 8 that the wave
fronts presented there were speci� cally restricted in their interpre-
tation to the 5-cm test aperture. In Ref. 8, no attempt was made to
try to understand the relevant physical cause of the aberrations but
rather simply to present the aperture-restricteddata; however, now
the present authors are interested in understanding the underlying
physicsand makinguse of thesedata to providean experimentalval-
idation point for numerical simulations. These simulations will be
used to scale these experimentaldata to larger aperture and/or other
Mach and static pressure conditions. This new objective requires a
more careful selection of the high-pass corner frequency to remove
the vibration corruptionon the one hand but to preserve the largest-
scale-structure in� uences on the other. The purpose of the present
investigation,then, was to determinewhether the optical distortions
due to these large-scale structures could be recovered from the raw
data of Refs. 7 and 8.

This paper begins with a short review of the SABT measurement
technique, followed by an analysis of the un� ltered beam-jitter vi-
bration data to justify a new digital-� lter choice. The resultingwave
fronts are then analyzed.

SABT Fundamentals
The SABT is based on the same principles as Hartmann-plate-

based wave front sensors (see Refs. 20 and 21). If an aberrated,
that is, nonplanar, wave front is broken into small-aperture beams
by interrupting its progress with a perforated plate, these beams
will propagate in directions normal to the original wave front at
the location of the perforation. Measurement of these new beams’
displacementsat a speci� c, known distance from the plate provides
a direct measurement of the wave front’s spatial gradients in the
x – z plane of the plate. If the resolution of the perforations is suf� -
ciently high compared to the aberration structure on the wave front,
the wave front � gure may be constructed by integrating the gradi-
ents over the aperture. This wave front � gure is usually speci� ed
in terms of an optical path length (OPL) as a function of x and
z at the particular instant in time that the beam position displace-
ments (relative to their unaberrated locations) were simultaneously

measured.21 Rather than interrupting the wave front with a plate, a
number of methods have been employed including the propagation
of individual,small-aperturelasers,which thenemergenormal to the
large-aperture wave front traversing the same medium at the same
instant in time.4 The instantaneous, relative one-dimensionalwave
front (relativeOPL) in the x directionalone can be constructedfrom
measurements of the beam displacement angle or “beam jitter,” µx ,
because
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Rather than the absoluteOPL, one is typically interested in the rela-
tive difference in OPL across the aperture or optical path difference
(OPD) de� ned as

OPD.x/ D [OPL.x/ ¡ OPL] (5)

where the overbar denotes the spatial average over the aperture.
As � rst asserted by Malley et al.,22 the optical aberrations im-

posed by a convecting, optically active turbulent � ow must them-
selves convect through the viewing aperture. If the aberrationswere
convecting through the aperture unchanged (Taylor’s “frozen � ow”
hypothesis; see Ref. 23), then the normally obtained � ne grid of
(closely spaced) individualmeasurements of the wave front deriva-
tive, in the form of off-axis, small-aperture-beam displacements,
would no longer be required; the wave front could be reconstructed
from a time series of off-axis displacements at a single location.
This time series could then yield an OPL as a function of time as

OPL.t/ D
Z t

t0

µ
d OPL.t/

dx

¶
Uc dt (6)

where Uc is the dx=dt of the convectingwave front aberration.This
providestheOPL.t/ at positionx , the beginningof the (sub)aperture
of interest.The spatialOPL over the rest of theaperturefollows from
Taylor’s hypothesis

x D ¡Uc.t ¡ t¤/ (7)

where t¤ is the instant in time at which the spatial OPL is desired.
This realizationallowed for the � rst-time-evermeasurementofwave
fronts at demonstrated rates up to 100 kHz (Refs. 7 and 8). The
SABT’s high bandwidth made possible the study of optical aberra-
tions caused by propagation through high-speed � ows.7;8

Implementationof this idea to constructactual wave fronts rather
than statistical estimates of the wave front22 is complicated by the
aberrations changing as the turbulence evolves. In addition, Uc not
only changes with time, but different turbulent structuresconvect at
different speeds through the aperture, and there are always multiple
structures in the viewing aperture at any given time. Furthermore,
Uc is not known a priori. The SABT sensor overcomes these com-
plications by using relatively few, multiple probe beams to produce
a sparse-detector,high-speed, wave front sensor. From the time se-
ries of µx .t/ in at least two locations, the convection velocity Uc of
the aberrating � ow structures between any two beams can be de-
termined using cross correlations of the jitter signals. The SABT
method is described in further detail in Refs. 4, 24, and 25.

