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Time series of spatially resolved, aberrated wave fronts distorted by propagation through a compressible shear
layer are presented. These wave fronts were measured using the small-aperture beam technique (SABT) applied

to the compressible free shear layer facility at Arnold Engineering Development Center. Two viewing stations
were investigated at the facility, the ® rst directly downstream of the compressible shear layer’s splitter plate and

the second at a location 48.3 cm downstream of the ® rst station. The ® rst station was found to have optically
active structures of approximately2.5 cm in spatial extent, convecting at approximately160 m/s, and inducing rms

aberrationson the order of 0.06waves.Thesecond station hadopticallyactive structures approximately5 cm in size,
also convecting at approximately160 m/s, and causing distortions on the order of 0.17waves. The SABT was shown

to be an effective means of measuring high-bandwidth optical wave fronts in a far from ideal laboratory setting.

I. Introduction

T HE study of optical transmission characteristics through com-
pressible shear layers is usually performed for two distinct

reasons: ® rst, to quantify some characteristic of the compressible
shear layer’s ¯ uid mechanics and, second, to quantify the optical
degradation imposed by the shear layer on the optical wave front.
The engineeringsigni® canceof the ® rst case is to studymixing layer
developmentfor ¯ ow researchpurposes,whereas the signi® canceof
the secondcase is to quantifythe ¯ ow® eld’s aberratingeffectson the
transmission/receiving characteristicsof an optical system needing
to transmit through the compressible shear layer. Although the ob-
jectives are differentand, in general, the speci® c informationsought
is different, it is clear that the two purposes are interrelated as an
aberrated optical signal is caused by the variant index-of-refraction
® eld generated by the convecting¯ ow® eld structures. In the case of
airborne optical platforms, that might include airborne imaging or
tracking systems or, of more recent interest, airborne laser weapon
systems; the aberrating in¯ uence of ¯ ight Mach number compress-
ible shear layers can be a major driver in the overall system design.
The association of the study of the optical transmission quality of
free and wall-boundedshear layers with airborne optical systems is
referred to as aero-optics.

Optical aberration of a wave front is usually quanti® ed as root-
mean-square optical path difference (OPDrms), in units of length,
and provides a statistical description of how much a planar optical
wave front leads and/or lags its mean wave front position, averaged
over the viewing aperture, after emerging from the aberrating ¯ ow.
The aberration may also be quanti® ed in terms of waves, which
is the magnitude of the OPDrms divided by the wavelength of the
optical signal k . Once the wave front error is known in waves, an
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estimate of the system performancedegradationcan be made. Such
degradationis oftenquanti® ed by S, the Strehl ratio,1 which is a ratio
of the peak intensity of the so-called far-® eld pattern formed by the
opticalbeam with aberrationspresent, I , to the peak intensityfor the
unaberrated beam (i.e., the diffraction-limitedcase), I0. The Strehl
ratio is usually estimated using the large-aperture approximation,2

which assumes that the spatial scale of the aberrations are both
random and small compared to the dimensions of the aperture:

S = exp ( ¡ [2 p
OPDrms

k ]
2

) (1)

From Eq. (1) it can be seen that 0.1 waves of wave front distor-
tion leads to a Strehl ratio of 0.674. In the case of laser weapon
systems where the intensity on target is the damage mechanism,
this means a 33% loss in effectiveness. In the case of organized
structure on the wave front, the large-aperture approximation has
been shown to underestimate the reduction in Strehl ratio.3 Clearly,
detailedknowledgeof the instant-to-instantaberratingenvironment
has a direct impact on the laser power sizing requirements of such
systems that in turn directly affect the overall airborne platform.

