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Relationship Between Upstream Turbulent Boundary-Layer
Velocity Fluctuations and Separation Shock Unsteadiness

S. J. Beresh,¤ N. T. Clemens,† and D. S. Dolling‡

University of Texas at Austin, Austin, Texas 78712-1085

Particle image velocimetry and high-frequency response wall pressure measurements have been used to inves-
tigate the relationship between upstream turbulent boundary-layer properties and the unsteady separation shock
behavior in a Mach 5 unswept compression ramp interaction. No correlation is found between variations in the
incoming boundary-layer thickness and the separation shock foot position, as has been suggested in earlier work.
However, the mean velocity pro� le, conditioned on the separation shock foot position, exhibits a subtly fuller shape
when the shock is downstream than when it is upstream. More signi� cantly, a clear correlation is observed be-
tween positive streamwise velocity � uctuations in the lower third of the upstream boundary layer and downstream
shock motions, and vice versa. The strongest correlations are found for velocity � uctuations with frequencies of
about 4–10 kHz, which is signi� cantly lower than the frequencies that characterize the large-scale structures in the
boundary layer (40 kHz), although spatial limitations in the transducer array may limit the instrument sensitivity
to this lower range. These results are qualitatively consistent with the simple physical principle that a fuller veloc-
ity pro� le imparts increased resistance to separation to the boundary layer and, hence, causes downstream shock
motion, whereas a less-full velocity pro� le is associated with lower resistance to separation and, hence, upstream
shock motion.

Nomenclature
M = Mach number
P = pressure
T = temperature
U = mean streamwise velocity
u = local streamwise velocity
u 0 = local streamwise velocity � uctuation
° = separation shock foot intermittency
±0 = boundary-layer thickness, 0.99 U1

Subscripts

0 = stagnation condition
1 = freestream condition

I. Introduction

W ORK in a broadrangeof supersonicseparatedturbulent� ows
has shown that separation is unsteady and that the separa-

tion shock foot motion and the expansion/contraction (or pulsation)
of the separated � ow can be described as a low-frequency, large-
scale motion superimposed on which is a high-frequency, small-
scale motion.1¡13 An example of the separation shock foot position
history deduced from simultaneous,multichannelwall pressure sig-
nals in a separated unswept compression ramp � ow at Mach 5 is
shown in Fig. 1. The time history clearly exhibits a broad range of
motions and frequencies.

Erengil and Dolling’s12 experimental studies of separation shock
foot unsteadiness showed a correlation between the wall pressure
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� uctuations beneath the incoming boundary layer and the shock
foot velocity, from which it was inferred that the small-scale mo-
tion of the shock is caused by its response to the convection of
turbulent � uctuations through the interaction. It also was shown in
Ref. 12 that the large-scale motion is a result of the shock’s dis-
placement due to the expansion and contraction of the separation
bubble, similar to that observed by Kussoy et al.2 A physical model
of the shock unsteadiness was developed from these observations,
in which the expansion and contraction of the separation bubble
displaces the shock upstream or downstream, whereas the passage
of turbulent � uctuations alters the shock velocity, which integrates
to changes in the shock position and accounts for the small-scale
high-frequencyunsteadiness.Although this model offers an expla-
nation for the small-scale motion, it does not address the cause of
the low-frequency, large-scale pulsation of the separated � ow.

McClure9 and Ünalmis and Dolling14 showed that the mean
pitot pressure at a � xed vertical position in the upstream bound-
ary layer was lower for upstream separation shock foot locations
than for downstream locations, suggesting that low-frequency vari-
ations in the incoming boundary-layer thickness might induce the
large-scale shock motion. Chan15 and Beresh et al.16;17 examined
this idea using planar laser imaging techniques simultaneously
with � uctuating wall pressure measurements, but found no sig-
ni� cant correlation between the upstream boundary-layer thick-
ness and the shock foot location. However, some exploratory par-
ticle image velocimetry (PIV) measurements of Beresh et al.16

did indicate a small difference in velocity pro� le shape corre-
lated to upstream and downstream shock foot locations. Over-
all, these � ndings provided little support for the thickening/
thinning boundary-layer mechanism. Note, however, that Ünalmis
and Dolling14 found a differenceof only about 5% in the pitot pres-
sure between shock-upstream and shock-downstream conditions,
which would correspond to a difference of less than 1% (about 5
m/s) in velocity. It is possible, then, that the thickening/thinning
mechanism was not detectable within the precision of those previ-
ous measurements.

Beresh et al.17 visualizeda Mach 5 compressionramp interaction
by using double-pulse planar laser scattering (PLS) from a seeded
alcohol fog. Although the image pairs showed that the passage of
individual large-scale turbulent structures distorted the outer region
of the separation shock, the shock foot did not move appreciably
in the time it took for the structures to convect through the shock.
This suggests that large-scale boundary-layer structures may not
signi� cantly in� uence the shock foot behavior. Also in Ref. 17,
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Fig. 1 Sample history of the shock foot position in an interaction generated by an unswept compression ramp (from Ref. 11).