The experimental wave front data collected at the AEDC fa-
cility used the SABT technique and required the use of only two
probe beams. The SABT data presented here used a beam spacing
± D 2:5 cm; the rationale for this choice of ± and the resulting wave
front uncertainty are detailed in Ref. 8. Detectors measured each
beam’s streamwise and cross-streamdisplacement even though this
latter measurement could not be used for wave front reconstruction.
Details of the AEDC optical bench, beam insertion methods, etc.,
may be found in Refs. 7 and 8.

Vibrational Noise Removal
Hugo et al. noted that when tunnel 16T was running (but with no

air � owing through the ART test section), jitter signals from both
detectors “contained identical large amplitude � uctuations ranging
from 8 Hz to 2 kHz.”7 This noise was attributed to tunnel vibration.
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Dedicated jitter and accelerometer data were acquired to character-
ize the vibrationsto developa method to remove this noise.Based on
these data, Hugo et al. concludedthat noise corruptionwas con� ned
to frequencies below 2.0 kHz. Thus, any noise could be removed
by a 2.5-kHz, high-pass, digital � lter during data postprocessing
without impacting their results (which were already spatially � l-
tered by the 5-cm test aperture).7;8 A closer look at the vibration
data was necessary to justify lowering the corner frequency of the
high-pass � lter. The analysis to be described is presented with the
detailed supporting data in Ref. 17.

Hugo et al. acquired vibrational data using two accelerometers
attached to the tunnel’s outside surface.The station 1 accelerometer
was mounted on the bottom of the tunnel approximately 1.27-cm
downstreamof aeroopticwindow 1; the station 2 accelerometerwas
similarly mounted approximately 2.54-cm upstream of the second
aerooptic window. The accelerometer signals were acquired simul-
taneously with beam jitter data during three dedicated runs.7;8 The
beam-jitter data were obtained by passing two SABT-type probe
beams with a separation± D 1:27 cm through the station 1 aerooptic
windows. As a baseline case, vibration data were acquired while
AEDC tunnel 16T was off. The accelerometer data showed that
there was negligible vibration for this 16T-off/air-off case.

The second set of vibrationdata was acquiredwith 16T operating
but with no � ow through the ART (16T-on/air-off case). In this case,
any measured jitter must have been due to tunnel vibration only be-
cause there was no � ow to producean aeroopticdistortion.An order
of magnitude increase in accelerometer vibration energy over the
16T-off/air-off case occurred at this condition at frequencies below
»2000 Hz, although the vibrationsmeasured by the accelerometers
were still fairly small. A similar, althoughless pronounced,increase
was also apparent in the jitter signals at these frequencies.Three of
the four jitter signals showed a small, broad peak at »1250 Hz. Any
vibrationwould be expectedto affectboth beams or both accelerom-
eters together, producing high coherence between the signals; the
high phase speeds expected in solids such as the windows or the
(metal) tunnel walls, meanwhile, would lead to approximatelyzero
phase difference between them. The coherence and phase angles
between upstream and downstream signals for the 16T-on/air-off
case behaved in this way. The coherenceof the beam jitter data was
a particularly good measure of this behavior (high coherence/zero
phase) over the entire range of frequenciesbetween 0 and 5000 Hz.
This can be attributed to the close spacing of the beams and to the
sensitivityof the instrument(small changesin windowpositionwere
magni� ed by the »3-m distance the beam traveledfrom the window
to the detector).

