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Conditional Analysis of Wall Pressure Fluctuations
in Plume-Induced Separated Flowfields
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The separation process in plume-induced, boundary-layer separated flowfields was found to be unsteady. Two in
situ, fast-response pressure transducers were used to make individually and simultaneously sampled wall pressure
fluctuation measurements over the intermittent region of separation shock wave motion. A conditional analysis
technique was applied to the pressure-time histories, and statistical methods were then used to analyze the period,
frequency, and velocity ensembles of the shock motion. The mean frequencies of this motion ranged between
1300 and 1500 Hz over the intermittent region, and the most probable shock wave frequencies occurred between
1 and 4 kHz over this region. The maximum zero-crossing frequency of the shock wave motion was approximately
500-600 Hz. The mean (approximately 3.5% of the freestream velocity) and most probable (approximately 6%
of the freestream velocity) shock wave velocities in either direction were found to be essentially constant over the
intermittent region. These results are compared to those for shock wave/boundary-layer interactions caused by
solid protruberances.

Introduction

PLUME-INDUCED boundary-layer separation (PIBLS) is an
important phenomenon that can adversely affect the aerody-

namic and heat transfer characteristics of rockets and missiles. It
occurs when the blockage caused by a highly underexpanded jet
plume causes the afterbody boundary layer to separate upstream of
the base corner. The only known previous investigations of the sep-
aration shock dynamics in a PIBLS flow utilized a cone-cylinder
model that was wall mounted in a supersonic (M = 2.5-3.5) wind
tunnel.1"3 A secondary air jet at Mach 2.94 was injected into the
freestream at a 74-deg angle with respect to the model axis near
the aft end. Schlieren movies showed the length of the intermit-
tent region associated with the separation shock motion to be on
the order of a few boundary-layer thicknesses. Limited time-series
analyses of measurements made with a sparsely distributed set of
fast-response pressure transducers were performed. A power spec-
trum computed from one pressure-time history showed that most
of the energy of the pressure fluctuations associated with the shock
motion was contained below 1 kHz. No conditional analyses of the
pressure fluctuation measurements were reported.

Our studies in a supersonic wind-tunnel facility used to produce
PIBLS have also shown the separation process to be unsteady.4'5 The
separation shock wave was observed to translate randomly in the
streamwise direction over a distance of several incoming boundary-
layer thicknesses. Wall static pressure fluctuation measurements
were made in the intermittent region using two flush-mounted, fast-
response pressure transducers. Standard time-series analysis tech-
niques were applied to the pressure-time histories obtained from
these pressure transducers, and the resulting statistical properties
were used to characterize the separation shock wave motion.5 How-
ever, because each pressure-time history obtained from the inter-
mittent region contains pressure fluctuations caused by the shock
wave motion, as well as pressure fluctuations caused by turbulence
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in both the incoming boundary layer and the downstream separated
region, it can be difficult to differentiate between effects caused
by these two pressure fluctuation sources. In fact, the turbulence
pressure fluctuations can entirely mask the effect of shock motion
pressure fluctuations in some statistical properties. For example, the
convection velocities of the shock wave motion could not be calcu-
lated from cross-correlation estimates because no convection times
corresponding to the shock wave motions were found to exist in
these estimates.4 To isolate the pressure fluctuations caused by the
shock motion from those caused by turbulence and then to analyze
only those pressure fluctuations caused by the shock motion, a condi-
tional analysis algorithm was applied to the pressure-time histories.
The results obtained from conditionally analyzing the pressure fluc-
tuation measurements made across the intermittent region of PIBLS
flowfields are the subject of this paper.

The conditional analysis algorithm employed was the two-thres-
hold method box-car conversion technique (TTMBCC) that has been
developed by Dolling and Narlo,6 Brusniak,7 Dolling and Brusniak,8
and Erengil and Dolling.9 The TTMBCC algorithm has been used to
successfully calculate the unsteady characteristics of the separation
shock wave motion in several shock wave/turbulent boundary-layer
interaction (SWBLI) flowfields produced by solid protuberances.
Specifically, the zero-crossing frequency distributions across the
intermittent region and the probability density function (PDF) esti-
mates of the periods, frequencies, and velocities of the shock wave
motions across the intermittent region have been calculated from
pressure fluctuation measurements made in flowfields produced by
compression ramps,9'10 circular cylinders,11 and hemicylindrical
blunt fins.12'13