One of the ® rst aero-opticalinvestigationswas performedby Stine
and Winovich4 in 1956, where the Strehl ratio for transmission
through a compressible wall-bounded turbulent mixing layer was
measured.Advancesin technologyhave enabledmore recentstudies
to quantifymore detail concerningthe optical wave front distortion.
As an example, Trolinger5 used pulsed holographic interferometry
to measure discrete snapshots of the optical wave front for trans-
mission throughaircraftturrets at high-subsonic-¯ow velocities.Al-
though rich in the amount of spatial data provided, the holographic
interferogramswereonlysnapshotsof the ¯ ow® eld and as suchwere
unable to examine the time evolution of the ¯ ow® eld-inducedaber-
ration. Improvements in Shack±Hartmann sensing technology,6 , 7

most notably in terms of faster charge-coupled-device array and
line-scan cameras, as well as in microlens fabrication techniques,
has led to the case where one-dimensionaloptical wave fronts can
be measured at rates of up to 5 kHz (Refs. 8 and 9). The current
investigationuses a wave front sensing technique that is a derivative
of the Shack±Hartmann sensor; details of the technique are given in
a later section.

The investigation presented in this paper was performed in the
Acoustic Research Tunnel (ART) located at Arnold Engineering
Development Center. The ART facility was modi® ed to produce a
compressible shear layer with optical access designed for the pur-
pose of performing aero-optical investigations. The compressible
shear layer simulates the shear layer that might be produced by a
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Fig. 1 Schematic of ART facility, from Ref. 10.

transonic-aircraft slip stream ¯ owing past an optical viewing port
in the side of the fuselage. A detailed description of the facility
can be found in Ref. 10. The shear layer is produced by two uni-
form airstreams with nominal Mach numbers of 0.8 and 0.1. For
the tests reported here, the unit Reynolds numbers for the fast and
slow streams were 12.7 and 1.4 £ 106/m, respectively.Each stream
had the same total temperature, which was approximately the daily
atmospheric temperature (27±C, nominally), and the static pressure
across the shear layer was constant and equal to stream-matched
static pressures of about 0.6 atm (Ref. 10). A schematic of the ART
facility is shown in Fig. 1.

The ART facility was designed with three observation windows
successively downstream from one another. Each observation sta-
tion consisted of a total of four windows, two for viewing in the
direction of the span of the compressible shear layer (as in the case
shown in Fig. 1), and two for viewing in a direction normal to the
span of the compressibleshear layer.The latter viewingdirectionin-
volves the scenario most often encountered in a typical aero-optical
con® guration (viewing through the compressible shear layer over
the open cavity of an atmospheric ¯ ight vehicle, for example). The
original design of the ART facility, as described by Havener and
Heltsley,10 was to use both holographic interferometry and particle
image velocimetry simultaneously in order to investigate the ¯ ow-
® eld’s velocity dynamics and its relation to optical transmission
characteristics;however,due to a poorsignal-to-noiseratio,Havener
and Heltsley were forced to conclude that holographic interferom-
etry could not be used as an appropriate aero-opticaldiagnostic for
the facility.

Instead,a newlydeveloped,time-resolved,one-dimensionalwave
front sensor, the small aperturebeam technique(SABT) sensor,11, 12

was applied to the problem. The results of the application of the
SABT sensor to the measurement of aberrations for optical prop-
agation through the ART facility compressible shear layer are re-
ported here. Prior to this application, the SABT wave front sensor
had only been applied to an idealized laboratory setting where there
were few mechanical vibrations, optical viewing was not restricted
by windows, and the ¯ ow® eld velocities (on the order of 7 m/s) led
to frequencies below 5 kHz. The ART facility, on the other hand,
presented a dif® cult ¯ ow® eld in which to measure the optical aber-
rations due to the need to view through optical windows, which
were inherently coupled with large facility vibrations, and due to
the high-¯ ow® eld velocities (on the order of 300 m/s) that lead to
¯ ow® eld frequencies in excess of 30 kHz. To our knowledge, a
measurement of time-resolvedoptical wave fronts for transmission
through a compressible free shear layer have never been previously
made. This paper presents the application of the SABT to the ART
facility, and in the process will discuss the problems encountered,
solutions found, and results obtained.