The � nal set of vibration data was acquired with the ART run-
ning (16T-on/air-on case). The overall vibration level increased sig-
ni� cantly for this case relative to the two air-off cases. The jitter
spectra had only one major peak below 400 Hz, which was likely
due to the 16T vibration; the jitter spectra above »400 Hz had a
broadband character with no appreciable rolloff. The accelerome-
ters measured signi� cant vibrationswith narrow peaks at »200 and
500 Hz and a large broad series of peaks from »900 to 1300 Hz.
Surprisingly, there were no obvious peaks in the jitter spectra cor-
responding to those in the accelerometer spectra. Because the jitter
spectra included both vibrations and aerooptical distortions, this
lack of distinct peaks suggests that the vibrational portion of the
beam-jitter signal was less signi� cant than the aerooptical portion
at these frequencies.

For the 16T-on/air-on case, the coherence magnitudes and phase
behavior did not change signi� cantly for the accelerometer signals,
but the additionof aeroopticaldistortionto the jitter signal produced
coherence and phase behavior that was more irregular than the 16T-
on/� ow-off case.For the jitter-coherencepeaksat frequenciesbelow
500 Hz, the phaseanglewas approximately0 deg.This suggests that
disturbances below 500 Hz were caused by vibrations. For coher-
ence peaks at frequencies above 500 Hz, however, the phase angle
was generallynonzeroand graduallyincreasedwith frequency.This
was especially apparent in the cross-stream signal. Such nonzero
phase angles demonstrate a time differencebetween when an event
was measured by each sensor. Because vibrational phase speeds in
glass and steel are on the order of 6000 m/s (Ref. 26), a more likely

cause of these delays would be aeroopticaldisturbancesconvecting
between the beams.

Another way to assess which frequencies would be susceptible
to vibrational corruption would be to examine the beam-jitter co-
herence/phase behavior at different beam separations. (Recall that
accelerometerdata were only acquired for the three cases described
and so they were unavailablefor other beam spacings.) Because any
vibration would presumably disturb an entire window, one might
expect high coherence/zero phase at the affected frequencies to be
independent of beam spacing. Furthermore, one might expect that
any signi� cant vibration transmitted via the tunnel walls would be
common to the aerooptic-path windows at both stations 1 and 2.
When coherenceand phase angle for the station 1 window for beam
separations ± D 25:4 and 38.1 mm were examined, a common re-
gion of high coherence and near-zero phase angle was found to
extend from f ¼ 100 to »700 Hz. This was particularlyclear in the
cross-stream jitter component. In fact, similar results were found
when the analysis was applied to the station 2 data. For the station 2
case, moreover, the region of near-zero phase appeared to end by
f D 500 Hz. These data suggested that the high-pass � lter’s corner
frequency might reasonably be reduced to »500–700 Hz.

To further investigate what the proper � lter setting would be, a
series of wave front reconstructions were performed on a single
dataset from each tunnel station. During this series, the high-pass
� lter cutoff frequencywas varied. Each high-pass � lter was a third-
order, zero-phase-shiftButterworth � lter applied using MATLAB®

(as described in Ref. 7). The � lter’s corner frequencieswere chosen
to progressively pass individual peaks in the accelerometer power
spectra: 2 kHz (Ref. 7 case), 1.2 kHz (between expected structure
size and largest accelerometerpeak), 750 Hz, and 0 Hz (un� ltered).
Because station 1 began only 3.575-cm downstream of the splitter
plate trailing edge, only very small structureswould be present due
to an initial shear layer rollup or to aberratingdisturbances fed into
the shear layer from the splitter-plate boundary layer. Regardless
of their cause(s), these structures’ small spatial wavelengths corre-
spond to much higher frequenciesthan thoseof the vibrations.Thus,
low-frequency structures can be attributed to tunnel vibration. The
resulting OPD time series for station 1 are shown in Fig. 2. For
the un� ltered case (Fig. 2d), a fairly large, very-low-frequencytilt
corrupts the entire wave front measurement.Once the � lter’s corner
frequencyis raised to 750 Hz or above (Figs. 2a–2c), however, there
is no evidenceof a low-frequencytilt. This suggests that jitter signal
energy below 750 Hz can be attributed to vibration,as suggestedby
the results of the coherence/phase study.

