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Time-Series Analyses of Wall Pressure Fluctuations
in Plume-Induced Separated Flow� elds
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The separation shock wave motion in a plume-induced, boundary-layer separated � ow� eld was studied ex-
perimentally. The statistical properties of the shock wave motion were determined over the intermittent region
using time-series analyses of wall static pressure � uctuation measurements. The standard deviation of the pressure
� uctuations, nondimensionalized by the local mean pressure, reached a maximum of 0.22 near the middle of the
intermittent region. The ratio of the maximumstandarddeviation of the pressure � uctuationsover the intermittent
region to the mean pressure difference across the intermittent region was calculated to be 0.43 for this � ow� eld.
Both of these quantities demonstrate that the unsteady pressure loading caused by the shock wave motion has
essentially the same magnitude in plume-induced separated � ow� elds as in � ow� elds produced by solid boundary
protuberances.

Introduction

T HE phenomenonof plume-inducedboundary-layerseparation
(PIBLS)occursonatmospheric� ightvehicleswhen thebound-

ary layer on the afterbody separates upstream of the base, rather
than at the base, as a result of the exhaust plume expanding into and
interacting with the external freestream. The unsteady separation
shock wave motion, which is known to accompany the occurrence
of plume-induced, turbulent boundary-layer separation,1 is a topic
that has received little attention in the past and is the subject of the
present investigation.

The only studies of unsteady shock wave motion associatedwith
plume-induced separation known to the authors were conducted
with a wall-mounted,cone-cylinder-�nnedmodel in a variableMach
number (2.5–3.5) wind tunnel.2 – 4 A secondary jet of cold air, at an
exit plane Mach number of 2.94 and an angle of 74 deg with respect
to the freestream � ow direction, exhausted from a conical nozzle
near theaft endof themodel.The capabilityofpulsingtheplumewas
included in the wind-tunnel model design to simulate combustion
instabilities of liquid propellant engines. In summary, these studies
found a natural unsteadinessassociatedwith the separation process
in all of the PIBLS � ow� elds produced with the wind-tunnelmodel
(even in the absence of plume pulsing).2– 4 Based on measurements
made from numerous schlieren movie frames, the unsteadiness as-
sociated with the separationprocess produced a length scale for the
intermittent region that was on the order of a few boundary-layer
thicknesses. A sparsely distributed set of fast-response pressure
transducer measurements was made across the intermittent region,
i.e., the region of shock wave motion, and analyzed using standard
time-series analysis techniques. A power spectral density estimate
computed from one of the pressure-time histories suggested that
the energy of the pressure � uctuations associated with the shock
wave motion had a dominant characteristic frequency of approxi-
mately 100 Hz and was mostly contained below 1 kHz. The effect
on the separation shock wave motion of pulsing the plume � ow
at discrete frequencies over the range between 12.5 Hz and 1 kHz
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was minimal. Rather than the separation shock wave oscillating at
the discrete pulsing frequency of the plume, the separation shock
wave motions occurred over a wide frequency range regardless of
the plume pulsing frequency.

In contrast to the unsteadiness found in shock wave/turbulent
boundary-layerinteractions (SWBLIs) caused by a compliant aero-
dynamic boundary (PIBLS � ow� elds), unsteadiness in SWBLI
� ow� elds produced by solid boundary protuberances has received
a signi� cant amount of attention over the past 15 years.5 Pressure
� uctuation measurements have been made over the intermittent re-
gions of SWBLI � ow� elds produced by compression ramps,6– 8 ef-
fectively semi-in� nite circular cylinders,9;10 sharp-edged� ns at an-
gles of attack,11;12 and hemicylindricalblunt-edged� ns at angles of
attack.13 ;14 The unsteady characteristics of the shock wave motion
have been determined for these geometries by analyzing both indi-
vidually and simultaneously acquired pressure-time histories with
standard time-series analysis techniques and conditional analysis
methods. Although quantitative differences in the unsteady charac-
teristics of the separation shock wave motion exist for these four
geometries, the characteristics found in these interactions qualita-
tively show many similar features. The similarities include bimodal
probability density function (PDF) estimates of the pressure � uc-
tuation amplitudes over the intermittent region, streamwise distri-
butions of the standard deviation of the pressure � uctuations that
reach rather large (relative to the incoming boundary layer and the
separated � ow� eld) maximum values near the middle of the inter-
mittent region, and streamwise distributions of the skewness and
kurtosis coef� cients that reach rather large values near the upstream
edge of the intermittentregion. Also, in nominally two-dimensional
or quasi-two-dimensional interactions, the power spectral density
(PSD) estimates show that most of the energy contained in the pres-
sure � uctuationscausedby the shockwavemotion is distributedover
the frequencyrange between approximately100 Hz and 1 kHz. The
range of frequencies associated with the energy contained in the
pressure � uctuations caused by the shock wave motion increasesas
the sweepbackangleof the interactionincreasesfor thecompression
ramp, circularcylinder,andblunt- andsharp-edged� n geometries.15