II. Fundamentals of the SABT
As mentioned in the Introduction, the SABT is a method of mea-

suring opticalwave fronts at relativelyhigh temporalbandwidth (cf.
Refs. 11±13). This bandwidth is high enough to capture a time se-
ries of the wave front that resolves the instant-to-instanttime evolu-
tion of the optical aberrationsimposedby structuresassociatedwith
shear¯ ows well into the compressibleregime.The SABT consistsof

monitoringthe off-axispositionofmultiplesmall-aperture(¼ 1 mm)
probebeams that traversean opticallyaberrating¯ ow® eld in a direc-
tion normal to the mean convection velocity. Knowing the distance
that the probebeam travelsbetween theopticallyaberratingmedium
and the location where the off-axis position is monitored, the off-
axis angle h of the emerging probe beam (beam jitter) as a function
of time can be directly computed. Through Huygens’principle,14

the off-axis angle of the emerging beam is known to be equal to
the local spatial derivative of the optical wave front at the location
of the small-aperture beam’s transmission. This is the principle on
which Shack±Hartmann wave front sensing is based.6

The SABT performs in much the same manner as the Shack±
Hartmann wave front sensor (SHWS); however, unlike the SHWS,
the SABT takes advantage of the fact that the optically aberrating
¯ ow® eld is convecting. This idea was ® rst exploited by Malley et
al.15 in the invention of an instrument that used the off-axis time
history of a single small-aperture probe beam along with the ¯ ow-
® eld’s mean convection velocity to compute the statistical OPDrms

at the small-aperture probe beam’s ¯ ow® eld location. The SABT
builds on the ideas of Malley et al. and extends them by using mul-
tiple probe beams, allowing for the construction of time-resolved
and large- (relative to the small-aperturebeam itself) aperture opti-
cal wave fronts with a fewer number of sensors than the traditional
SHWS. This reduced requirement on the number of sensors neces-
sary to construct a given optical wave front reduces the demands on
the data-acquisitionsystem, leading to the case where high temporal
bandwidth can be achieved. Although the SABT is, at present, only
able to construct wave fronts in the ¯ ow direction, many ¯ ow® elds
of aero-optical interest, such as the one reported on here, are essen-
tially two dimensionalover large regionswhere optical propagation
would take place. As such, the one-dimensional wave front can be
generalized to the cross-stream direction, thereby rendering a full
two-dimensionalwave front.

The fundamental equations behind the SABT can be derived by
starting with the basic equation on which the SHWS is based6:

dOPL(t, x)

dx

ê
ê
ê
ê x = 0

= ¡ h (t , x = 0) (2)

where OPL is the optical-path length and h is the off-axis angle of
the small-aperture probe beam, both at time t and spatial location
x = 0. Multiplying this equation by the instantaneous convection
velocity results in

dOPL(t , x)

dx

ê
ê
ê
ê x = 0

dx

dt
= ¡ h (t, x = 0)Uc (3)

Doing this implicitlyassumes that all of the opticallyactivemedium
along the OPL convects at the same velocity Uc. Integrating this
equation with respect to time yields

OPL(t , x = 0) = * t

t0
¡ h (t, x = 0)Uc dt + OPL(t0, x = 0) (4)

This is an equation for the OPL at the location of the small-aperture
beam (x = 0) as a function of time. The goal is to obtain the optical
wave front both as a function of space (across the aperture) and
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Fig. 2 Space± time representation of reconstructed OPDs for experi-
mental two-dimensional heated jet ¯ ow® eld, from Ref. 12.

time. This can be computed using the frozen ¯ ow assumption and
the following equation:

x = ¡ Uc(t ¡ t ¤ ) (5)

where t ¤ refers to the instant in time at which the spatial OPL is
desired.Equations(4) and (5) composethebasic theoryon which the
SABT is based. Application of these equations requires special care
in the evaluationof the instantaneousconvectionvelocity and in the
determinationthe ¯ ow® eld-evolutionrate to assess the applicability
of the frozen ¯ ow assumption (cf. Refs. 11±13).