When the same � lter settingsare appliedto station2 data, the OPD
time series shown in Fig. 3 result. When the 2-kHz � lter of Ref. 7
is applied (Fig. 3a), periods displaying large-scale structures were
intermittent (cf., time equal to 2–4.5 ms) and signi� cant periods
existed with only small-scale structures similar to those seen in the
station 1 OPDs (cf., time equal to 0–2 ms) as noted by Hugo et al.8

When the � lter is reduced to 1.2 kHz (Fig. 3b), large-scalestructures
appear in the regions that earlier had no large structures. These
structures correspond to a frequencyof »1.3 kHz. When the � lter’s
corner frequency is reduced further to 750 Hz (Fig. 3c), no new
structuresappear. In fact, the only change is a slight ampli� cation in
the earlier seen large structuresdue to the larger separationbetween
the � lter’s corner frequency and the structure frequency. When no
� lter is used (Fig. 3d), however, a lower-frequency vibration again
begins to corrupt the data, as was the case at station1: for t > 3:5 ms,
a large, low-frequencytilt dominates the signal.Based on the results
of these � lter studies and the coherence data at both stations, the
750-Hz high-pass � lter was chosen to minimize vibrational noise
in the data without removing frequencies corresponding to � ow-
structure sizes predicted using equations found in the literature.

Results
Evidence of Large-Scale Structures

With the lowering of the high-pass � lter cutoff frequency to
750 Hz, the station 2 OPDs are clearly dominated by large-scale
structures. As was shown in Fig. 3c, the effect of including these
large-scale structures is signi� cant: OPDrms increased approxi-
mately 60% as the high-pass � lter cutoff was lowered from 2 kHz
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a) High-pass � lter: 2000 Hz; ÅUc = 155:15 m/s, ÅMc = 0:456, and
OPDrms = 0:0453 ¹m ¼ 0:0716 waves

b) High-pass � lter: 1200 Hz; ÅUc = 154:27 m/s, ÅMc = 0:454, and
OPDrms = 0:0505 ¹m ¼ 0:0799 waves

c) High-pass � lter: 750 Hz; ÅUc = 154:16 m/s, ÅMc = 0:453, and
OPDrms = 0:0573 ¹m ¼ 0:0905 waves

d) High-pass � lter: 0 Hz (un� ltered); ÅUc = 152:97 m/s, ÅMc = 0:450, and
OPDrms = 0:2283 ¹m ¼ 0:3610 waves

Fig. 2 Effect of varying posttest, high-pass � lter setting from 2000
to 0 Hz on resulting wave front reconstructions, computed convection
velocity, and OPDrms . AEDC station 1, ± = 2:5 cm, and ¸ = 632:8 nm.

a) High-pass � lter: 2000 Hz; ÅUc = 166:22 m/s, ÅMc = 0:489, and
OPDrms = 0:167 ¹m ¼ 0:265 waves

b) High-pass � lter: 1200 Hz; ÅUc = 168:03 m/s, ÅMc = 0:494, and
OPDrms = 0:230 ¹m ¼ 0:364 waves

c) High-pass � lter: 750 Hz; ÅUc = 170:47 m/s, ÅMc = 0:501, and
OPDrms = 0:274 ¹m ¼ 0:434 waves

d) High-pass � lter: 0 Hz (un� ltered); ÅUc = 172:59 m/s, ÅMc = 0:508, and
OPDrms = 0:424 ¹m ¼ 0:669 waves

Fig. 3 Effect of varying posttest, high-pass � lter setting from 2000
to 0 Hz on resulting wave front reconstructions, computed convection
velocity, and OPDrms . AEDC station 2, ± = 2:5 cm, and ¸ = 632:8 nm.
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Fig. 4 Variation of OPL removed in OPD calculation with time for experimental reconstruction (± = 2:5 cm, high-pass � lter = 750 Hz) and numerical
simulation (±i/2 = 8:626 mm from Ref. 16), AEDC station 2.

to 750 Hz. The wave front time series shown in Fig. 3c is fairly rep-
resentativeof the station 2 data for this aperturesetting.The OPDrms

for all 186 ms of data acquired for this aperture and high-pass � l-
tered at 750 Hz is 0:242 ¹m or ¼0.383 waves (based on the HeNe
laser wavelength ¸ D 632:8 nm).