These studies have shown that the zero-crossing frequency /0
i.e., the average number of times per second that the shock wave
unidirectionally crosses a pressure transducer, along the line of sym-
metry upstream of the cylinders and fins appeared to be distributed
parabolically over the length of the intermittent region and reached
a maximum value near an intermittency of 50%. For the circular
cylinders,11 /c>max ranged between 0.9 and 1.6 kHz, depending on
the incoming boundary-layer thickness and the cylinder diameter.
The trends exhibited by /c,max for various cylinder diameters and
boundary-layer thicknesses were the same trends displayed by the
dominant center frequency in the power spectral density (PSD) esti-
mates. For the swept hemicylindrical blunt fin experiments,12 /c,max
ranged from 1.2 to 2.2 kHz as the leading-edge sweep angle in-
creased from 0 to 45 deg. A PDF estimate of the shock wave periods
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at each location across the intermittent region showed that all of the
distributions of shock wave periods were strongly skewed toward
shorter periods. The most probable period, which occurred some-
where over the 0.2-0.5 ms range, depending on the intermittency,
was always less than the mean period for each distribution. Simi-
larly, PDF estimates of the shock wave frequencies have shown that,
although frequencies as high as 10 kHz exist in the distributions, the
most probable shock wave frequencies were in the 1-2 kHz range.11

From the ensembles of shock wave velocities calculated with
the TTMBCC algorithm applied to swept hemicylindrical blunt fin,
sharp fin, and swept compression ramp interactions, the mean and
rms of the shock wave velocities, when nondimensionalized by the
freestream velocity, were found to be independent of the geometry
that produced the interaction and independent of the intermittent
region length.13 This result explained the inverse relationship be-
tween the length of the intermittent region and the zero-crossing
frequency that was observed in several experiments. The average
mean and rms of the shock wave velocities for these interactions
were calculated to be 0.0304(700 and 0.0055t/oo, respectively, in
the upstream direction and 0.0310£/oo and 0.0056t/oo» respectively,
in the downstream direction, where U^ is the freestream velocity
approaching the fin or ramp.

The investigations just mentioned have shown that conditional
analysis of pressure-time histories obtained from SWBLIs pro-
duced by solid protuberances has been beneficial primarily in de-
termining the unsteady characteristics of the separation shock wave
motions. By applying both standard time-series analysis and con-
ditional analysis techniques to the pressure-time histories obtained
from SWBLIs, a more complete picture of the shock wave motion
was obtained for solid boundary protuberances. By applying both
analysis techniques in the present PIBLS flowfield study, a more
complete picture of the shock wave motion is also obtained for
separation caused by a compliant aerodynamic boundary. The time-
series results for the PIBLS flow have previously been presented
in Ref. 5; the conditional analysis measurements are presented and
discussed herein.

Experimental Equipment and Procedure
Wind-T\innel Facility

The experiments were conducted in a supersonic flow facility
designed specifically to produce PIBLS flowfields. Figure 1 presents
a schematic of the flow facility and a cross-sectional view of the test
section. PIBLS of the upper M = 2.5 stream is caused by impinging
it at a 40-deg angle, across a 12.7-mm base height, with the lower
M = 1.5 stream. The test section is two dimensional with a constant
width of 50.8 mm. The height of the M = 2.5 stream is also 50.8 mm.
Glass window assemblies are installed in each sidewall, allowing
optical access to the entire PIBLS flow interaction.

I High Pressure Air Supply fl
Upper Stream _n\ \ / i Constant AreaGate Valve Diffuser

\

Cross-Sectional View of
the PIBLS Test Section

Fig. 1 Schematic of the flow facility and PIBLS test section.

Fig. 2 Shadowgraph photograph (flashlamp pulse duration of 25 ns)
of the near-wake region in the PIBLS wind tunnel at a JSPR of approx-
imately 2.35.

Filtered, dry air was supplied to the test section via two screw com-
pressors and air storage tanks. Flow conditioning screens and honey-
comb sections were installed in the supply lines of both streams. In
addition, the lower stream could be throttled using a manual valve.
Varying the lower stream stagnation pressure in this way was used to
adjust the jet static pressure ratio [(JSPR) = /Wrapper ] between
the two streams and, therefore, the mean separation location of the
boundary layer of the upper stream.