PIV measurements of the turbulent velocity � uctuations in the
incomingboundarylayerwere obtainedand correlatedwith simulta-
neous measurements of the shock foot velocity. Previous work had
suggested that a relationship between these two quantities might
exist,12 an idea supported by the large eddy simulations of Hunt
and Nixon18 that showed an approximatelyone-to-one relationship
between the shockvelocityand the incomingturbulentvelocity� uc-
tuations. However, the PIV measurements exhibited no such trend.

In the present study, a large-volume, high-accuracyPIV data set
was acquired in the boundary layer upstream of a Mach 5 compres-
sion ramp interactionsimultaneouswith fast-responsewall pressure
measurements underneath the region of separation shock motion to
determine the instantaneousshock foot position at the time of each
PIV image. These data enabled an investigation of the relationship
between the velocity � uctuations in the upstream boundary layer
and the resulting shock foot motion. This was accomplished by
computing ensemble averages of the velocity data conditioned on
the behavior of the separation shock foot from which any subtle
yet statistically signi� cant correlationscould be discerned.Such an
approach was intended to reconcile some of the apparent inconsis-
tencies in previous results and to enable a direct examinationof the
role of the upstream turbulent boundary-layervelocity � uctuations
in the separation shock foot unsteadiness.

II. Experimental Program
A. Experimental Facility

All experiments were performed in the Mach 5 blowdown wind
tunnelat theUniversityofTexasatAustin.The test sectionhada con-
stant cross-sectionalarea of 17.8 £ 15.2 cm2 (7 £ 6 in.2), and at the
nozzle exit, the freestream Mach number was 4.95. The freestream
unit Reynolds number was 49.5£ 106 m¡1 (15.1£ 106 ft¡1) result-
ing from typical operating conditions of P0 D 2:31 MPa (335 psia)
and T0 D 356 K (640±R). After transitioningnaturally,the incoming
boundary layer in the test section was fully turbulent and developed
under nearly adiabatic wall temperature � ow conditions.14;19 The
freestream velocity was found to be 750 m/s (2460 ft/s) (Ref. 20).

The separated � ow� eld was generated by an unswept, full-span,
28-deg compression ramp, which previous studies have shown pro-
vides an unsteady separated � ow whose streamwise length varies
from about 2±0 to 4±0 .

A fused silicawindowwas installedin one sidewall of the test sec-
tion to provide optical access for the camera. The laser sheet passed
through a narrow acrylic window in the ceiling of the test section
and exited througha similar acrylic window in the test section � oor.
The latter window greatly reduced re� ections from the tunnel � oor,
thus permitting measurements to be made closer to the wall.

B. Fluctuating Pressure Measurements
Multichannel � uctuating pressure measurements were made in

the shock foot intermittent region, that is, the region of separation
shockfootmotion,to providean indicatorof the instantaneousshock
foot location. The pressure measurements were made using fast-
response transducers(Kulite Model XCQ-062-50A) � ush-mounted
in a plug inserted into the � oor of the test section. The output from
each transducer was low-pass � ltered at 50 kHz and digitized to
12 bits at 100 kHz.

Two different transducer arrangements were used, as shown in
Fig. 2, each incorporating� ve transducers. In the standard con� gu-
ration, all � ve transducers were aligned in the streamwise direction
with a center-to-center spacing of 2.92 mm (0.115 in.). The stag-
gered arrangementconsistedof one row of two transducersadjacent
to a row of three transducers. In the latter case, the two rows were
staggered in the streamwise direction by one-half of a transducer
spacing, providing an effective streamwise transducer spacing of
1.46 mm (0.058 in.) and, thus, approximately doubling the spatial
resolution.Neither arrangement fully spans the intermittent region,
and so the compression ramp was moved relative to the pressure
transducersto allow measurements to be made at different locations
within the intermittent region.

The staggered transducer arrangement requires the assumption
that the shock structure is essentially two dimensional, allowing
measurements from the two-transducerrow to be “inserted” into the
gaps between the transducers of the three-transducer row. Support
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for this supposition comes from wall pressure measurements made
by Marshall and Dolling,10 who used a full-span unswept compres-
sion ramp in the same facility. Their results showed that spanwise
ripples in the shock foot typically have a streamwise amplitude less
than 0.17±0 and a spanwise wavelength larger than 1.16±0. Thus,
from one transducerrow to the next (2.64 mm, or about 0.12±0), the
shock foot can be considered essentially two dimensional.

The shock foot location was deduced from the � uctuating pres-
sure signals using a modi� ed form of the algorithms developed by
Dolling and Brusniak3 and Gramann and Dolling.5 A two-threshold
method converts each channel of pressure data to a binary signal
denoting times when the shock is upstream of the transducer and
when it is downstream. The resulting signals are nested together
to bracket the instantaneous shock foot location between adjacent
transducers, from which a trace of its position history is derived.

C. Particle Image Velocimetry
The PIV image acquisition system, shown in Fig. 3, used a dual-

cavity Nd:YAG laser (Spectra Physics Quanta-Ray PIV-400) as the

Fig. 2 Pressure transducer con� gurations for determining the separa-
tion shock foot motion, showingboth the standardcon� gurationand the
staggered con� guration as well as the location of PIV imaging window;
dimensions in millimeters, not to scale.