Another indication of large-scale structures can be seen in the
time-varying piston aberration, OPL, removed at each time step in
the computationof OPD. For instance,onecouldmodel a shear layer
vortex roller as a circular cylinderof � uid havinga differentdensity,
that is, index of refraction, than the surrounding � uid and its axis
aligned in the spanwise direction. Consider the optical aberration
this cylinderwould create as it crossed a much smaller optical aper-
ture. As the downstream edge of the structure entered the aperture,
there would be negligible distortion; the distortionwould gradually
increase, reaching a maximum when the beam passed through the
centerof the structure;� nally, the distortionwould againdecreaseto
a negligible level.4;25 As the structure convected across this (small)
aperture, most of the distortion amplitude would be contained in
the instantaneous mean OPL across the aperture [the OPL that is
removed by the OPD calculation, cf., Eq. (5)]. In fact, the exper-
imental OPL varies in just this way, as shown in Fig. 4. Note the
size of OPL: Over a larger aperture, this optical piston component
would result in a signi� cant increase in the overall OPD.

Because the wave front data were only acquired over a limited
aperture(5 cm), the large-scalestructuresappearas time-varyingtilt
aberrations as already discussed. Further extrapolation of the wave
front data to an aperture large enough to see the structure size would
be unreliablebecause turbulent structurescontinue to evolve as they
move downstream; however, an order-of-magnitudeestimate of the
large-scale structure size is still possible. An estimate of the struc-
ture size follows from Eq. (3). A typical period of one of the OPL
structures in Fig. 4 is ¼0.72 ms or fOPL ¼ 1415 Hz. From the wave
front reconstructionprocess, the averageconvectionvelocityduring
that cyclewas Uc D 160 m/s, which gives an estimatedstructuresize
3 ¼ 11:3 cm. Through Eq. (2), this value of 3 would correspondto
an instantaneous±vi z of 5.8–7.5 cm (dependingon the choiceof C3 ).
This also compares well with the 7–9 cm structure diameter mea-
sured in the holographic interferogram shown in Fig. 5. Whereas
these diameter estimates are considerably smaller than the average
vortical roller diameter predicted by Eq. (1) for the center of the
station 2 aperture (±viz ¼ 12:6 cm), it should be remembered that
Eq. (1) predicts an average value only. Because a shear layer grows

Fig. 5 AEDC station 2 holographic interferogram (� ow-visualization
path), from Ref. 5.

by the rollup and subsequentpairing of vortices, instantaneousvor-
tex rollers could be signi� cantly smaller than the Eq. (1) prediction
if a particular pairing event did not occur until downstream of the
aperture.27 It seems likely, therefore,that the largest-scale,distorting
� ow structurescorrespondto the vortex rollers and their connecting
braids observed in compressible shear layers.12;14

A � nal argument that these tilt aberrations are caused by large-
scale, compressible� ow structurescomes from comparisonof these
data to the recently published results of a numerical simulation of
this � ow� eld.16 In that study, a discrete vortex method was used to
produce a � rst-order approximation to the instantaneous, unsteady
velocity� eld in a weakly compressibleshear layer.From this known
velocity � eld, the resulting index-of-refraction� eld and wave front
aberrationswere computed.The numerical result for the 5-cm aper-
turecompareswell to the (replotted) experimentalresult,as shownin
Fig. 6. The dominantcauseof the numericalsimulation’s distortions
was the unsteady pressure � eld, which mechanically balances the
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Fig. 6 AEDC station 2 numerical simulation: ±i/2 = 8:626 mm (top)
(from Ref. 16) and experimental wave front reconstruction: beam
separation, ± = 2:5 cm, high-pass � lter = 750 Hz (bottom).