A two-part model that describes the physical mechanisms re-
sponsiblefor the unsteadyseparationshock wave motion in SWBLI
� ow� elds has recently been hypothesized.16 The model divides the
separation shock wave motions into small-scale or jittery motions
and large-scale or global motions. In the � rst part, the shock wave
motions are caused by � uctuations (attributed to turbulence in the
incoming boundary layer near the separation shock) in the ratio
of static quantities across the shock foot. In the second part, the
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shock wave motions are caused by the expansionsand contractions
or “trembling motions” of the separated � ow region. Thus, because
the internal structure and dynamics of the separation bubble are
unique to each type of geometry causing the SWBLI, it is not sur-
prising that each geometry would have a set of unsteadyshockwave
characteristicswith unique quantitative values.

As a result of these experimental studies,6– 15 the statistical char-
acteristicsof the separationshockwavemotion in SWBLIs produced
by solidboundaryprotuberanceshavebeenwell documented.These
studies have shown that the unsteadyseparationshock wave motion
is responsiblefor some of the largestaerodynamicloads17 and high-
est heat transferrates18 that occur in high-speed� ight. If thepressure
� uctuations in PIBLS � ows are similarly large, then the occurrence
of PIBLS is indeed important because of the large aerodynamic
loads and high heat transfer rates that would undoubtedly accom-
pany the unsteady shock wave motion. However, no experimental
measurements of these phenomena exist. Therefore, the objective
of the current paper is to determine the unsteady characteristics
of the separation shock wave motion in a PIBLS � ow� eld by an-
alyzing surface pressure � uctuation measurements using standard
time-series analysis techniques.

Experimental Program
Wind-Tunnel Facility

The experiments were conducted in the Gas Dynamics Labora-
tory of the University of Illinois at Urbana–Champaign. A blow-
down wind-tunnel facility, which was speci� cally designed to pro-
duce plume-induced separated � ow� elds, was constructed for this
investigation and is shown in Fig. 1. Clean, dry, high-pressure air
was supplied to the plenum chamber from a 146-m3 capacity tank
farm and two air compressors, while maintaining a constant stag-
nation pressure in the plenum chamber with an electropneumatic
control valve installed in the air supply line. The plenum chamber
fed two inlet pipes that, in turn, fed the two streams of the PIBLS
wind-tunnel test section.

A cross-sectional view along the centerline of the PIBLS wind-
tunnel test section is shown in the insert of Fig. 1. The test section
incorporates a two-dimensionalplanar geometry and produces two
co� owing, uniform, supersonic streams using � xed, converging-
diverging, half-nozzles. A � ow� eld width of 50.8 mm was main-
tained in the test section from upstream of the nozzle blocks to
downstream of the subsonic diffuser. A � ow conditioning module,
consistingof a honeycombsectionand two screens,was installedup-
stream of each nozzle block. The Mach 1.5 lower stream (inner jet)

Fig. 1 Schematic of the PIBLS wind-tunnel facility, including an en-
larged cross-sectional view of the PIBLS test section.

Fig. 2 Schlieren photograph(� ashlamppulse durationof 1.4 ¹s) of the
near-wake region in the PIBLS wind tunnel at a JSPR of approximately
2.35.

impinged upon the Mach 2.5 upper stream (freestream) at a relative
angle of 40 deg and across a 12.7-mm base height. Each test section
inlet pipe contained a manually adjustable valve for independently
regulating the stagnation pressure of each stream. By adjusting the
inner jet � ow stagnationpressure, the boundary layer on the bottom
wall of the freestreamwas induced to separate upstream of the base
corner and thereby form a plume-inducedseparated� ow� eld in the
test section. A glass window assembly mounted in each sidewall
near the base region permitted optical access to the PIBLS � ow-
� eld, which was visualized using schlieren and shadowgraph tech-
niques. The schlieren photograph shown in Fig. 2 clearly demon-
strates that plume-induced,boundary-layerseparationoccurs in the
test section at a jet-static-pressure-to-freestream-static-pressure ra-
tio (JSPR)of 2.35.When the schlieren(or shadowgraph) lightsource
was operatedin thecontinuousmode, the separationshockwave was
clearlyseen to undergostreamwisetranslationsatall JSPRs of tunnel
operation.

Flow Conditions
The stagnationpressureof each stream was measuredwith a stag-

nation pressure probe mounted upstream of each nozzle block, and
the stagnation temperature was measured with an iron-constantan
thermocouple mounted in the plenum chamber. The data reduc-
tion assumed adiabatic � ow conditions.The stagnation temperature
was 298 K (§1:5 K). In the freestream, the stagnation pressure
was 503 kPa (§1:5 kPa) and the unit Reynolds number was 47:1 £
106 m¡1 (§0:5 £ 106 m¡1).The Machnumber in this freestreamwas
computed from static pressure measurements made using pressure
taps mounted in the lower wall and was found to be 2.50 (§0:01) at
a location 30 mm upstream of the base plane. Similarly, the Mach
numberof the inner jetwas computedto be1.51 (§0:01)at a location
12.7 mm upstream of the base plane.