An example of a time series of one-dimensionalwave fronts ac-
quired using the SABT over an aperture equal to one nozzle width
over a time period roughly equal to four structure-clearingtimes for
optical propagation through a two-dimensional heated jet is shown
in Fig. 2 (Ref. 12); these wave fronts are presented in a space-time
waterfall-plot format. The data presented in Fig. 2 were acquired
at two nozzle widths downstream of the jet nozzle exit plane. The
individual peaks and valleys in the waterfall plot represent the mo-
tion of large-scale coherent structures through the viewing aperture
(2.0 < X/ D < 3.0). Similar constructions for the data from the
ART facility will be presented in the same waterfall-plot format in
a later section.

III. Applying SABT to the ART Facility
The ART ¯ ow® eld facility along with the SABT hardware can be

seen in Fig. 3, and a schematicof the optical-benchlayout for the ex-
periment is shown in Fig. 4. In the con® guration shown, the optical
bench was positioned for measurement at station 2. In the back-
ground of the picture is a low-power He±Ne laser beam (¼ 1 mW),
which is directed through a two-lens telescoping system and then
toward a beam-splitter device. The purpose of the beam-splitter de-
vice is to split the one He±Ne beam into multiple probe beams, each
spaced a variable but equal distance d apart. Only two probe beams
were used in the experiment, with the ® rst probe beam ® xed at a
given spatial location and the second probe beam traversed in the
downstream direction.

After leaving the beam-splitterdevice, the two probe beams were
re¯ ectedoff of the ® rst directingmirror (one 90-deg z-to-y axis turn;
cf. Fig. 4), transmitted upward through the window at the bottom
of station 2, then through the shear layer, and then out through
the window at the top of station 2. The beams were then re¯ ected
off of the two return mirrors (two 90-deg turns, the ® rst a y to z
and the second a z to y) and then traveled back (external of the
¯ ow® eld facility) to the optical bench where they encountered the
second directing mirror (one 90-deg y-to-z axis turn). The beams,
traveling horizontally, were then re¯ ected through a 90-deg z-to-
x axis turn and separated before impinging on the position-sensing
lateral-effectdetectors[UnitedDetectorTechnologies(UDT) model
SC-10D]. The signal from one of the lateral-effect detectors was
ampli® ed using two UDT model 301 30-kHz ampli® ers, whereas

Fig. 3 ART facility with SABT equipment on optical bench.

Fig. 4 Top view of optical bench layout.

the signalfromthe secondlateral-effectdetectorwas ampli® ed using
an ampli® er constructed at Notre Dame (in-house ampli® er).

During the experiment,aero-opticallyaberratedwave frontswere
measuredat both stations1 and 2. Data from station 1 were acquired
with the ® rst probe beam ® xed spatially in the upstream position,
while the second probe beam was traversed in the downstream di-
rection in incrementsof 0.3 cm up to a separationdistanceof 5.1 cm.
Data from station 2 were acquired in a similar manner; however, in
this case the second probe beam was traversed in the downstream
direction in increments of 0.6 cm up to a separation distance of
5.7 cm. At station 1, six blocks of 4000 data points were acquiredat
75 kHz for each probe-beam spacing combination, while a total of
® ve blocks of 4000 data points at 75 kHz were acquired from sta-
tion 2 for each probe-beamspacingcombination.Facility vibrations
were assessedby placing accelerometersby the two windows at the
bottom of the tunnel through which the probe beams transmitted
(one accelerometer per window). The accelerometer signals were
acquired at 100 kHz.
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Using several techniquesdetailed in Ref. 16, the vibration,which
imposed a jitter onto the probe-beam signals, was determined to be
con® ned to a frequency band between 8 Hz and 2 kHz. Removal
of this vibrational noise was achieved through a postprocessing
operation by using a high-pass third-order zero-phase-shiftButter-
worth ® lter in MATLAB with a cutoff frequencyof 2.5 kHz. Details
of this procedure are given in Ref. 16.