streamline curvature produced by large-scale, vortical structures.16

A more quantitative comparison of these data is shown in Fig. 7
for two sets of the individualwave fronts taken from corresponding
time steps, that is, accounting for the »0.24–ms difference in the
experimental and numerical wave fronts’ temporal wavelengths,
which can be attributed to the inability to completely match the
shear layers’ initial conditions. In both cases shown in Fig. 7, the
simulation does a good job of capturing the low-order shape of the
wave front.Only at the smallest scales are differencesbetween each
set of wave fronts greater than the 12% uncertainty of the exper-
imental data8; these differences coincide with smaller-scale struc-
tures that were not captured by the simulation and so were overlaid
later. (The simulation wave fronts in Fig. 7 are actually taken from
results shown subsequently, explained in the next section.) Simi-
larly, the OPL removed from the numerical simulation to match the
experimental aperture also compares well in amplitude and phase
with the experimental result as shown in Fig. 4, albeit with the
aforementioned difference in temporal wavelength. The similarity
of the numerical and experimental results in Figs. 4, 6, and 7 argues
that the measured aerooptical tilt aberrations are produced by the
largest-scale� ow structures.Note that, if these larger structures are
present, the OPD peak-to-peak error over a large aperture (like the
20-cm apertureof the originalRef. 16 simulation) would be consid-
erably larger than the approximately 0.1–0.25 waves reported for
the station 2 aperture in Ref. 8.

In addition to the large-scale structures, smaller-scaledistortions
are also present in the station 2 wave fronts. The size and structure
of these � ne-scale distortions are reminiscent of the station 1 wave
front aberrations and are examined in next section.

Fig. 7 Comparison of individual AEDC station 2 experimental wave
fronts (from Fig. 6) with numerical simulation and superimposed
station 1 wave fronts (from Fig. 10) at corresponding time steps.

Small-Scale Structures
Wave fronts measured at both stations 1 and 2 feature small-

scale distortions that are shown most clearly in the station 1 wave
fronts of Fig. 2c. With the available � ow diagnostic data essentially
limited to the pulsed-holographic-interferometry results presented
in Ref. 5, the cause(s) of these � ne-scale optical distortions cannot
be determinedwith certainty;however, the wave front and jitter data
can be used to suggest a possible explanation for these distortions.

For the station 1 aberrationsto be caused by a vortex rollup of the
shear layer as was discussed for the station 2 wave fronts of the last
section, the initial rollup would need to occur by the beginning of
the SABT aperture, 3.575 cm downstream of the splitter plate trail-
ing edge. This initial rollup occurs when the shear layer momentum
thickness µ grows to approximately three times the wavelength ¸n

of the shear layer’s most unstable frequency mode fn (Ref. 27).
This most unstable mode can be estimated from the momentum
thicknessof the high-speedstream at the splitter plate trailing edge,
µ0 (Refs. 27 and 28). For the presumed-turbulent,AEDC splitter-
plate boundary layer, µ0 · 0:38 mm would be required for rollup by
x D 3:575 cm (Ref. 27); if a 1

7
-power law velocitypro� le is assumed,

this corresponds to a boundary-layer thickness ±99% · 3:92 mm
(Ref. 29). An estimate of ±99% can also be made for the AEDC
shear layer from the station 1 holographic interferogram shown in
Fig. 8. Large fringe shifts mark the high-speedsplitter-platebound-
ary layer, which maintains its approximate thickness and character
as it progresses downstream, at least to the center of the SABT
measurement aperture. At the splitter trailing edge, ±99% ¼ 6:5 mm,
suggesting the initial shear layer rollup would occur near the center
of the SABT test aperture. Indeed, the character of the fringe shifts
changesdownstreamof the centerof the SABT aperture, suggesting
such a rollup has occurred. Close inspection of Fig. 2c, however,
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shows the largest wave front aberrations to have a spatial extent of
1–2 cm and to be already present at the beginning of the SABT
aperture. Because Fig. 8 shows no noticable change in shear layer
structure between the splitter-plate trailing edge and the start of the
SABT aperture, it is highly unlikely that the measured distortions
were produced by shear layer rollup. Thus, the small-scale aberra-
tions are likely formedby a differentmechanismthan the large-scale
distortions that dominate the station 2 wave fronts.