Figure 2 is a shadowgraph photograph of the PIBLS flowfield
taken at JSPR = 2.35. Plume-induced separation of the upper
stream's boundary layer and the separation shock wave are clearly
visible. When the shadowgraph light source was operated contin-
uously, the separation shock was observed to experience unsteady
streamwise motions at all JSPRs considered. Also visible in Fig. 2
are the separated shear layers from both streams, the enclosed re-
circulation region, the recompression waves near the shear layer
reattachment point, and the trailing wake.

Surface oil-streak visualizations (not shown here) confirmed, at
least in a mean sense, that there is little or no spanwise variation in
the separation process of the Mach 2.5 stream over the inner 60%
or so of the flow away from the wind-tunnel walls.

Instrumentation
Wall pressure fluctuations in the neighborhood of the separation

location were measured with two Kulite® piezoresistive pressure
transducers flush mounted in the upper wall of the center partition
(Fig. 1). The upstream and downstream transducers were located
19.1 and 16.5 mm upstream of the base, respectively, on the span wise
center plane of the test section. The transducer diaphragms had
an active diameter of 0.71 mm and measured diaphragm natural
frequencies of 168 and 198 kHz for the upstream and downstream
transducers, respectively. The transducers were statically calibrated
in situ using a Sensotec digital pressure gauge that is accurate to
within ±103 Pa. Amplification of the analog voltage signal from
the transducers was carried out with a Measurements Group® signal
conditioning amplifier. Low-pass filtering of the amplified signals
was performed with an active Butterworth filter circuit. The low-pass
filters had a -3-dB cutoff frequency of 50 kHz and an attenuation
of —36 dB/octave in the transition band. The gain and dc offset
of each channel were adjusted before each calibration to maximize
the signal-to-noise ratio (SNR) of the output signal. The resulting
SNRs for the fluctuating pressure measurements were in the range
of 15-20 for the incoming boundary layer and from 55-300 for the
intermittent region.

Data Acquisition
In these experiments the two Kulite pressure transducers were

mounted at fixed positions on the center partition. As a result,
the shock wave intermittent region was moved across the trans-
ducer locations by varying the JSPR. Specifically, the shock wave
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intermittency (fraction of time the shock is upstream of a transducer)
was increased by increasing the lower jet stagnation pressure, and
therefore the JSPR, from 210 to 269 kPa in increments of approxi-
mately 3.4 kPa. Variation in the location of these two transducers, or
use of additional transducers, was not possible due to the relatively
small size of the center partition (Fig. 1) where the transducers were
located.

Both individually and simultaneously sampled pressure measure-
ments were obtained at each JSPR. The individually sampled mea-
surements were made at a rate of 166,667 samples/s for 24 s for each
transducer. The simultaneously sampled transducer readings were
obtained at 200,000 samples/s per channel for 20 s.

Further details concerning the flow facility, instrumentation, and
data acquisition methods may be found in Refs. 4 and 5.

Analysis Technique
The updated version9 of the TTMBCC algorithm, developed in

Refs. 6-9, was used in the analysis of the shock motion of the PIBLS
flowfield. In this method each individual pressure measurement from
a given transducer is compared to two threshold levels, Th \ and Th2,
and the instantaneous shock location is then determined as either up-
stream or downstream of the transducer. The precise time (to within
the sampling period) at which the shock crosses upstream of the
transducer, called the rise time, and downstream of the transducer,
called the fall time, is determined for all shock passages in the time
history of the pressure measurements. The resulting record of the
shock rise and fall times is the box-car function.