Fig. 3 Schematic diagram of the experimental system.

light source. The beams were frequency doubled to 532 nm and
operated at 10 Hz, with the time between laser pulses ranging from
1.2 to 4.2 ¹s (accurate to within 0.2%). The scattered laser light
was collected using a cross-correlation 1000£ 1000 pixel charge-
coupleddevice camera (KodakMegaPlusES 1.0) digitizedto 8 bits,
in which each particle exposure is stored in a separate frame. The
ES 1.0 camera has a maximum framing rate of 15 image pairs per
second, but limitations in the software (SpeedVision OmniSpeed)
reducedthis to about1.8 imagepairsper second.However, the fram-
ing rate was doubledby using two identicalcameras that imaged the
same � eld of view through a cubic beam splitter. Four digital delay
generators (Stanford Research Systems DG-535) were used to set
the timing for the laser and cameras, which ensured that the second
camera always captured a different pair of laser pulses than those
captured by the � rst camera. Pressure data were acquired simul-
taneously using the pretriggering function of the analog-to-digital
converter to provide data for about 20 ms both before and after im-
age acquisition.During a typical test, 60 image pairs were obtained
from each camera at an imaging location upstream of the farthest
excursion of the separation shock, as shown in Fig. 2. Analysis of
the image data was performed using PIV software developed in-
house.20 This software included optimizationof window offsets be-
tween exposuresfor cross correlationsand optionalparticle tracking
to improve spatial resolution.

The particles used were aluminum oxide with a manufacturer’s
speci� cation of 0.3-¹m diam. An examination of particles from
the seeder exit using a scanning electron microscope indicated that
agglomeration resulted in a mean particle size closer to 1.0 ¹m,
which is consistent with the observations of other researchers.21;22

The Stokes number (the ratio of particle time response to the char-
acteristic � ow timescale) was estimated as about 0.8; therefore, the
particles are expected to track the velocity � uctuations to within
about 1% (Ref. 23). The particles were delivered using a two-stage
seeder; the � rst stage was a dual � uidized bed, where two cylinders
operated in parallel to entrain the particles in the air� ow. Both � u-
idized beds fed tangentially into a cyclone separator that extracted
only the smallest particles for seeding. A streamlined local injector
delivered the particles into the � ow at the exit plane of the wind-
tunnel nozzle. This approach to seeding the � ow was found to be
necessary to produce adequate seeding densities, whereas previous
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efforts involving seeding in the plenum were unsuccessful primar-
ily because of the effects of the expansion of the � ow through the
nozzle and dispersion of the particles. The injector was 1.52 cm
(0.6 in.) high, 1.40 cm (0.55 in.) wide, and 10.9 cm (4.3 in.) long;
the leading-and trailing-edgesurfaceswere swept toward the center
of the injector, yielding an appearance akin to a tapered diamond
shape. It was located 78.7 cm (31 in.) upstream of the compression
ramp corner, just upstream of the nozzle exit plane.

Because the injector was located at the nozzle exit rather than
within the plenum, its in� uence on the test section � ow required
examination. Measurements showed that the injector thickened the
boundary layer and perturbed its mean velocity pro� le, but wall
pressure measurements indicated that, within the repeatability of
the measurements, this had no signi� cant effect on the separation
shock foot dynamics. Such parameters as the shock foot intermit-
tency, the mean pressure distribution, and the rms of the pressure
� uctuations were essentially unchanged within the intermittent re-
gion. Furthermore, the power spectra of the pressure � uctuations
beneath the incoming boundary layer maintained virtually the same
shape with only a small difference in magnitude. These � ndings are
consistent with earlier work using a pitot probe mounted upstream
of the interaction in which it was found that the separation shock
dynamics were essentiallyunchangedwith the probe in place.9;24;25

D. Vector Processing
A large body of velocity data was acquired for both transducer

arrangements at two different laser pulse separation times. In the
standard case, about one-half of the image pairs were acquired with
a pulse separation of 1.2 ¹s and the other half at 4.2 ¹s; the stag-
gered con� guration used pulse separations of 1.4 and 4.2 ¹s. The
longer pulse separationtime allowed the particles to undergo a sub-
stantially larger displacement and, hence, produced an improved
dynamicrangeof thevelocitymeasurements.However, it was subse-
quentlydiscoveredthat the improved dynamic range was not nearly
as helpful as the improved statisticsassociatedwith larger data sets.
As such, no division in the data was made based on laser pulse
separation, and only two distinct groups of data were produced,
correspondingto the standardand the staggered transducerarrange-
ments. For measurementsconcernedpurelywith shock location, the
two con� gurations may be grouped together to produce one large
data set. For those measurements concerning shock motion, these
groups must necessarilyremain separatebecause the measurements
have different spatial resolutionsand, therefore,are sensitive to dif-
ferent frequencies of motion. This yielded a data set of about 3240
image pairs each for the standard and staggered con� gurations.