One-componentlaser Dopplervelocimeter(LDV) measurements
were made along a vertical centerline traverse across the height of
the freestream � ow 30 mm upstream of the base plane. From these
LDV measurements, the streamwise turbulenceintensitywas found
to be 0:015 § 10% across the uniform� ow region of the freestream.
From the mean velocity measurements made in the boundary layer
adjacent to the lower wall of the freestream, a wall-wake velocity
pro� le was curve � tted to the experimental velocity data using the
method of Sun and Childs.19 The details of the procedure are given
in Ref. 20. The incoming turbulent boundary-layerproperties were
determined from the Sun and Childs curve � t and are reported in
Table 1. The boundary-layer properties given in Table 1 generally
compare favorably with other equilibriumturbulentboundary-layer
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Table 1 Incoming turbulent boundary-layer properties
in the upper stream

Property Value

Boundary-layer thickness ±, mm 3.1
Boundary-layer displacement thickness ±¤ , mm 0.91
Boundary-layer momentum thickness µ , mm 0.25
Boundary-layer shape factor, H D ±¤=µ 3.71
Wake strength parameter 5 1.58
Skin-friction coef� cient C f 0.00131
Friction velocity u¿ , m/s 20.6

properties reported in the literature for similar Mach number and
Reynolds number conditions.20 Although the wake strength param-
eter may be a bit high,Fernholzand Finley21 suggest that a universal
value of 5 applicable to all equilibrium turbulent boundary layers
may not exist for compressible� ows due to upstreamhistoryeffects.

Instrumentation
Instantaneous wall-pressure � uctuations were measured using

two piezoresistive pressure transducers that were � ush mounted
and spanwise centered in the lower wall of the freestream. The
upstream and downstream pressure transducers were located 19.1
and 16.5 mm upstream of the base plane, respectively.The pressure
transducers were Kulite Model XCS-062-15G transducers, which
had an input pressure range of 103.4 kPa and a nominal full-scale
output of 200 mV. Each transducerwas con� gured to operate in the
gauge mode; i.e., the transducer produced an output voltage pro-
portional to the pressure difference across the diaphragm. The back
side of the diaphragm was referenced to the static pressure of the
freestream. Each transducer diaphragm had an active diameter of
0.71 mm; the diaphragm natural frequencies were measured to be
168 and 198 kHz for the upstream and downstream transducers,
respectively.20 The transducers were statically calibrated because
shock tube experiments22 with similar transducershave shown that
statically calibrated transducer responses are within a few percent
of dynamicallycalibrated transducerresponses.The calibrationwas
performed in situ with a Sensotec Model AG-300 digital pressure
gauge equipped with a 206.8-kPa pressure transducer accurate to
within §103:4 Pa.

The analog output signal from each pressure transducer was am-
pli� ed with a MeasurementsGroup Model 2311 signal conditioning
ampli� er and then low-pass � ltered using an in-house-built, active
Butterworth � lter circuit. The ampli� er also supplied the 15-V dc
excitation source and the appropriate dc offset voltage to the trans-
ducer bridge. The ampli� er had a continuouslyvariableoutput volt-
age gain, which ranged between 25 and 30 for all of the intermittent
region measurements, and a ¡3 dB cutoff frequency of 125 kHz on
the wide-band output � lter setting (used in all of the experiments
describedherein). The three-stage,six-pole, in-house-built� lter had
a � xed voltage gain of 4.3, a ¡3 dB cutoff frequency of 50 kHz,
and an attenuation of ¡36 dB/octave in the transition band. The
output signal from the low-pass � lter was digitized with a National
InstrumentsModel NB-A2000 analog-to-digital(A/D) converterin-
stalled in an Apple Macintosh IIfx computer. Each channel of the
A/D converter was equipped with track-and-hold circuitry and had
an input voltage range of §5 V and 12-bit resolution. Before ev-
ery calibration, the voltage gain and dc offset voltage settings on
each ampli� er were adjusted to maximize the signal-to-noise ratio
of the output signal. For the intermittent region measurements, this
procedure was done at the largest JSPR used in each set of exper-
iments. The rms signal-to-noise ratios for the pressure � uctuation
measurements varied from 15 to 20 in the incoming boundary layer
and from 55 to 300 over the intermittent region.