An analysis of the TTMBCC algorithm was performed with the
PIBLS data to evaluate the sensitivity of the zero-crossing frequency
fc to different threshold settings. Two discrete settings of Th\ were
used in the sensitivity analysis: Th\ = PWQ and pwQ + 3&Pw0, where
pwQ is the mean pressure and apwQ is the rms of the pressure fluc-
tuations in the incoming boundary layer. For each of the two Th\
settings, threshold level Th2 was systematically varied according to
Th2 = PWQ -r- nvpuo* where n is an integer in the range 3 < n < 9.
For each of two pressure-time histories (y «20 and 50%), the
TTMBCC algorithm was used to calculate fc at each of the 14
unique combinations of Th\ and Th2. The results are shown in
Fig. 3. Three main observations may be made about the sensitivity
of fc to the two threshold levels: 1) fc decreased as threshold level
Th2 increased (larger n values) at both intermittencies regardless
of the setting for Th\,2) fc was larger for Th\ = PWQ + 3crpu;0 than
for Th\ — pwQ at both intermittencies regardless of the setting for
Th2, and 3) fc was more sensitive to the threshold level settings at
y « 50% than at y « 20%. The first two observations are obvious
from Fig. 3, but the last one required a separate, quantitative study,4
whose results are not shown here for conciseness. Because the sen-
sitivity analysis performed on the PIBLS data showed similar, albeit
weaker, qualitative trends when compared to the sensitivity analysis
performed on the Mach 5 circular cylinder interaction data,8 it was
concluded that threshold level settings of Th\ = pwQ + 3&Pw0 and
Th2 = PWQ + 6crpwQ were also reasonable choices for conditional
analysis of the PIBLS data.

1,200

ffi 1,000

Results
After specifying the flow conditions for the experiments, results

from the pressure transducer measurements will be presented in
two parts: individually sampled transducer measurements and si-
multaneously sampled transducer measurements. The individually
sampled results were used to calculate period and frequency ensem-
bles of the shock wave motion, and the simultaneously sampled data
were used to calculate velocity ensembles of the shock motion.

Flow Conditions
The stagnation temperature of both streams was measured with

an iron-constantan thermocouple mounted in the facility plenum
chamber and was found to be 298 K (±1.5 K). The stagnation pres-
sure of each stream was measured with a probe mounted up-
stream of each nozzle block. The stagnation pressure of the up-
per stream was 503 kPa (±1.5 kPa), and its unit Reynolds number
was 47.1 x 106m-1 (±0.5 x 106m"1). The Mach number of this
freestream was determined from the stagnation pressure measure-
ment and mean static pressure measurements made using taps lo-
cated in the center partition and was found to be 2.50 (±0.01). The
Mach number of the lower jet was determined in a similar manner
to be 1.51 (±0.01).

Velocity measurements were made in the upper stream along a
vertical traverse 30 mm upstream of the base using a one-component
laser Doppler velocimeter setup. The freestream turbulence inten-
sity was found to be less than 0.015 (±0.0015) across the uniform
portion of the mean profile. A wall-wake velocity profile of the
form suggested by Sun and Childs14 was curve fit to the mean ve-
locity measurements made in the boundary layer, and from this fit
the integral boundary-layer parameters were determined (Table 1).
These parameters agree well with those of other equilibrium turbu-
lent boundary layers reported in the literature15'17 for comparable
Reynolds and Mach numbers.

Individually Sampled Pressure Transducer Measurements
Although the JSPR was the independent variable in the experi-

ments, some results will be presented as a function of intermittency
ratherthan JSPR. As mentioned earlier, intermittency y is defined
as the percentage of time the shock wave is upstream of a given
pressure transducer and is calculated from

Y =
f=1 (fall, -rise,)

(1)

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

A plot of intermittency vs JSPR over the intermittent region is
shown in Fig. 4 for both the upstream and downstream transducers.
For the downstream transducer measurements, the JSPR range from
1 .95 to 2.41 spanned the intermittency range from y = 3.9 to 96.2%.
Similarly, the upstream transducer measurements spanned the inter-
mittent region from y — 3.8 to 98.3% over a range of JSPR from
2.05 to 2.49. Over this range of downstream transducer intermitten-
cies, the shock strength, as judged by its static pressure ratio, varied
by only ±5% about its nominal value of 2.1 1. Also, with the inter-
mittent region length defined to exist between the y = 4 and 96%
locations, the length of the intermittent region was estimated to be
2.6<50-3.0<$o at JSPR = 1 .95 and 5.4<50-5.5<$o at JSPR = 2.41 , where
<$o = 3.1 mm.

Table 1 Incoming turbulent boundary-layer properties
in the upper stream

Property Value

Fig. 3 Sensitivity of the zero-crossing frequency to the threshold levels
in the TTMBCC algorithm for the PIBLS experiments.

Boundary-layer thickness, 8 3.1 mm
Boundary-layer displacement thickness, 8* 0.91 mm
Boundary-layer momentum thickness, 6 0.25 mm
Boundary-layer shape factor, H — 8* fO 3.71
Wake strength parameter, n 1.58
Skin friction coefficient, C/ 0.00131
Friction velocity, w r 20.6 m/s
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^

.Q,,,.,,

?