The images were acquired with a � eld of view of approximately
30 £ 30 mm2 located within the incoming boundary layer with the
downstream edge of the imaging window about 30 mm upstream
of the separation shock’s farthest excursion.The 1000£ 1000 pixel
image pairs were processed using an interrogationwindow of 64 £
64 pixels and an overlap of about 50%, producinga 32 £ 32 vector
� eld with a resolution of about 2 £ 2 mm2 for each vector. The
spanwise resolution was similar because the laser sheet was about
1.5 mm thick.Each interrogationwindowinitiallywas processedus-
ing a streamwise offset between each exposure based on the mean
boundary-layer velocity pro� le. The displacement resulting from
this correlationwas used to determine the proper offset for that spe-
ci� c vectorand thecorrelationwas recomputedusing thisoffset.Use
of an interrogationwindow offset optimized in this manner also op-
timizes the accuracy of the PIV velocity measurement, particularly
for large velocity � uctuationsnear the wall.26

Standard validation of the vector � eld was performed based on
the cross-correlation signal-to-noise ratio, but for this high-speed
boundary-layer � ow, a priori knowledge of the � ow� eld allowed
for additional vector validation criteria. Given that the approximate
turbulencelevels are known for a boundarylayer, this enabledlimits
to be placed on the range of magnitudes and angles that the vectors
may have. Even with these more stringent validation criteria, the
valid vector rate was in excess of 95 and 90% for the 1.2- and
4.2-¹s laser pulse separation times, respectively.

Once vector � elds were properly validated, they were collapsed
into a mean velocity pro� le. The turbulent � uctuations for each

individual vector � eld were found by subtracting from each vector
the mean velocity information determined from the mean velocity
pro� le for the corresponding experimental run. Variations in the
pro� le from run to run were slight, but are signi� cant when the ve-
locity � uctuations are examined. The run-to-runvariations resulted
almost entirely from uncertainties in measuring the � eld of view of
the camera and are less than 1% of U1. Because

p
u 0 2 in the outer

portion of the boundary layer is about 3% of U1, the relative uncer-
tainty in

p
u 0 2 is much larger, about 33%. However, subtracting the

mean velocity pro� le generated using only those images acquired
with identical camera positions removes much of this variation be-
cause the same error is present in both the instantaneousand mean
measurements. Thus, it is a removable bias and the uncertainty inp

u0 2 associated with the camera position is reduced to about 1%.
Other contributors, principally precision uncertainty, raise the total
uncertainty in

p
u 0 2, and therefore, speci� c uncertainty estimates

are provided with each velocity pro� le to be shown.

III. Results
A. Correlation of Upstream Boundary-Layer Properties
with Shock Position

Prior studies suggested that a relationship exists between the
thickness and/or shape of the upstream boundary layer and the sep-
aration shock foot position. To test these hypotheses, the PIV data
were analyzed by sorting the vector � elds into groups de� ned by
the location of the shock foot at the time the � ow in the particu-
lar PIV imaging window convected through the intermittent region.
The positionof the separationshock foot can be describedusing the
shock foot intermittency ° , which denotes the percentage of time
the shock foot spends upstream of the measurement station. Vec-
tor � elds were placed into shock-upstream and shock-downstream
groups corresponding to times at which the shock was upstream of
the ° D 20% station or downstream of the ° D 80% station, respec-
tively. Because the imaged region was upstream of the interaction,
a � nite convection time was required for the � ow to reach the inter-
mittent region. To account for the delay for the � ow in the � eld of
view to reach the center of the intermittent region, the pressure data
were temporally shifted by a time corresponding to a convection
velocity of 0.9U1 (Ref. 19). The results to be discussed were found
to be insensitive to small variations in this time delay.

It was required that the shock remained within the upstream or
downstream region for at least 100 ¹s to exclude those events dur-
ing which the shock foot only brie� y crossed a pressure transducer
beforealteringdirectionand returning toward the centerof the inter-
mittent region. Vector � elds within each of these two groups were
then ensemble averaged and collapsed into the conditional mean
velocity pro� les shown in Fig. 4. The unconditionalmean velocity
pro� le compiled from all 6480 vector � elds lies between the two
conditional pro� les, but for clarity is not shown.

The uncertainty estimates in Fig. 4 were determined by exam-
ining the unconditional velocity pro� les computed for numerous
individual experimental runs and quantifying their deviation from
the mean velocitypro� le. A conservativeestimateof the uncertainty
was derived from this analysis and is shown in Fig. 4 as 95% con� -
dence intervals. Much of the variation likely results from the small
uncertainty in the camera position, as described in Sec. II.D. The
details of this uncertainty analysis are provided in Ref. 20.

The atypical shape of the velocity pro� les in Fig. 4 is the result
of the particle injector’s effect on the boundary layer, which adds a
wakelikecomponentto the velocitypro� le.The fact that the velocity
does not asymptotically approach the freestream value does not
indicate that the boundary-layeredge is outside the � eld of view, but
rather indicatesthat the data suffer froma seedingbias causedby the
addition of particles into the boundary layer but not the freestream.
Because of the lack of seed particles in the freestream, regions that
contain a large amount of freestream � uid will not be adequately
sampled. This creates a bias toward boundary-layer velocities at
the expense of freestream velocities and explains why the velocity
pro� le fails to reach a constant freestream value.