Another indicationof thecauseof the � ne-scaledistortionscomes
from examining the jitter signals themselves.A sample of these sig-
nals are shown for the upstream detector in Fig. 9. The cross-stream
beam- jitteramplitudeis of the same orderas the streamwisecompo-
nent.Wissler and Roshko foundthat this sortof jitterbehaviorcorre-
sponds to the three-dimensionalturbulencethat occurs downstream
of so-called “mixing transition.”30 [For a shear layer produced from
laminar splitter-plate boundary layers, mixing transition occurs for
x=µ0 of at least 150 (Ref. 31).] Because the upstreambeamis located
at the beginning of the aperture (where x=µ0 ¼ 60 only), already
turbulent � ow must be entering the station 1 aperture. These struc-

Fig. 8 AEDC station 1 holographic interferogram (� ow-visualization
path), from Ref. 5.

Fig. 9 AEDC station 1 beam-jitter signals: upstream detector (United Detector Technologies Model 301 ampli� er) (frequency-compensated signals,
high-pass � ltered at 750 Hz).

tures convect through the aperture at »Uc, as is clearly shown by
Fig. 2c. Such turbulent structures could form in the compressible
boundary layer on the high-speedside of the splitter plate and/or on
the observationwindowin the tunnelwall.32 Both of thesedistortion
sources are apparent in the holographic interferogramof Fig. 8.

A possible mechanism for creating optical distortions in a tur-
bulent boundary layer is by adiabatic heating. The large velocity
gradient (0.8 Mach to zero) over the small thicknessof the turbulent
boundary layer could create dissimilar-temperatureturbules by the
adiabatic heating, which would accompany the local � ow decelera-
tion.These dissimilar-temperatureturbuleswould havea spatialsize
that could be a signi� cant fraction of the turbulent boundary-layer
thickness. The characteristic size of these structures appears to be
»1–2 cm (cf., Fig. 2c). Once created, these turbules would likely
convect at approximately the shear layer convection speed Uc (for
the splitter-plate boundary-layer-caused scenario) or ¼U1=2 » Uc

(window boundary-layercase).
Once createdand convecting,the next questionis how long would

such structures persist? If the turbules were convecting along at
Uc ¼ 150 m/s, the convection time from the splitter plate trailing
edge to the center of station 2 would be approximately 3 ms. The
heat transfer time constant ¿ for one of these turbules can be esti-
mated by modeling it as a hot sphere of � uid, initially at a constant
temperature,conductingheat to the lower-temperaturesurrounding
� uid. As a fastest case, the surrounding � uid can be considered as
a large reservoir that conducts the heat away fast enough that the
temperature at the surface of the sphere remains at the reservoir
temperature. The temperature � eld within the sphere is governed
by the heat-diffusion equation; its solution is a Fourier sine series
for which each mode has a different ¿ (Refs. 33 and 34). For a
1–2 cm diam sphere at the AEDC conditions, a rapid reduction
in the initial temperature gradient would occur near the sphere’s
edge (due to the fast decay of higher-ordermodes); however, in the
absence of external shear, neither the overall temperature nor size
of the sphere, that is, effective radius, would signi� cantly change,
even in the time required to convect to station 3. The time constant
of the lowest-order modes was found to be ¿ » 56 ms, more than
15 times the convection timescale.17 Because this thermal-diffusion
time constant is an order of magnitude larger than the convective
timescale, it is reasonable to assume a thermal turbule could retain
its dissimilar index as it convected through the test section.