In addition to the two Kulite pressure transducers,29 static pres-
sure taps were installed in the lower wall adjacent to the freestream.
The static pressureportswere 0.64 mm in diameterand were normal
to the local surface along a single spanwise plane offset 4.78 mm
from the centerline. Twenty-three static pressure ports were uni-
formly spaced every 1.6 mm beginningat 3.18 mm upstream of the
base plane and extending to 38.1 mm upstream of the base plane.
The remainingsix static pressureportswere uniformly spacedevery

6.35 mm starting at 42.9 mm upstream of the base plane. The mean
pressure at each static pressure port was measured with a Pressure
Systems Model DPT-6400T digital pressure transmitter and stored
on a Gateway 2000 486-33 computer. Each static pressure tap was
connected to a 0–103.4-kPa pressure transducer mounted in the
DPT-6400T using a piece of � exible vinyl tubing approximately1.5
m long.Also, the stagnationpressureprobeused to sense the stagna-
tion pressurein each stream was connected,in the same manner, to a
0–689.5-kPapressuretransducermounted in the DPT-6400T instru-
ment. The pressure transducers in the DPT-6400T were calibrated
with a ConsolidatedElectrodynamicsType6-201-0001dead-weight
tester.

Data Acquisition
The two Kulite pressure transducerswere rigidly mounted in the

test section of the PIBLS wind tunnel. With the pressure transducer
locations � xed, the JSPR was varied to move the intermittent region
over the transducers. In these experiments, the JSPR was varied
by unthrottling the stagnation pressure of the inner jet from 210 to
269 kPa in increments of roughly 3.4 kPa.

Instantaneous wall-pressure � uctuation measurements were
made throughout the intermittent region by sampling the two pres-
sure transducers. At each JSPR, the individually sampled pressure
transducer measurements were made by sampling the upstream
transducerfor 24 s at a rate of 166,667 samples/s and then sampling
the downstream transducer for 24 s at the same rate. Mean static
pressure measurements from the pressure taps in the lower wall of
the freestream were also made in conjunctionwith the individually
sampled pressure transducer measurements.

Analysis Techniques
All statistical quantities presented herein were computed us-

ing the time-series analysis techniques recommended by Bendat
and Piersol.23 In addition, a conditional analysis method, the two-
threshold method box-car conversion (TTMBCC) algorithm,24 was
employed to determine the intermittency(the percentageof time the
shock wave was upstream of a given pressure transducer). Before
we discuss the results from either the remote (DPT-6400T) or in
situ (Kulite) pressure measurements, several comments about the
TTMBCC algorithm are appropriate.

The TTMBCC algorithm was developed by Brusniak,24 Dolling
and Brusniak,25 and Erengil and Dolling26 at the Universityof Texas
at Austin. As the name suggests, the algorithmemploys two thresh-
old levels, Th1 D Npwo C 3¾pwo and Th2 D Npwo C 6¾pwo , where Npwo is
the mean pressure of the incoming boundary layer and ¾pwo is the
rms of the pressure � uctuations in the incoming boundary layer. By
comparing each individual pressure realization in a pressure-time
history to the two threshold levels, the instantaneouslocationof the
separationshockwavecanbedeterminedas beingeitherupstreamor
downstream of the pressure transducer.The precise time (to within
the sampling period) when the shock wave crosses upstream of the
pressure transducer, called the rise time, and downstream of the
pressure transducer, called the fall time, can be determined for all
shockwave passagesin the pressure-timehistory.The intermittency
is then calculated from

° D
PNsc

k D 1.Fallk ¡ Risek /

FallNsc ¡ Rise1
.1/

where Fallk is the fall time associated with the kth downstream
shock wave crossing, Risek is the rise time associated with the kth
upstream shock wave crossing, and Nsc is the total number of fall
times detected in the pressure-time history.

The intermittency calculations performed in the current study
used, without any signi� cant changes, the updated version of the
TTMBCC algorithm.26 A sensitivity analysis of the TTMBCC al-
gorithmwas performedwith thePIBLS data20 to evaluatethe change
in magnitude of the zero-crossingfrequency, i.e., the average num-
ber of shock wave crossings per second, to different threshold level
settings. After comparing the results from the sensitivity analysis
performedon the PIBLS data to the results from the sensitivityanal-
ysis performedon Mach 5 circularcylinder interactiondata,25 it was
concluded that the optimal settings for Th1 and Th2 given earlier
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were also reasonable choices for conditionally analyzing the data
from the PIBLS � ow� eld experiments.20

We also note that, by normalizing the rms of the pressure � uctu-
ations in the incoming boundary layer with respect to the wall shear
stress and freestream dynamic pressure, the values ¾pwo =¿w D 3:30
and ¾pwo=q1 D 0:0044 are obtained. These are consistent with pre-
vious studies of supersonic turbulent boundary layers.20

Results
Results from the remote and in situ pressure transducermeasure-

ments will be presented and discussed in the following sections.
Although the lower stream stagnation pressure, or the JSPR, was
the actual independent variable in the experiments, some of the
results will be presented as a function of intermittency rather than
JSPR. A plot of intermittencyvs JSPR over the intermittentregion is
shown in Fig. 3 for both the upstream and downstream individually
sampled transducermeasurements.Whereas the downstream trans-
ducer measurements spanned the intermittent region from ° D 3:9
to 96.2% over a rangeof JSPR from1.95 to 2.41, the upstreamtrans-
ducer measurements spanned the intermittent region from ° D 3:8
to 98.3% over a range of JSPR from 2.05 to 2.49.