Because the seeding bias is unrelated to the shock motion, it is
present in both unconditionaland conditionalpro� les and is, there-
fore, not responsible for any differences between them. The bias



2416 BERESH, CLEMENS, AND DOLLING

Fig. 4 Conditional ensemble average velocity pro� les in the incoming boundary layer for shock-upstream and shock-downstream cases.

Fig. 5 Conditional ensemble average pro� les of the streamwise velocity � uctuations in the incoming boundary layer for shock-upstream, shock-
downstream, and unconditional cases.

in� uences which velocities can be measured, but unless the con-
ditional sampling analysis already exhibits a preference for some
particular range of velocities, the bias will not affect the conditional
pro� les differently than the unconditionalpro� les. Hence, whereas
the seeding bias conceivably could in� uence the strength of a cor-
relation based on the shock foot behavior if it is associated with
high velocity � uid, it cannot manufacture a correlation where one
does not already exist. Furthermore, even a bias in the magnitude
is unlikely because, as will be shown later, correlations were found
only in the lower portion of the boundary layer, below the region
where thebias in the intermittentportionof the boundarylayer could
become a factor.

A close examination of the two pro� les in Fig. 4 indicates that,
despite the seeding bias near the freestream, no signi� cant varia-
tion in boundary-layer thickness occurs with shock position. The
similarity in the outer velocity pro� le between the shock-upstream
and shock-downstreamconditions is consistent with previous PLS
studies,15¡17;27 as well as preliminary PIV measurements that em-
ployed different conditional analysis techniques.16 Overall, these
observations suggest that a low-frequency thickening/thinning of
the upstream boundary layer9;14 does not drive the large-scale sep-
aration shock motion.

Whereas no difference between the conditional mean velocity
pro� les is evident in the outer boundary layer, nearer to the wall
the pro� le is slightly fuller for the shock-downstreamcase than for
the shock-upstreamcase. Although this difference is very small, it
appears to be physically real because varying parameters such as
the size of the initial data set and the residency time required of the
shock foot still yields a consistently similar difference between the
two conditional pro� les. Furthermore, this observation agrees with
the earlier exploratory work of Beresh et al.16 However, to substan-
tiate this difference in the velocity pro� le shape, the measurement
uncertainty must be reduced.

As described in Sec. II.D, an examination of the mean velocity
� uctuation data, as opposed to the mean velocities themselves, has
the bene� t of removing the bias due to the uncertainty in camera
position. Figure 5 shows conditional mean pro� les analogous to
those of Fig. 4, except here they are compiled from u 0 data. The
unconditionalpro� le also is shown and, as expected, is everywhere
almost perfectly zero. The conditional pro� les do exhibit a differ-
ence and show that when the shock is locatedupstream, the velocity
� uctuations in the upstreamboundary layer tend to be negative, and
when it is located downstream, the velocity � uctuations tend to be
positive. Furthermore, this difference is seen only in the lower part
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of the boundary layer. Figure 5 shows that the subtle difference in
the conditionalpro� le shape seen in Fig. 4 is indeed real. However,
it is quite small; although the difference in the velocity � uctuation
magnitude is greater than the uncertainty estimates, it is less than
10 m/s or about 1% of U1 .

B. Correlation of Velocity Fluctuations with Shock Motion
Because the present data set is an order of magnitude larger than

thatof the initial investigation,17 it offeredan opportunityto reexam-
ine the idea that upstream turbulent velocity � uctuations correlate
with the shock velocity. Mean velocity � uctuations in the upstream
boundary layer were plotted against the shock velocity as deter-
mined from the rate of change of shock foot position. No distin-
guishable trend was found, even for repeated analyses employing
only those vectors close to the wall or using the improved resolu-
tion of the shock velocitymade possibleby the staggered transducer
con� guration. In the interest of brevity, the associated � gures are
not presented in this paper; details may be found elsewhere.20;28

The lack of any such trend is, at � rst glance, contrary to Hunt and
Nixon’s18 very large eddy simulation work. This may, however, be
attributable to limitations on the frequencies of shock foot motion
that are measurable in the present experiment. The highest resolv-
able shock frequency is about 4 kHz with the standard transducer
con� guration and somewhat higher with the staggered con� gura-
tion, but the frequency of the boundary-layer velocity � uctuations
associatedwith large-scale turbulent structures is approximatelyan
order of magnitude larger. The values of u0 may contain a compo-
nent on the order of 4 kHz that is simply obscured by the higher-
frequency � uctuations and, thus, leads to the lack of correlations.
If it were possible to measure the shock velocity at frequencies of
about 40 kHz to match the large-scale boundary layer turbulence, a
correlation might emerge.