IV. SABT Data Analysis
After removing the vibrationalnoise from the beam-jittersignals,

the data were in a state that allowed them to be analyzed using the
SABT. This data analysis was conducted in two steps: the ® rst step
examined the accuracy issues associated with the application of
the SABT to the ART-facility ¯ ow® eld; the second step processed
the acquired beam-jitter signals using the SABT, producing optical
wave fronts.

Accuracy Issues

As described in detail in Refs. 12 and 13, accuracy issues were
addressed by computing the cross-correlationcoef® cient functions
of the beam-jitter signals for different probe-beam spacings. Sta-
tionary and nonstationary (cf. the following and Ref. 17) cross-
correlationcoef® cient functionswere used to quantify the ¯ ow® eld-
evolutionrates.The stationarycross-correlationcoef® cient function
is evaluated by

q h 1 h 2
( s , d ) =

Rh 1h 2
( s , d )

r h 1
r h 2

=
E[h 1(t , x)h 2(t + s , x + d )]

r h 1
r h 2

(6)

where E denotes ensemble averages over many time records,
h 1(t , x1) and h 2(t , x2) are the upstream and downstream jitter sig-
nals, respectively, and r h is the rms of a particular jitter signal. The
nonstationary estimate for the cross-correlation function is evalu-
ated forone singledata record (i.e.,no ensembleaveraging)andover
a relatively short period of time (short with respect to the amount
of time required to obtain stationarity17 from the data set). The non-
stationary cross-correlationfunction is given by

ÃRh 1h 2 , tOPD
(r D t , d ) =

1

N

N

S i = 1

h 1(tOPD ¡ r D t

+ i D t, x)h 2(tOPD + i D t , x + d ) (7)

where r represents integer lag numbers ranging from zero up to a
predetermined value, N represents the total number of data points
used to evaluate the cross-correlation function, and the caret indi-
cates a nonstationaryestimate. The maximum value of N was set to
cover the convection of approximately two cycles (or structures) in
the ¯ ow, while the maximum value for r was set at N /2.

Stationary cross-correlationcoef® cient functionswere computed
for the data from both stations 1 and 2; these results are shown
in Figs. 5 and 6, respectively. The data from station 1 showed un-
usual behavior for the smaller probe-beam spacings in that the ex-
pected decay of the maximum value of the cross-correlation coef-
® cient with increasing probe-beam spacing decreased prematurely
for d = 1.0 cm. Otherwise, the curves for larger probe-beam spac-
ings at station 1 and all of the curves at station 2 looked as would
be expected; that is, the maximum value of the cross-correlation
coef® cient decreased with increasing probe-beam spacing and the
time delay increased, signifying a longer time for the structure to
convect over the longer distance. Taking the maximum values from
the cross-correlation coef® cient curves for each probe-beam spac-
ing and plotting these values as a function of probe-beam spacing
results in the ¯ ow® eld-evolution-rate curve, shown in Fig. 7 (cf.
Refs. 12 and 13).

As detailed in Refs. 12 and 13, the ¯ ow® eld evolution rate curve
allows a means for estimating the magnitude of error in the opti-
cal wave front constructions. The optical wave front constructions
performed for both stations 1 and 2 used the data for a probe-beam
spacing of d = 2.5 cm. With this spacing, the maximum value of
the cross-correlationcoef® cient function was 0.16 for station 1 and
0.30 for station 2. From the error estimate techniques outlined in
Refs. 12 and 13, the OPD error was estimated to be on the order of
18% for station 1 and 12% for station 2 (based on the peak-to-peak
value of the constructed wave front).

Fig. 5 Stationary cross-correlation coef® cient function at station 1.

Fig. 6 Stationary cross-correlation coef® cient function at station 2.

Fig. 7 Flow® eld evolution rate.