Mean Pressure Measurements
At each JSPR shown in Fig. 3, four mean pressure data sets

were acquiredwith theDPT-6400Ttransmitterunder identicalwind-
tunnel operating conditions.The four data sets were then averaged,
and the result is reportedas the mean pressuredistributionalong the
lower wall of the freestream. Figure 4 shows the mean static pres-
sure distributionat � ve strategic JSPRs. Each distribution is plotted
in terms of absolutepressurevs distancefrom the base plane X . The
X axis is assumed to be positive in the downstream direction, and
X D 0 is at the base plane. Each of the mean static pressure distri-
butions is labeled with the appropriate JSPR and the intermittency
computed from the downstreampressure transducermeasurements.
Also, the mean pressures determined from the upstream and down-
streamin situ pressuretransducermeasurements(labeledas Kulites)
are shown in Fig. 4.

In additionto spanningthe intermittentregion,each of the stream-
wise mean static pressuredistributionsshown in Fig. 4 includespart
of the incoming boundary layer and part of the separated � ow� eld
downstreamof the intermittent region. All of the distributionsshow
that the mean pressure level of the incoming turbulent boundary
layer is constant at approximately 29.6 kPa over the JSPR range
from 1.95 to 2.41. The location where the mean static pressure
� rst rises above the mean pressure level of the incoming turbulent
boundary layer, called the line of upstream in� uence, moved far-
ther upstream of the base plane as the JSPR increased from 1.95 to
2.41, as expected. The mean static pressure level in the separated
� ow� eld was not constant over this JSPR range, nor was the mean
static pressure distribution over the separated � ow� eld constant at
any JSPR. Fully separated � ow existed immediately downstream
of the downstream pressure transducer location at a JSPR of 2.41;
the mean pressure distributionfor this case shows that a signi� cant
adverse pressure gradient existed in the separated � ow� eld. Based
on the other mean static pressure distributions shown in Fig. 4, a

Fig. 3 Plot of intermittency vs JSPR for the upstream and downstream
pressure transducer measurements.

Fig. 4 Mean static pressure distributions on the lower wall of the free-
stream at � ve JSPRs ( , Kulites, and , DPT-6400T).

signi� cant adverse mean pressure gradient existed in the separated
� ow� eld at other JSPR settings as well.

The mean pressure measured with the two in situ pressure trans-
ducers was observed to be slightly lower than the mean pressure
measured with the static pressure taps over most of the intermit-
tent region. This discrepancy is a well-known problem27 in wind-
tunnel experiments involving unsteady pressure � elds and exists
because of pneumatic resonance effects that occur within the large
length/diameter tubing connecting the remote pressure transducers
to the static pressure taps. The mean pressures computed from the
static taps were, at worst, no more than 10% larger than the mean
pressures calculated from the in situ pressure transducers over the
intermittent region. Because the mean pressure from the static pres-
sure tap measurements was within approximately 1% of the mean
pressure determined from the in situ pressure transducer measure-
ments in both the low (° < 5%) and high (° > 95%) intermittency
ranges,the mean pressurecan be determinedfrom the static pressure
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tap measurements near the line of upstream in� uence and near the
separation line. This fact, when combined with the fast-response
pressure transducer measurements and oil-streak visualization im-
ages, was used to estimate the length of the intermittent region.20

With the intermittent region de� ned to exist between the ° D 4 and
96% locationsfor any JSPR, the lengthof the intermittentregionwas
estimated as 8.1–9.4 mm (2:6±o –3:0±o ) and 17.3–17.5 mm (5:4±o –

5:5±o ) at JSPRs of 1.95 and 2.41, respectively. Thus, as the JSPR
increased from 1.95 to 2.41, not only did the intermittent region
become longer, but also the separated � ow region became longer
and, in so doing, pushed the intermittent region farther upstream.