1 1 •

,0,

"" "'

• Upstream
o Downstream

|o«c c»• •f

_

(^

.:
o-

o
* —

0 20 40 60 80 100
Intermittency (%)

Fig. 5 Mean period of the shock wave motion vs intermittency across
the intermittent region of PIBLS flowfields.

Periods of the Shock Wave Motion
The period of the ith shock wave event 7) in the box-car func-

tion can be calculated as the difference between two consecutive
rise times (7} = rise/ +1 — rise/) or the difference between two con-
secutive fall times (7} =fall/ + i — fall/). For both cases, statistical
techniques can be applied to the ensemble of periods calculated
from the box-car function to obtain the mean value, Tm, and the
PDF of the ensemble. The distribution of mean periods over the in-
termittent region is shown in Fig. 5 for the upstream and downstream
pressure transducer measurements. At every discrete intermittency
at which experimental measurements were acquired, the mean pe-
riod calculated from the rise times was equal (to three significant
figures) to the mean period calculated from the fall times. As shown
in Fig. 5, the mean periods computed from the upstream pressure
transducer measurements also collapse on those determined from
the downstream transducer measurements when the data are plotted
vs intermittency. Although the mean period reached relatively large
values at both low and high intermittencies, the value of the mean
period decreased rapidly and was relatively constant as the midrange
of intermittencies (20% < y < 80%) was approached from both the
low and high ranges. The distribution of mean periods reached a
minimum value at y w 60% where the mean period was in the range
of 1.74-1.78ms.

The PDF estimates of the shock wave periods were also computed
across the intermittent region using both rise times and fall times. At
each location over the intermittent region, the PDF estimate of the
shock wave periods computed using rise times was essentially iden-
tical in shape and magnitude to that computed using fall times. This
was the case for the upstream pressure transducer measurements
as well as for the downstream transducer measurements. Because
the evolution (in terms of the shape and magnitude) of these PDF
estimates over the intermittent region was similar for both transduc-
ers, only the PDF estimates of the shock wave periods computed
using the rise times from the downstream transducer measurements
are shown in Fig. 6. The PDF estimates of the shock wave periods
computed at five approximately equally spaced values across the
intermittency range are shown in Fig. 6. Each of the PDF estimates
is plotted in terms of Ni/(N{otaiW) vs the shock wave period, where
NI is the number of shock wave periods occurring with a value of
Ti, Motai is the total number of shock wave period realizations in the

4 6
Period (ms)

10

Fig. 6 PDF estimates of the shock wave periods at discrete locations
across the intermittent region.

box-car function, and W is the interval width of the PDF estimate
centered at 7) (W = 36 /-ts). The mean period of each ensemble is
also shown (with a solid black triangle) in each plot of Fig. 6.

The behavior of the PDF estimates of the shock wave periods was
similar over the entire intermittent region of the PIBLS flowfields.
For each intermittency, the PDF quickly reached a maximum value
at approximately 0.4 ms and then slowly decayed back to zero over
the next 10-20 ms, depending on the intermittency. Over the low,
e.g., y =3.9%, and high, e.g., y =96.2%, intermittency ranges, a
number of shock wave events had periods longer than 10 ms, as ev-
idenced by the amplitude of the PDF not being zero at 10 ms. Over
the midrange of the intermittent region (20% < y < 80%), nearly
all of the individual shock wave periods were less than 10 ms. This
trend explained the behavior of the mean period over the intermit-
tent region. For the low and high intermittencies, the number of
shock wave events with periods longer than 10 ms was sufficient
to significantly increase the mean period to values well above (at
least two or three times larger) those found over the midrange of the
intermittent region.