Because the shock velocity cannot be ascertained to arbitrarily
high frequencies,a better method for examining a possible relation-
ship between the boundary-layervelocity � uctuationsand the shock
motion is to use ensemble averages, similar to those computed for
the shock foot position in Sec. III.A. Conditional velocity � uctua-
tion pro� les were again calculated, but in this case they were based
on the motion of the separation shock foot rather than its position.
Because the shock foot motion is de� ned as the distance it travels
in a speci� ed time period, it is quanti� ed somewhat differently for
the staggered and standard transducer arrangements, and therefore,
data for each con� guration were analyzed separately. Conditional
pro� les were characterizedby the number of transducers the shock
crosses without altering its direction in a speci� ed time period. As
in the earlier shock position analysis, a time delay based on 0.9U1
was incorporated into the triggering algorithm to account for the
convection of the � ow in the imaging window into the shock foot
intermittent region. The actual times of the transducer crossings are
irrelevant to the analysis so long as they occur within the speci� ed
time period. Shock motions not observed to be unidirectionalwere
discardedbecause they may have been in� uenced by more than one
type of boundary-layervelocity � uctuation.

Conditional mean pro� les of the velocity � uctuations were ac-
quired for both transducer arrangements for time periods of 100
(10), 250 (4), and 500 ¹s (2 kHz). Seven different conditions were
used: upstream motions of one transducer spacing (0.125±0 for the
standardtransducercon� gurationand0.062±0 for the staggeredcon-
� guration), two transducer spacings (0.250±0 standard and 0.125±0

staggered), and three transducer spacings (0.375±0 standard and
0.187±0 staggered); downstream motions of one, two, and three
transducer spacings; and no motion at all. The resulting velocity
pro� les are shown in Figs. 6 and 7 for the standard and staggered
transducer con� gurations, respectively.Within the 100-¹s window,
motions of three transducerspacingswere too few to be statistically
useful and are omitted. Uncertainty estimates again were conserva-
tivelyestimatedfroman analysisof the variationsobservedbetween
multiple unconditionalmean pro� les.

From Figs. 6 and 7, it is evident that little difference exists in
the outer region of the boundary layer for the different shock mo-
tion conditions. Near the wall, however, a systematic variation in
the velocity � uctuations can be seen. The trend is most evident

for the standard transducer con� guration in the 250-¹s window as
seen in Fig. 6b. Shocks that do not move within this time period
are, on average, correlated with zero velocity � uctuation from the
mean. Shocks that move upstream correlate with negative velocity
� uctuations, the magnitude of which is dependent on the distance
the shock has traversed. Similarly, shocks that move downstream
correlate with positivevelocity � uctuationswhose magnitude is de-
pendent on the distance the shock has moved. Furthermore, this
relationship is strongest closer to the wall; with increasingdistance
from the wall, the correlation weakens until no difference exists
between the seven conditions. This correlation of negative velocity
� uctuationswith upstreamshockmotionsand vice versa is precisely
that shown by the simulations of Hunt and Nixon,18 although the
magnitude of the � uctuations found here is signi� cantly lower. Be-
cause Hunt and Nixon did not comment on a vertical dependence,
it is not known if the simulations show the same result.

The same trend also can be seen for the 100-¹s window, where
the correlation is clear for motions of one transducer spacing but
less apparent for longer motions. The latter is a result of the small
number of events for these longer motions, but the pro� les appear
to follow the same trend. Though not shown here, a similar analysis
utilizing a 50-¹s window provides statistically useful pro� les only
forone-transducershockmotions,but these,too,followtheobserved
trend.20 On the other hand, lengthening the time window to 500 ¹s,
as shown in Fig. 6c, diminishes the correlation.It appears, then, that
a time window longer than 100 ¹s is required to detect a suf� cient
numberof samplesof longer shockmotions,but the greaterduration
of the 500-¹s window allows the inclusion of multiple events that
mask the in� uence of the velocity � uctuations on the shock foot
motion. Thus, limitations in the present experimentalmethodology
for tracking the shock foot motion may restrict the detection of a
correlation to only simple shock foot events. If a correlation does
indeed exist at lower frequencies (longer time windows), it may
becomemore subtle and require larger ensembleaveragesto remove
the effects of the higher frequency � uctuations.

The same correlationbetween upstreamvelocity � uctuationsand
the shock foot motion also was seen using the staggered transducer
con� guration in Fig. 7. The trend is most evident for the 100-¹s
time window in Fig. 7a. No pro� les are shown for three-transducer
motions due to statistically inadequate ensemble averages. For the
250-¹s window of Fig. 7b, however, the trend has begun to fade.
Upstream shock motions still correlate with negative velocity � uc-
tuations, though the two- and three-transducer motions have ex-
changed positions, but the pro� les for downstream shock motions
are not meaningfullydistinguishablefrom zero. Once the triggering
window has been expanded to 500 ¹s in Fig. 7c, no correlation is
evident.

In general, the pro� les for the staggered con� guration exhibit
more noise than those for the standard con� guration. This is proba-
bly because the number of events corresponding to a unidirectional
shockmotion is reducedby nearly half because � ve staggeredtrans-
ducers do not cover as large a fraction of the intermittent region as
� ve nonstaggered transducers. Thus, it is more likely that at any
given time the shock foot is not located in an instrumented region.
Despite fewer events, however, essentially the same relationshipbe-
tween velocity� uctuationsand the shock foot motion can be seen in
Fig. 7 as in Fig. 6. In particular, the time window at which the trend
appears strongest has shifted to 100 ¹s for the staggered transducer
con� gurationfrom250 ¹s for the standardcon� guration,suggesting
that the smaller transducer spacing allows measurement of a cor-
relation at higher frequencies. Like the standard con� guration, the
disappearanceof the correlationat low frequenciescannotsimply be
attributed to inadequate statistics because the precision uncertainty
is relatively low in Fig. 7c.