PDF Estimates of the Pressure Fluctuation Amplitudes
PDF estimates of the pressure � uctuation amplitudes were cal-

culated at each JSPR for the upstream and downstream pressure
transducermeasurements.The trends in the PDF estimates over the
intermittent region were similar for the upstream and downstream
transducer data. Figure 5 shows PDF estimates of the pressure
� uctuation amplitudes calculated from the downstream pressure

Fig. 5 PDF estimates of the pressure � uctuation amplitudesacross the
intermittent region ( , actual PDF, and ——, Gaussian PDF). JSPR
values identical to those in Fig. 4 at the same ° .

transducermeasurements in the incoming turbulentboundary layer,
across the intermittent region at the same � ve JSPRs as Fig. 4, and
in the fully separatedregion at a JSPR of 2.52. Each of the PDF esti-
mates is plotted in termsof Ni =.Nt £W / vs pressure,where Ni is the
number of pressurerealizationsoccurringwith a value of pi §W=2,
Nt is the total number of pressure realizations in the pressure-time
history, and W is the interval width of the PDF estimate centered at
pi (W D 172 Pa). Also shown in Fig. 5 is the equivalent Gaussian
PDF (with the same mean and standarddeviationas the actualPDF)
for each of the seven estimates.

The actualPDFs were essentiallyGaussiandistributionsin the in-
comingboundarylayerand in the fullyseparatedregiondownstream
of the intermittent region. The width of the PDF was much larger
for the fully separated region at a JSPR of 2.52 than for the incom-
ing boundary layer, indicating that the pressure � uctuation ampli-
tudes were larger in the fully separated region than in the boundary
layer.

The actualPDF was stronglyskewed from its equivalentGaussian
distributionat each JSPR over the intermittent region. At low inter-
mittency values (° < 25%), only a single visible peak was present
in the actual PDF, and the maximum probabilityassociatedwith this
peak occurredat approximately29.6 kPa. The cause of the peak was
clearly the pressure � uctuations present in the incoming turbulent
boundarylayer. Although not enoughpressure� uctuationsfrom the
separated � ow� eld downstream of the shock wave were present to
visibly skew the actual PDF into a bimodal shape at these JSPRs,
the equivalent Gaussian PDF was widened noticeably beyond the
width of the actual PDF peak caused by the incoming turbulent
boundarylayer.This was becausethe pressure� uctuationsthat were
presentfrom the separated� ow� eld increasedthe standarddeviation
computed from the pressure-time history considerably above the
incoming turbulent boundary-layer value (at ° D 3:9%, ¾pw =¾pwo

was 2.4).
As the intermittency increased (° > 25%), the shock wave spent

more time upstream of the pressure transducer, and enough pres-
sure � uctuationsfrom the separated� ow� eld were presentto visibly
skew the actual PDF into a bimodal distribution. The second peak
that formed in the actual PDF occurred at a higher pressure level
than the peak caused by the incoming turbulent boundary layer and
occurred at a pressure level that depended on the JSPR. This trend
of the second peak occurring at a higher pressure as the JSPR was
increased is consistent with the results found from the streamwise
mean pressuredistributionmeasurementsmade with the static pres-
sure taps along the lower wall of the freestream. Thus, the cause of
the second peak in the actual PDF was clearly the pressure � uctu-
ations present in the separated � ow� eld downstream of the instan-
taneous shock wave location. In SWBLI studies produced by solid
protuberances,7 ;8 PDF estimates of the pressure � uctuation ampli-
tudes across the intermittent region were also found to be strongly
skewed from equivalent Gaussian distributions and to exhibit the
same bimodal nature as found in the current PIBLS experiments.

Higher-Order Moments
The � rst four moments (mean, variance, skewness, and kurtosis)

were computed for each pressure-time history in the upstream and
downstream pressure transducer data sets. For each moment, the
data from both pressure transducers collapsed on each other over
the entire intermittent region when plotted against intermittency.

The mean wall pressure Npw is shown in Fig. 6. The mean wall
pressurecontinuouslyincreasedover the intermittentregion froman
incoming turbulent boundary-layerpressure of 29.6 kPa at ° D 0%
to an extrapolated pressure of 52.4 kPa at ° D 100%. The mean
pressureincreasedin a nonlinearmannerover the intermittentregion
because the pressure level increased in the separated � ow� eld and
the region of separated � ow extended farther upstream as the JSPR
increased.

The standard deviation of the pressure � uctuations (¾pw
), nondi-

mensionalizedby the local mean pressure, is shown in Fig. 7. From
a second-order polynomial equation that was least-squares curve
� tted to eachexperimentaldataset (shownas lines in Fig. 7), ¾pw

= Npw

reached a maximum value of 0.22 at ° D 55%.
The occurrence of a local maximum in the rms pressure distri-

bution over the intermittent region is a characteristic found in all
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Fig. 6 Mean pressure vs intermittency across the intermittent region
of the PIBLS wind tunnel.

Fig. 7 Nondimensionalized standard deviation of the pressure � uctu-
ations vs intermittency across the intermittent region.