Frequencies of the Shock Wave Motion
The frequency of the ith shock wave event, //, in the box-car

function is simply the reciprocal of the period of the ith shock wave
event, /) = 1/7), and can be calculated from two consecutive rise
times (ft = {rise/ + i - rise/}"1) or from two consecutive fall times
(fi = {fail/+1 - fall/}"1). For both cases, statistical techniques can
be applied to the ensemble of frequencies calculated from the box-
car function to obtain the mean value fm and the PDF of the en-
semble. The distribution of mean frequencies over the intermittent
region is shown in Fig. 7 and was calculated using the rise times from
the upstream and downstream transducer measurements. The mean
frequency calculated from the rise times was slightly larger than that
calculated from the fall times at every measurement location over
the intermittent region and for both the upstream and downstream
transducer measurements. Thus, the mean frequency was more sen-
sitive than the mean period to temporal differences between the rise
times and the fall times. From Fig. 7, it is seen that the mean fre-
quencies calculated using the upstream transducer measurements
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Fig. 8 PDF estimates of the shock wave frequencies at discrete loca-
tions across the intermittent region.

collapse on those calculated from the downstream transducer mea-
surements when the frequency data are plotted vs intermittency. The
mean frequencies ranged between 1300 and 1400 Hz over the inter-
mittent region from 20 to 50% and between 1400 and 1500 Hz over
the intermittent region from 50 to 80%.

PDF estimates of the shock wave frequencies were made at each
measurement location across the intermittent region using both rise
times and fall times. At each location, the PDF computed using
rise times was nearly identical in shape and magnitude to that com-
puted using fall times. This was true for the upstream transducer
measurements as well as for the downstream transducer measure-
ments. Because the evolution of the PDF estimates of the shock
wave frequencies over the intermittent region was similar for both
transducers, only the PDFs of the shock wave frequencies computed
using rise times from the downstream transducer measurements are
shown in Fig. 8.

The PDF estimates of the shock wave frequencies computed at
the same five locations over the intermittent region as the shock wave
period PDFs (shown earlier in Fig. 6) are presented in Fig. 8. Because
the interval width of each PDF estimate, Wfi, was variable over
the frequency spectrum, each PDF estimate was reported as a sim-
ple histogram to eliminate the bias caused by Wfi on the magnitude
of the PDF estimate. Each PDF is plotted as #//Aftotai vs the shock

wave frequency, where Ni is the number of shock wave frequency
realizations occurring with a value of // and Aftotai is the total number
of shock wave frequency realizations in the box-car function. The
mean frequency of each ensemble is also shown (with a solid black
triangle) in each plot of Fig. 8. The behavior of the shock wave
frequency PDFs was similar at all five locations over the intermittent
region. The amplitude of the PDF increased substantially over the
frequency range between 100 Hz and 1 kHz, reached a most probable
value between 1 and 4 kHz, and then decreased back to zero again
near 20 kHz. The mean frequency of each ensemble was less than
the most probable frequency.

Because the frequencies in each PDF estimate were narrowly
spaced over the low-frequency range and widely spaced over the
high-frequency range, a probability distribution function estimate
was calculated for each PDF to better interpret the evolution of
the PDFs over the intermittent region. When the PDF is defined
as a simple histogram, the probability distribution function is the
running sum of the PDF over the frequency range. For each PDF
estimate shown in Fig. 8, a probability distribution function estimate
was computed from

(2)

where Pf is the probability distribution function corresponding to
fi. The probability distribution function estimates of the shock
wave frequencies are shown in Fig. 9. The relative number of

101

Frequency (kHz)
102

Fig. 9 Probability distribution function estimates of the shock wave
frequencies at discrete locations across the intermittent region.
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frequency realizations that occurred between 50 Hz and 1 kHz de-
creased, whereas the relative number of frequency realizations that
occurred between 1 and 10 kHz increased as the y = 70% location
was approached from both the low and high intermittency ranges.
Therefore, the individual frequency realizations in the ensembles
occurred at higher frequencies as the y = 70% location was ap-
proached. This trend explained why the mean frequency increased
as the y = 70% location was approached from the low and high
intermittency ranges.

It is interesting to compare the PSD estimates of the pressure
fluctuations computed from the pressure-time histories over the in-
termittent region5 to the PDF and probability distribution function
estimates computed from the ensembles of shock wave frequen-
cies. The PSD estimates showed that 50-60% of the energy in the
pressure fluctuations occurred between approximately 50 Hz and
1 kHz. The probability distribution function estimates of the shock
wave frequencies showed that 50-60% of the shock wave events
occurred over this same frequency range. Thus, more than half of
the shock wave events, which contained more than half of the en-
ergy in the power spectrum, occurred at frequencies in this range.
The PSD estimates showed that the energy in the pressure fluctu-
ations dropped off significantly at frequencies higher than 1 kHz.
Although only 15-30% of the energy in the PSD estimates was
contributed by pressure fluctuations in the frequency range between
1 and 10 kHz, 40-50% of all of the shock wave frequencies oc-
curred in this range, including the most probable shock wave fre-
quencies. Therefore, the most probable shock wave frequencies (in
the 1-4 kHz range) were not the most energetic frequencies (usually
below 1 kHz).