No matter how a thermal turbule was originally formed, whether
in the splitter plate or window boundary layer, its effect would be to
superimpose a small-scale distortion on the wave front. In the � rst
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Fig. 10 AEDC station 2 wave fronts produced by superposition of nu-
merical simulation (Fig. 6) and station 1 experimental data (Fig. 2c),
from Ref. 16.

case, the small � ow structures would be expected to be entrained
into the mixing layer and remain essentially unchanged; in the sec-
ond case, the boundarylayer on the window at station 2 (now thicker
than it was at station 1) would be superimposedon the mixing layer
distortion. Both of these cases suggest that the overall OPD might
be modeled as a superpositionof a large-scaleaberrationassociated
with shear layer rollup and small-scale aberrations similar to those
measured at station 1. To investigate this possible distortion mech-
anism, the aberrationsshown in Fig. 2c were linearly superimposed
on the numerical results of Fig. 6 to produce Fig. 10. The simula-
tion wave fronts in Fig. 10 do have comparablestructureamplitudes
and wavelengths to the experimental wave fronts of Fig. 6 as was
clearly shown in Fig. 7. The poor amplitude/position matching of
the small-scale aberrations in Fig. 7 would be expected because
no attempt was made to link individual window 1 aberrations with
those of similar scale measured in the window 2 aperture. Thus, it
seems at least feasible that the small-scale distortions were caused
by temperature structures that have been entrained into the larger-
scale swirling eddies of the shear layer and/or due to the turbulent
boundary layer on the tunnel window.

Understandingthephysicalmechanismscreatingthesewave front
aberrations is ultimately important for optical-systemdesign appli-
cations. If the measured OPD structures were caused solely by the
shear layer rollup and concomitant pressure � elds superimposed
on a dirty temperature � eld (fed into the shear layer at the split-
ter plate), station 2’s 5-cm test aperture could lead one to associate
these aberrations with the largest-scale � ow structures. Thus, sub-
sequent estimates of the dominant OPD wave numbers and tempo-
ral frequencies for a large-aperture case, that is, >5 cm, would be
overpredictedif the Ref. 8 data were used directly.Such an overpre-
diction would cause a similar overprediction of the required band-
width to accomplish adaptive-opticalcorrection for a compressible
shear layer. Moreover, if the measured station-2 OPDs were caused
by such a superposition, the small-scale portion of the aberration
might be reduced or eliminated by a special treatment, for example,
suction removal, of splitter plate and window boundary layers. The
bandwidth needed for adaptive-optical corrections of the remain-
ing, large-structure-causedaberrations might then be reduced from
6 to 1.5 kHz. Another dedicated experiment similar to the AEDC
test is required to resolve these issues. Such a test would determine
the condition of the splitter plate and tunnel wall boundary layers
upstream of the shear layer.

Conclusions
Hugo et al. successfullyobtained the � rst time-resolved,time se-

ries of optical wave front measurements in the AEDC compressible
shear layer facility.7;8 Their choice of a 2.5-kHz, high-pass digital
� lter to remove vibrationalnoise from their jitter signals, while ap-

propriate for the 5-cm test aperture, removed the optical distortions
createdby the largest-scale� ow structuresthat affect larger-aperture
optical-systemperformance.A more detailed examinationof vibra-
tion and wave front data justi� ed reducingthe high-pass� lter setting
from 2500 to 750 Hz. With this lower � lter setting, clear evidence
of large-scale structureswas present in AEDC-station-2 OPD time-
series data. These large-scale aberrations appear to be comparable
in size to the vortices created during shear layer rollup and match
the character and amplitude of those predicted by a recent numeri-
cal simulation.16 The underlying� ow structureswould also produce
much larger overall OPDs than those presented in Ref. 8. Because
typical airborne telescopes and laser systems use apertures much
larger than the 5-cm aperture tested at AEDC, signi� cant optical
degradation could result.

A possible mechanism was suggested to explain smaller-scale
distortions observed in both the station 1 and station 2 wave fronts.
If this mechanism proves to be correct, the overall wave front might
be modeled as a superpositionof large- and small-scale distortions.
In fact, a superposition of the experimentally measured station 1
wave fronts on a numerical simulation of the large-scale distor-
tions produces wave fronts that closely resemble those measured
at station 2. These small-scale distortions might be removable by
boundary-layersuction, for example.

An experimental dataset has now been obtained and reduced for
light propagation through a compressible shear layer. Analytical
models of the compressibilitymechanismand scaling laws can now
be explored and validated against this dataset.
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