Extracting more than accuracy estimates for wave front con-
structionsfrom the stationarycross-correlationcoef® cient functions
should be undertaken with caution. It is tempting, for example, to
extract the ¯ ow® eld aberrating-structure convection velocities by
measuring the time delay at which the peak values of the cross-
correlation curves occur and dividing this time into the spacing
between probe beams. Setting aside uncertainty issues associated
with inferring the convection velocity for small probe-beam spac-
ings ( d < 1.0 cm) where the convection time is on the order of the
time step between probe-beam samples, applying this method to
the stationary cross-correlationcoef® cient curves at station 1 infer
a convectionMach number of approximately0.43, which is consis-
tent with nonstationary analysis techniques that will be discussed
subsequently.A convectionMach number of 0.43 is also consistent
with expected structure convection Mach numbers for a free shear
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layer with its high-speed stream at Mach 0.8 and its slow-speed
stream at Mach 0.1, as is the case here.Use of these stationarycross-
correlation curves for station 2 in the same manner as for station 1,
however, leads to nonphysical Mach numbers ranging from 0.7 to
0.8.The reasonsfor thesenonphysicalinferencesisaddressedsubse-
quently in the discussion of nonstationarydata analysis techniques.

It is also tempting to infer an estimate for the average structure
size of the ¯ ow® eld’s optically aberrating structures by examining
the stationarycross-correlationcoef® cient functions.Whena second
or new maximum value is seen to enter into the cross-correlation
coef® cient function curve with increased probe-beam spacing, it is
known that one entire cycle of the structure has been allowed to
pass between probe beams. The inference is that the probe-beam
spacing for which this occurs is approximatelyequal to the average
optically active structure’s size.

In the case of station 1, obvious second peak entrances are in
evidencefor d > 1.0 cm,andstructuresizesof approximately2.5cm
may be inferred; these are consistent with structure sizes measured
from wave front constructions,as will be discussed. Such structure
size inferences from the station 2 cross-correlation curves are less
certain and due to misleading Mach number inferences from these
curves, extraction of structure size information should be avoided
when using stationary analysis techniques.Because of the care that
must be taken when using nonstationary data analysis techniques,
inferring both convection Mach number and structure size from
stationary data analysis techniques of probe beam data should not,
in general, be accepted a priori.

Fig. 8 Station 2 wave front construction (good):± = 2.5 cm, U = 145.3
m/s, M = 0.427, and OPDrms = 1.00 £ 10¡ 7 m ¼ 0.158 waves.

Fig. 9 Station 2 wave front construction (poor): ± = 2.5 cm, U = 263.3
m/s, M = 0.775, and OPDrms = 9.53 £ 10¡ 8 m ¼ 0.151 waves.

Fig. 10 Cross-correlations station 1.

Fig. 11 Cross-correlations station 2.

Optical Wave Front Constructions
The optical wave front constructionscan be performed using the

ideas presented in Refs. 11±13. Two resulting constructionsfor sta-
tion 2 data are shown in the waterfall plots in Figs. 8 and 9. The plot
in Fig. 8 shows peaks and valleys moving off in space±time, which
were seen before for the heated two-dimensional jet data (Fig. 2);
however, theplot in Fig. 9 shows a very poor construction.The mean
of the instantaneous Mach numbers that were used for the compu-
tation in Fig. 8 was 0.427, whereas the one in Fig. 9 was 0.775.
The problem of a high Mach number for station 2 data was also
encounteredearlier when the Mach number was estimated from the
stationarycross-correlationdata. In an attempt to furtherunderstand
the cause of this unrealisticallyhigh velocity, the method of velocity
estimation was examined and will be discussed next.

In performing the optical wave front constructions, the instanta-
neous convection velocity was required and, thus, was computed
at a given instant in time using nonstationary data analysis tech-
niques. The reason for using nonstationarydata analysis techniques
is becausethe true instantaneousconvectionvelocityof the optically
aberrating structures varies as a function of time. In performing this
instantaneous cross-correlation,data from the passage of approxi-
mately two structures were taken from both the upstream and the
downstream probe-beam signals and then cross correlated. An ex-
ample of three instantaneous cross-correlation curves along with
the statistically converged cross-correlation curve (i.e., stationary
analysis), all at a probe-beam spacing of 2.5 cm, is given for data
from stations 1 and 2 in Figs. 10 and 11, respectively.On all of the
cross-correlation plots, vertical lines have been drawn at different
time delays s denoting the Mach numbers that would be computed
for those time delays with the probe-beam spacing of 2.5 cm.