The mean frequency over the intermittent region is not the only
frequency that can be calculated for the shock wave motion. The
zero-crossing frequency of the shock wave motion, computed as the
reciprocal of the mean period, is also of interest. The distribution of
the zero-crossing frequency over the intermittent region is shown
in Fig. 10 for both the upstream and downstream pressure trans-
ducer measurements. The zero-crossing frequency distribution for
the downstream transducer measurements reached a maximum of
560 Hz at y ^60%. The zero-crossing frequency distribution for
the upstream pressure transducer measurements displayed an un-
usual 50-Hz shift near y « 50%, which was caused by a leak in
the sidewall seal during the latter phases of the experiments.4 Had
the rupture not occurred, the upstream pressure transducer measure-
ments would have reached a maximum of about 520 Hz at y « 60%.
Note that the maximum zero-crossing frequency computed from the
downstream pressure transducer measurements was larger than that
computed from the upstream pressure transducer measurements.
The physical reason for this will become clear after discussing the
shock wave velocity distributions in the next section.

Simultaneously Sampled Pressure Transducer Measurements
Because the cross-correlation estimates computed for each pair of

pressure-time histories acquired across the intermittent region did
not detect the convection times corresponding to the shock wave
motion in the upstream and downstream directions,4'5 the convec-
tion time associated with each pair of shock wave crossings was
computed from the conditional analysis of each pair of pressure-
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time histories. The TTMBCC algorithm was used to convert each
pair of pressure-time histories into a pair of box-car functions. An
ensemble of convection times for the shock wave motion in the up-
stream direction and an ensemble of convection times for motion in
the downstream direction were formed at each JSPR by analyzing all
of the pairs of shock wave crossings in the two box-car functions.4
Assuming the shock wave moves with uniform speed and direction
between the two pressure transducers, the velocities of the shock
wave motion in the upstream and downstream directions were com-
puted from the convection times between the two transducers and
the transducer spacing.

The PDF estimates of the shock wave velocities in the upstream
and downstream directions computed at five discrete locations over
the intermittent region are shown in Figs. 11 and 12, respectively.
Each of the PDFs is plotted as N//Ntotai vs (/shock/ £/<»» where Nt is
the number of shock wave velocity realizations at velocity £/sh0cio
Aftotai is the total number of realizations (in either direction) in each
pair of box-car functions, and t/oo is the freestream velocity of the
Mach 2.5 flow (565 m/s). Whereas the behavior of the PDF estimates
of the shock velocities in the upstream and downstream directions
was similar over the intermittent region, the PDFs of the upstream
shock velocity were less peaked and had a wider distribution than did
those of the downstream shock velocity. As (7Shock/ (7^ increased,
the PDF estimates quickly reached a maximum value over the ve-
locity range of 0.04(700-0.08(700 and then slowly decayed back to
zero again by the time the shock wave velocity reached 0.30/7oo.

20 40 60 80
Intermittency (%)

100 0.05 0.10 0.15 0.20 0.25

Fig. 10 Zero-crossing frequency of the shock wave motion vs intermit-
tency across the intermittent region of PIBLS flowfields.

Fig. 11 PDFs of the shock wave velocity in the upstream direction
across the intermittent region.
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Fig. 12 PDFs of the shock wave velocity in the downstream direction
across the intermittent region.
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Fig. 13 Most probable shock wave velocity in the upstream and down-
stream directions across the intermittent region.

The most probable shock wave velocity in both the upstream
and downstream directions was computed at 14 locations across the
intermittent region and is shown in Fig. 13. The most probable shock
wave velocity in either direction was essentially constant over the
intermittent region. The average value of the most probable shock
wave velocities was 0.058 t/oo ± 0.010£/oo in the upstream direction
and O.OGOf/oo iO.OOQt/oo in the downstream direction and, thus,
was essentially the same in the two directions.

0.050

0.040

0.030

0.020

0.010

0.000
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Fig. 14 Mean shock wave velocity in the upstream and downstream
directions across the intermittent region.