Although a correlation is evident between the turbulent velocity
� uctuations in the incoming boundary layer and the motion of the
separationshock foot, the differencebetween the unconditionalpro-
� le and the conditionalpro� les is only about1–3% of the freestream
velocity. The conditional mean velocity � uctuations of 10–20 m/s
in magnitude (Fig. 6) appear low when compared with values of
50–80 m/s for

p
u0 2 found near the wall. However, the 10–20-m/s

value is physically consistent. A shock motion of two transducer
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a)

b)

c)

Fig. 6 Conditional ensemble average pro� les of the streamwise velocity � uctuations in the incoming boundary layer conditioned on the separation
shock foot motion within a time period of a) 100, b) 250, and c) 500 ¹s. Measurements were made using the standardpressure transducer con� guration.
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a)

b)

c)

Fig. 7 Conditional ensemble average pro� les of the streamwise velocity � uctuations in the incoming boundary layer conditioned on the separation
shock footmotionwithin a time period of a)100,b)250,and c) 500 ¹s. Measurements were madeusing the staggered pressure transducer con� guration.
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Fig. 8 Relationship between the incoming turbulent boundary layer and the separation shock foot unsteadiness.

spacings means that the shock must move 5.8 mm (for the standard
con� guration) in the time window. For a 250-¹s window, this cor-
responds to a shock velocity of 23 m/s, which is of the same order
of magnitude as the upstream velocity � uctuations.

The correlation between the velocity � uctuations and the shock
foot motion actually may be stronger than presented because of
limitations in the ability of the present experimental apparatus to
resolve the shock position. Because the shock foot motion serves
as the trigger mechanism for event detection, any uncertainties in
detecting the shock position may introduce data into the ensemble
averages that do not actually belong, thus obscuring the correlation.
Spatial limitationsdue to the physical size of the pressure transduc-
ers are the most fundamental obstacle. Passage of the shock foot is
known only at � ve locations in the intermittent region, leading to a
relatively low-resolution estimate of the shock foot position, even
for the staggeredcon� guration.Further uncertaintiesmay arise from
the assumption of a single sharp shock front, when in fact the shock
structure near the wall may be more complicated.6;27

IV. Discussion of Results
A simple physical explanation for the effects of the upstream

boundary layer on the separation shock unsteadiness can be de-
duced from the preceding observations and is illustrated in Fig. 8.
The data suggest that, when positive velocity � uctuations occur
in the incoming boundary layer, the velocity pro� le is momentar-
ily fuller, which imparts an increased resistance to separation that
yields a downstream motion of the separation shock. Analogously,
negative velocity � uctuations result in upstream shock motion as
the interaction responds to the less-full shape of the velocitypro� le.
Continuous variations in the upstream velocity � uctuations induce
the unsteady shock foot motion.

Despite the clear correlations seen in Figs. 6 and 7, it is possible
that the relationship between the velocity � uctuations and shock
motion does not represent the fundamental relationship that drives
the interaction unsteadiness. It can be argued that the shock funda-
mentally responds to the rate of change in the shape of the upstream
velocity pro� le rather than to � uctuations with respect to the mean
velocity.For example,the proposedmodel implies that a shockmov-
ing downstream corresponds to an upstream velocity pro� le that
has become fuller than it was previously.Although this is a positive

acceleration,it couldbe a negativevelocity� uctuation,that is, lower
than the mean velocity, provided it was “less negative” than the ve-
locity � uctuationa short time before.As anotherexample, a positive
velocity� uctuationthat remains constantfor a relativelylong period
of time obviously would exhibit no change in the velocity pro� le.
Despite that a positive velocity � uctuationoccurs, the pro� le would
maintain the same resistance to separation, and no motion of the
shock would be expected.Such examples imply that a stronger cor-
relation would be found between the shock foot motion and the
upstream boundary-layer acceleration (or more precisely, the time
rate of change of the velocity pro� le shape), rather than with the ve-
locity � uctuations.Additional experiments are required to examine
this idea further.

It is probablethat the correlationof the velocitypro� le shapewith
shockposition,as shown in Fig. 5, is an artifactof a more fundamen-
tal correlation between the velocity pro� le and the shock motion.
Changes in the shapeof the velocitypro� le can induce motionof the
shock foot, but the probability of a motion occurring is dependent
on the starting location of the separation shock. The shock cannot
move arbitrarily far upstream or downstream, so that if the shock
is in an upstream location a positive velocity � uctuation is likely
to cause a downstream shock motion. However, a negative velocity
� uctuation would attempt to move the shock upstream, but if it is
already in an extreme upstream location, it is unlikely to move sub-
stantially farther.Under this scenario,an ensembleaveragebasedon
an upstream shock location will be biased toward those � uctuations
that tend to keep the shock upstream, that is, negative � uctuations,
which make the pro� le “less full.” A similar argument can be made
for shocks initially at the downstreamend of the intermittentregion.
The present results seem to support this idea because the magnitude
of the ensemble average velocity � uctuations that correlate with
the shock motion are generally about 10 m/s and as high as 20 m/s
(Fig. 6),whereas thedifferencebetween the conditionalmean veloc-
ity pro� les with the shock foot at extreme upstreamand downstream
locations is only about 6 m/s (Fig. 5).