The instantaneouscorrelations for station 1, shown in Fig. 10, all
show the case where the peaks of the correlationcurves are in a re-
gion that would yield a Mach number on the order of 0.5. This trend
is re¯ ectedin the stationarystatisticallyconvergedcorrelationcurve.
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The instantaneouscorrelationsare seen to be periodic in nature with
a period on the order of 1.5 £ 10 ¡ 4 s. All three instantaneouscorre-
lation curves show one full cycle in the range 0 s ! 1.5 £ 10¡ 4 s,
which indicatesthat the size of the one cycle in the optical aberration
(a structure) is approximately the size of the probe-beam spacing,
2.5 cm, in agreement with the earlier discussion on structure sizes.
The peak in the correlation curves at s = 1.5 £ 10¡ 4 s represents
the amount of time that it takes a structure to move from the up-
stream beam to the downstream beam. The smaller magnitude peak
evident in the instantaneouscorrelationcurves at a time delay of ap-
proximately 7 £ 10¡ 5 s would correspond to the front of a structure
correlating with the back of a structure or vice versa.

The instantaneouscorrelations for station 2 shown in Fig. 11, on
the other hand, show a different character of periodicity than was
seen in the correlations at station 1. The instantaneouscorrelations
are seen to be dominated by cycles of three to four peaks, with the
® rst peak occurring most regularly and at a time delay of 9 £ 10 ¡ 5 s
and with the other peaksbeing less regularand at longer time delays.
This peak at a time delay of 9 £ 10¡ 5 s, like the 7 £ 10¡ 5 s peak
for station 1, can be attributed to the correlation of one part of a
structure with a different part of the same structure. The fact that
the statistically converged correlation curve shows the peak at a
time delay of 9 £ 10¡ 5 s suggests that the correlation of one part
of a structure with a different part of the same structure occurs
more frequently (several times per structure) than the correlation
between one part of a structure with itself after it has convected
downstream. It is believed that this correlation of one part of a
structure with a different part of the same structure is what led to
the erroneous inference of convection velocity from the stationary
cross-correlationcurves in Fig. 6.

To remove the nonphysical convection velocity estimates result-
ing from thecorrelationof onepartof a structurewith a differentpart
of the same structure, the tolerances for acceptable Mach numbers
or convection velocities in the SABT procedure (cf. Refs. 11±13)
were narrowed from the previous range of 0.2 ! 0.9 to 0.3 ! 0.6.
This restrictionserved to ® lter out the erroneousvelocity estimates.
Figure 12 shows the optical wave fronts constructedusing the same
beam-jitter data as was used for the waterfall plot in Fig. 9, the only
difference being that the construction in Fig. 9 was made using the
convection velocity tolerance of 0.2 ! 0.9, whereas the construc-
tion in Fig. 12 was made using the tolerance of 0.3 ! 0.6. The
effect of these new tolerancesare re¯ ected by the fact that the mean
of the instantaneousMach numbers is reduced from 0.775 to a more
physically realistic 0.421. Also, the characteristicpeaks and valleys
that would be expected for a convectingstructureare seen to be once
again present when using the 0.3 ! 0.6 tolerances.

More constructions are shown for station 2 data in Figs. 13 and
14. The average convection velocity over the time period for the
construction,as well as the rms OPD wave frontdistortion(basedon
a wavelengthof 632.8 £ 10¡ 9), is also givenin the ® gurecaptions.Of

Fig. 12 Station 2 wave front construction (good): ± = 2.5 cm, U =
143.2 m/s, M = 0.421, and OPDrms = 6.39 £ 10¡ 8 m ¼ 0.101 waves.

Fig. 13 Station 2 wave front construction: ± = 2.5 cm, U = 190.5 m/s,
M = 0.560, and OPDrms = 1.65 £ 10¡ 7 m ¼ 0.260 waves.