The mean shock wave velocity in both the upstream and down-
stream directions was also computed at 14 locations across the in-
termittent region and is shown in Fig. 14. The mean shock wave
velocity in either direction was fairly constant across the intermit-
tent region. The average value of the mean shock wave velocity
was 0.035^/00 ± 0.004(/oo in the upstream direction and 0.034^ ±
0.006C/00 in the downstream direction. Figure 14 shows that the
mean shock wave velocity in the upstream direction was consis-
tently slightly greater than the mean shock wave velocity in the
downstream direction over most of the intermittent region. After a
close examination of the threshold levels used in the TTMBCC al-
gorithm to compute the shock wave velocities, the small differences
between the mean shock wave velocities in the two directions that
developed over the intermittent region was believed not to be an arti-
fact of the conditional analysis technique, but rather was most likely
caused by the physics of the shock wave motion. The trend of the
mean shock wave velocity in the upstream direction being increas-
ingly greater than the mean shock wave velocity in the downstream
direction as the JSPR (and intermittency) increased was consistent
with the trend observed in the PDF estimates of the shock wave
velocities in the upstream and downstream directions. As the JSPR
increased from 1.95 to 2.41 (y = 3.9 to 96.2%), more shock wave
velocity realizations with a magnitude larger than the most proba-
ble value occurred in the upstream direction than in the downstream
direction.

The conditional analysis of the two simultaneously sampled pres-
sure transducer measurements revealed that the average mean shock
wave velocity in either direction was approximately 0.034f/oo-
0.035 C/oo, and the mean shock wave velocity was independent of
the intermittent region length. This explains why, for the same in-
termittency value, the zero-crossing frequency calculated from the
pressure-time history acquired with the upstream pressure trans-
ducer was always less than the zero-crossing frequency calculated
from the downstream transducer measurements. The length of the
intermittent region increased from 2.6<$0-3.0($o to 5.4-5.5<50 (where
<$o is the incoming boundary-layer thickness) as the JSPR increased
from 1.95 to 2.49 (Ref. 4). For both pressure transducers to have
the same intermittency value, the JSPR setting used for the up-
stream pressure transducer measurements was higher than that for
the downstream transducer measurements. As a result, the intermit-
tent region length associated with the upstream pressure transducer
flowfield is longer than that for the downstream transducer mea-
surement flowfield. Consequently, because the mean shock wave
velocity is constant across the intermittent region, the zero-crossing
frequency must be less for the upstream pressure transducer mea-
surements than for the downstream transducer measurements.

Conclusion
Although the zero-crossing frequency and the mean frequency

of the shock wave motion in the current PIBLS flowfields were
less than the frequencies found in other SWBLIs produced by solid
protuberances,9'13 the velocity characteristics of the shock wave
motion were similar to the velocity characteristics of the shock wave
motion in solid protruberance SWBLI flowfields. These similarities
included the general shape of the PDF estimates of the shock wave
velocities, which were highly skewed toward low-speed realizations
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relative to the freestream velocity, the most probable shock velocities
of approximately 0.05£/oo-0. lOf/oo, and the average mean shock ve-
locities of approximately 0.03£/oo. Although all of these similarities
are undoubtedly important, the latter similarity is especially note-
worthy. Gonsalez and Dolling13 found that the average mean shock
wave velocities in either direction were approximately 0.030t/oo-
0.03 If/oo and were independent of the intermittent region length
for swept compression ramp interactions, hemicylindrical blunt fin
interactions, and sharp fin interactions at angles of attack. The cur-
rent PIBLS study found that the average mean shock wave veloc-
ity in either direction was approximately 0.034£/oo-0.035L^ and
that it was independent of the intermittent region length. Thus, the
average mean shock wave velocities from the plume-induced in-
teractions were essentially the same as the average mean shock
wave velocities from the interactions produced by the three solid
geometries.

Although there were many similarities between the velocity
characteristics of the shock wave motion in the PIBLS flowfields
and those in SWBLI flowfields produced by solid geometries, a
difference found between the two types of interactions was that
the upstream mean shock velocities were greater than the down-
stream mean shock velocities in the plume-induced interactions,
whereas just the opposite situation was found in the solid geometry
interactions.9"13 A definitive explanation of this result must await
further study.
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