Fig. 8 Strength of the unsteady shock wave motion over the intermit-
tent region for several SWBLI studies.

separated SWBLI � ow� elds that contain unsteady shock wave mo-
tion. For unswept compression ramps at Mach 3, maximum values
of ¾pw = Npw were found to be 0.20 (±0 D 22 mm) and 0.18 (±0 D
12 mm) for a 24-deg ramp6 and 0.15 (±0 D 22 mm) and 0.11 (±0 D
22 mm) for 20- and 16-deg ramps,7 respectively. The maximum
value of ¾pw

= Npw for a 28-deg unswept compression ramp interac-
tion at Mach 5 (Ref. 9) was found to be 0.34. Dolling and Smith10

reported maximum values of ¾pw
= Npw between 0.25 and 0.28 for

circular cylinders at Mach 5, whereas Dolling and Bogdonoff13 re-
ported values ranging between 0.18 and 0.29 for hemicylindrical
blunt � ns at Mach 3. Thus, the maximum ¾pw = Npw value of 0.22 for
the PIBLS experiments at Mach 2.5 is within the range of values
found in other SWBLI � ow� elds.

The strength of the unsteady shock wave motion, de� ned as
¾pw ;max=1Pshock (where 1Pshock is the mean static pressure differ-
ence across the intermittent region, 1Pshock D Npw;° D 96% ¡ Npwo ), for
the PIBLS � ow� eld measurements was calculated to be 0.43. The
strengths of the unsteady shock wave motion in compression ramp,
circular cylinder, and blunt- and sharp-edged � n interactions15 are
plotted as ¾pw ;max=1Pshock vs sweepback angle in Fig. 8, along with
the results from the current PIBLS wind-tunnel experiments. In

Fig. 8, all of the results for the unswept cases15 are offset to a sweep-
back angle of ¡1 deg, and the results from the PIBLS wind-tunnel
experiments are offset to a sweepback angle of C1 deg for clarity.
The mean value of ¾pw ;max=1Pshock for all three solid protuberance
geometries and all sweepback angles was 0.46. Thus, the strength
of the separation shock wave motion was essentially the same in
the PIBLS � ow� eld as in the SWBLI � ow� elds produced by solid
geometries.

Althoughnotshownheredue to lengthconstraints,20 the skewness
coef� cient ®3 and kurtosis coef� cient ®4 have also been computed
for this PIBLS interaction.Both coef� cients are noteworthybecause
of the large maximum values they attain near the line of upstream
in� uence (®3 D 5:9 and ®4 D 62:8 at ° D 1:4%). A large maximum
value of ®3 near the line of upstream in� uence is a characteris-
tic that has been observed in many SWBLI experiments involving
solid protuberances. The maximum value of ®3 near the line of
upstream in� uence ranged between 8 and 10 for circular cylinder
interactions10 at Mach 5, between 7 and 8 for unswept compression
ramp interactions6;7 at Mach 3, and between 6 and 8 for hemicylin-
drical blunt � n interactions13 at Mach 3. No maximum values for
®4 have been reported in the literature.

PSD Estimates of the Pressure Fluctuations
For a pressure-time history p.t/ in which the time history is di-

vided into nd contiguous segments and each segment contains N
data values (pi;n ; n D 0; 1; : : : ; N ¡ 1, and i D 1; 2; : : : ; nd ), the
one-sided PSD function is estimated by

G pp. fk / D 2
nd N1t

ndX

i D 1

jPi . fk/j2; k D 0; 1; : : : ; N=2 .2/

where 1t is the time between consecutive pressure realizations in
p.t/ and the discrete fast Fourier transform components for each
segment are given by

Pi . fk/ D 1t
N ¡ 1X

n D 0

pi;n exp

³
¡ j2¼kn

N

´
.3/

at the discrete frequencies fk D k=.N £ 1t/, k D 0; 1; : : : ; N ¡ 1.
For the purposesof computingthe PSD estimates reportedherein,

each pressure-time history was divided into 488 contiguous seg-
ments (nd D 488) having 8192 pressure realizations (N D 8192) in
each segment. The frequencyresolutionof the PSD estimates 1 f is
given by 1 f D 1=.N £ 1t/ to be 12.2 Hz, and the normalized ran-
domerrorof thePSD estimates"r is givenby"r D 1=

p
nd to be4.5%.

PSD estimatesof thepressure� uctuationscomputedfrom the down-
stream pressure transducer measurements are shown in Fig. 9 for
the incomingboundary-layerupstreamof the intermittentregion,for
the intermittent region at � ve strategic JSPRs, and for the separated
� ow� eld downstream of the intermittent region at a JSPR of 2.55.
The PSD estimates shown in Fig. 9 are plotted as G pp. f / £ f=¾ 2

pw

vs f in a linear-log format. Each PSD estimate was normalized
by the variance of the pressure-time history. Although this normal-
ization was bene� cial for comparison purposes, care must be taken
when examining the magnitude of the normalized PSD estimates
for the incoming boundary layer and the separated region because
the varianceof the pressure � uctuations(due to turbulence) in these
two � ow regimes may be underestimateddue to frequencyresponse
limitations of the pressure transducers. Remember, however, that
it is the pressure � uctuations caused by the much lower frequency
separation shock wave motion (at intermediate intermittencies) that
are of primary interest here.