Fig. 14 Station 2 wave front construction: ± = 2.5 cm, U = 173.2 m/s,
M = 0.509, and OPDrms = 1.23 £ 10¡ 7 m ¼ 0.194 waves.

Fig. 15 Station 1 wave front construction: ± = 2.5 cm, U = 133.3 m/s,
M = 0.392, and OPDrms = 5.19 £ 10¡ 8 m ¼ 0.082 waves.

interest is that over certain periodsof time, the wave front distortion
is noted to be small, with values on the order of 0.1 waves (Fig. 12);
whereas at other times the distortions are high and on the order of
0.26 waves (Fig. 13).The size of one opticallyaberratingstructureis
seen to be approximatelythe size of the aperture,5 cm. Construction
data for station 1 are shown in Figs. 15 and 16. Of note is that the
rms OPD wave front distortion is much smaller for station 1 than
for station 2, with station 1 values being on the order of 0.06 waves.
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Fig. 16 Station 1 wave front construction: ± = 2.5 cm, U = 105.8 m/s,
M = 0.311, and OPDrms = 2.88 £ 10¡ 8 m ¼ 0.045 waves.

These time series of wave fronts are clearly relevant to airborne
optical systems that presently exist and others that are being con-
templated, because these systems must contend with performance
degradations imposed by optical propagation throughcompressible
shear ¯ ows. Until now, performance degradation estimates were
forced to rely on statistical measures of the turbulent shear layers
that treated the turbulence as random, rather than consisting of the
organized structures known to exist in this type of ¯ ow.18

V. Conclusions
This research represents the ® rst time that continuous time series

of spatially resolvedwave fronts havebeenmeasured; thus, not only
can the spatial character of the aero-optically distorted wave fronts
be examined in detail, but the nature of their time evolution exam-
ined and the resulting system-performance implications computed
directly. From the wave front data presented, with accuracies of 18
and 12% of peak-to-peakOPD for stations1 and 2, respectively,we
are able to infer for this compressible shear ¯ ow that the optically
active structures in the near splitter-plate region (station 1) convect
at approximately 160 m/s and that the average rms of the OPD im-
posed on the wave fronts by these structures was approximately
0.063 waves. Further, the size of an average structure was approxi-
mately 2.5 cm, yielding a dominant temporal frequencyof approxi-
mately 6.5 kHz. At station2, 50 cm downstreamof the splitter plate,
the average optical aberration nearly tripled to an rms OPD of ap-
proximately 0.17 waves, with maximum rms OPDs found to be as
high as 0.26 waves and as low as 0.1 waves. The convection veloc-
ities of the aberrating structures remain at approximately 160 m/s;
however, the structure sizes over this aperture approximately dou-
bled to 5.0 cm, concomitantly halving the dominant temporal
frequency.

The resultsdemonstratetheabilityof the SABT wave frontsensor
to collect wave front data in less than ideal laboratory conditions.
The character of these wave fronts is of the same order as those
collected in a well-controlledheated-jet facility at Notre Dame (cf.
Fig. 2). This suggests that the SABT sensor possesses a high po-
tential for application to a wide range of aero-optical ¯ ow® elds.
Although the intended purpose of the experiment reported here was
to examine the spatial and temporal dynamics of the aberratedwave
front due to optical propagationthrougha compressibleshear layer,
it is clear that the dynamics of the wave front are related to the
dynamics of the aberrating ¯ uid structures in the ¯ ow. Thus, it is a
logical extension of the use of these type wave front data to study
shear layer ¯ uid dynamics and mixing in general. In this regard

note that unlike optical aberrations imposed by shear layer mix-
ing of two mismatched index-of-refraction streams (like the case
of the heated-jet experiments), the aberrating index ® eld caused by
the compressible shear layer is due to both the geometric structure
of the mixing layer and the thermodynamic processes leading to
the variant temperature through the layer. The dynamic wave front
data, then, may offer new researchopportunitiesto study these ther-
modynamic processes as well as other mixing scenarios where the
products of the mixing form the variant index ® eld.
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