Another interesting result of this analysis concerns the frequen-
cies of the separation shock motion. Previous studies have noted an
apparent fundamental mismatch between the characteristic turbu-
lent frequencies in the upstream boundary layer, which in this case
occur at about 40 kHz for large-scale structures, and the shock foot
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motion, at about0.1–4 kHz (Refs. 8, 12, 18, and 25). To explain this,
it has been proposed that two coexisting mechanisms exist, one a
high-frequencysource driving the small-scale shock motion and the
other a low-frequencysource driving the large-scale shock motion.
However, it is well known that the power spectrum of turbulent ve-
locity � uctuations is broadband; that is, it spans a continuous range
of frequencies from essentiallydc to those that characterize the dis-
sipation scale. It may be that the shock responds to this broad range
of frequencies,but motion has been detected just at low frequencies
because only the low-frequency � uctuations can cause large-scale
movementdiscernableby the spatialresolutionof thepressuretrans-
ducers. In other words, the shockmay exhibitunsteadinessat a wide
range of frequencies, but the motion detection system (transducer
arrays) � lters out the effect of the higher frequency forcing.

It is also possible, however, that the cause of the low-frequency
� uctuationsis some type of facility-dependentforcing,which has its
origins in other than � at-plate boundary-layer turbulence. Ünalmis
and Dolling’s24 data indicate that the tunnel � oor boundary layer
has an “underlyingweak vortical structure” perhaps resulting from
Görtler vortices generated during expansion through the nozzle.
Such vorticesmay induce lower frequencyvelocity� uctuationsinto
the � ow that drive the shock motion at these frequencies simulta-
neously with the boundary-layerlarge-scale turbulencedriving it at
higher frequencies. However, because the low-frequency unsteadi-
ness of shock-induced turbulent separation has been observed in a
range of facilities operating at different Mach and Reynolds num-
bers,any nonturbulentsourcemust bepresentin all of thesefacilities
to the same degree, which seems unlikely. Nevertheless, the signif-
icance of the present work is in the identi� cation of the relationship
between the upstream velocity � uctuations and the shock foot mo-
tion, regardless of the source of those � uctuations.

Although much of this discussion is speculative and highlights
the need for new experiments,the present results are consistentwith
earlier research.They are consistentwith the large eddy simulations
of Hunt and Nixon,18 with Erengil and Dolling’s12 correlations be-
tween pressure � uctuations in the upstream boundary layer and the
shock velocity, and Ünalmis and Dolling’s24 suggestionthat Görtler
vortices may play a role in the large-scale shock motion. Further-
more, it should be emphasized that the existence of a relationship
between the upstream turbulent boundary layer velocity � uctua-
tions and shock motion does not exclude the possibility of other
in� uences on the shock motion. Most notably, a relationship may
exist between the shock motion and � uctuations downstream of it,
as has been postulated by Plotkin.29

V. Conclusions
To examine the relationship between incoming boundary-layer

properties and the unsteadiness of a shock-inducedseparated � ow,
a large quantity of PIV data was obtained in the boundary layer
just upstream of the interaction simultaneous with � uctuating wall
pressuremeasurementsbeneath the unsteadyseparationshock foot.
Ensemble average velocity pro� les derived from the PIV data were
computed conditioned on the instantaneous location of the sepa-
ration shock foot within the intermittent region, as derived from
the wall pressure measurements. Mean velocity pro� les for shock-
upstream and shock-downstream positions found no difference in
the boundary-layerthicknesswith shockposition,in agreementwith
previous planar laser imaging experiments. This suggests that a
thickening/thinning boundary layer is probably not the cause of the
shockunsteadiness,aswas proposedin earlierwork. Ensemble aver-
agevelocity� uctuationsconditionedondifferenttypesof separation
shock foot motion showed that although no signi� cant distinction
was apparent in the outer region of the boundary layer, nearer to
the wall, positive velocity � uctuations correlated with downstream
shock motions and vice versa. Furthermore, larger � uctuations cor-
responded to longer shock excursions. These observationsare con-
sistent with the physical principle wherein a momentarily fuller
velocitypro� le impartsgreaterresistanceto separationto the bound-
ary layer and, hence, induces a downstream shock motion and vice
versa. These results are the � rst to offer direct experimental evi-
dence of a relationship between the velocity � uctuations in the up-
stream boundary layer and the motion of the separation shock foot.

This clearly represents a signi� cant source of the unsteadiness of
shock-inducedturbulent separation;however, it is not known at this
time if it the sole mechanism, or only one of several contributing
mechanisms.
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