The PSD estimate of the pressure � uctuations in the incoming
boundary layer was dominated by frequency components below a
few hundred hertz. Except for a disturbance centered at 387 Hz
(which was found to be caused by the somewhat abrupt geometrical
transition between the plenum chamber and the wind-tunnel inlet
pipes), these pressure � uctuationswere not caused by physical dis-
turbances in the boundary layer but were due to resonance effects
associatedwith the referenceport passagewayof the pressure trans-
ducer. Although the pressure � uctuations caused by resonance in
this passagewaydominate the PSD estimate in the incoming bound-
ary layer, these pressure � uctuations are small compared with the
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Fig. 9 Normalized power spectral density estimates of the pressure
� uctuations across the intermittent region.

pressure � uctuations due to shock wave crossings that appear in
the pressure-timehistoriesacross the intermittent region, and there-
fore these pressure � uctuationshave no effect on the PSD estimates
across the intermittent region.

The PSD estimatescomputedfor thepressure-timehistoriestaken
from the intermittent region showed that most of the energy in the
pressure � uctuationswas concentratedover the frequencyrange be-
tween about 100 Hz and a few thousand hertz. For pressure � uctua-
tions above 10 kHz, the PSD estimates containedno signi� cant en-
ergyuntil thehighestintermittencies,e.g.,° D 96:7%, were reached.
The energy of the pressure � uctuations taken from the fully sepa-
rated � ow� eld was distributed uniformly over a frequency range
between a few hundred hertz and 50 kHz (the cutoff frequency of
the analog � lter). This change in the PSD distribution occurred be-
cause the PSD estimates taken from the intermittent region were
dominated by the large pressure � uctuations caused by the separa-
tion shock wave translating over the pressure transducer, whereas
the PSD estimate from the fully separated region contains high-
frequency pressure � uctuations caused by turbulence in the shear
layer and separated region. Thus, the PSD estimates from the in-
termittent region of the PIBLS � ow� eld show that the frequency

of the shock wave motion was broadband, with most of the energy
occurring over a frequency range from approximately 100 Hz to
a few thousand hertz, depending on the exact location within the
intermittent region.

The energy of the pressure � uctuations acquired from the inter-
mittent region of unswept compression ramp interactions7;8 was
also distributed over the frequency range from a few hundred to
a few thousand hertz. Although the PSD estimates for the various
ramp angles (16–28 deg) had the same basic broadband shape, the
dominant center frequency of the spectral distribution was depen-
dent on the ramp angle. The center frequencydecreasedas the ramp
angle increased.The center frequency was approximately 1000 Hz
for a 16-deg ramp angle, 500–1800 Hz for a 20-deg ramp angle,
and 200–500 Hz for 24- and 28-deg ramp angles. Thus, the spectral
characteristics of the energy in the pressure � uctuations from the
intermittent region of the PIBLS � ow� eld were very similar to the
spectralcharacteristicsof the unsweptcompressionramp interaction
at the larger ramp angles of 24 and 28 deg.

Conclusions
The unsteady characteristics of the separation shock wave mo-

tion in a plume-induced separated � ow� eld were determined from
pressuremeasurementsmade with in situ and remote pressuretrans-
ducers over the jet static pressure ratio range from 1.95 to 2.55.
Time-series analysis techniqueswere applied to the pressure � uctu-
ation measurements taken from upstream, across, and downstream
of the intermittentregion.The PDF estimatesof the pressure� uctua-
tion amplitudes computed from the intermittent region were highly
skewed from the equivalent Gaussian distributions and typically
were bimodal in character at intermittencies greater than approxi-
mately 25%. The maximum value of ¾pw = Npw over the intermittent
region was found to be 0.22 at ° D 55%, and the strength of the
unsteady shock wave motion (de� ned as ¾pw ;max=1Pshock) for these
experiments was calculated to be 0.43. PSD estimates from the in-
termittent region show that the frequencyof the shock wave motion
was broadband,with most of the energy occurring over a frequency
range from approximately 100 Hz to a few thousand hertz.

In conclusion, many of the statistical properties computed for
this plume-induced separated � ow� eld were qualitatively similar
to the statistical properties computed for two-dimensional shock
wave/boundary-layer interaction � ow� elds produced by solid ge-
ometries. This is true even though the size of the separated region is
much larger for this plume-induced separated � ow than for solid
boundary-induced separation and although the PIBLS separated
region is enclosed by two � uid dynamically compliant shear lay-
ers rather than by a solid boundary and a single shear layer. Per-
haps these observations will help shed some light on the source of
the large-scale unsteadinessmechanisms in shock wave/boundary-
layer interactions. In any event, it is clear that the unsteady separa-
tion process that can accompany the occurrenceof plume-induced,
boundary-layerseparationin high-speed � ight is important because
of the large aerodynamic loads that occur over a broad frequency
range.
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