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Detection of Turbulent Boundary-Layer Separation
Using Fluctuating Wall Pressure Signals

Richard A. Gramann* and David S. Dollingt
The University of Texas at Austin, Austin, Texas

A technique for detecting intermittent, shock-induced, turbulent, boundary-layer separation has been devel-
oped and tested in a Mach 5 blowdown tunnel. The interactions were generated by ‘‘semi-infinite’’ circular
cylinders. The method employs two miniature pressure transducers oriented streamwise and installed flush with
the test surface. Through cross correlations of the conditionally sampled signals of the two transducers under the
moving shock, it has been shown that the flow downstream of the instantaneous shock position is separated. The
results indicate that in these flows, the separation location obtained from surface tracers, such as the kerosene
lampblack method, is actually the downstream boundary of a region of intermittent separation.

Introduction

URFACE tracer techniques, such as the kerosene lamp-

black method, are widely used in high-speed flows to find
‘“separation lines’’ or ‘‘lines of coalescence’’ particularly in
shock-wave turbulent boundary-layer interactions.! These
methods are relatively easy to use and produce highly defined,
repeatable ‘‘separation lines.”” In the case of the kerosene
lampblack method, in which the pattern is lifted off the sur-
face on large sheets of transparent tape, full-scale undistorted
records are obtained. Measurements of angles and length
scales are easily made from these patterns and are widely used
for comparison with numerical simulation results.

In many shock-wave boundary-layer interactions, wall
pressure fluctuation measurements have shown that the sepa-
ration shock is unsteady generating an intermittent wall
pressure signal.?-7 A typical example, in a Mach 3 blunt fin in-
teraction, is shown in Fig. 1. This region of shock motion is
known as the intermittent region. Intermittency v is defined as
the fraction of time a pressure transducer is downstream of the
shock and is an indication of location within the intermittent
region. The intermittent region extends from where the incom-
ing flow is first disturbed, to close to the separation line S, in-
dicated by surface tracers.

In such flows where the separation shock is highly unsteady,
the physical meaning of these surface tracer lines comes into
question. In particular, does backflow actually occur up-
stream of the surface tracer line? This might occur since the
surface tracer material responds to the mean-wall shear stress,
and the technique has essentially zero frequency response.
Further, the mean-wall shear stress at a point in the intermit-
tent region is the result of two flowfields (i.e., the undisturbed
flow upstream of the shock and the ‘‘disturbed’’ flow down-
stream of the shock). What is needed to understand what the
surface tracer lines in this region actually represent are instan-
taneous flow direction measurements close to the surface.
Unlike incompressible flow, for which instantaneous flow di-
rection measurement techniques such as thermal tufts are rea-
sonably well developed,?®® no relatively straightforward meas-
urement techniques have been developed for high-speed flows.
Therefore, the need for a relatively simple method of detecting
‘‘instantaneous’’ flow direction is clearly evident.
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The objective of the work reported in this paper was to de-
termine if flow direction could be deduced from wall pressure
fluctuations. A method of doing this, using high-frequency re-
sponse pressure transducers, has been developed and tested in
a Mach 5 shock-wave turbulent boundary-layer interaction.
Although considerable care is needed in transducer installa-
tion, calibration, and use, such measurements are nonintru-
sive and can be made relatively easily and routinely in high-
speed flows. The equipment, technique, analysis involved, and
some results are presented in this paper.

Experimental Program
Wind Tunnel and Test Conditions

All data were obtained on the tunnel floor of the University
of Texas Blowdown Wind Tunnel under essentially adiabatic
wall temperature conditions. The facility has a 17 X 15 cm test
section and operates at a nominal freestream Mach number of
4.9, The boundary layer developed naturally and was fully tur-
bulent at the test location. Table 1 gives the incoming bound-
ary layer and freestream properties as deduced from pitot
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Fig. 1 Kerosene lampblack flow visualization and wall-pressure
fluctuations.
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Table 1 Freestream and boundary-layer conditions

Wind tunnel flow conditions

Parameter Tunnel floor

M, 4.90 + .02

U, 741 m/s (2432 ft/s)

Re,, 53.3%x 105 m~! (16.2x10°% ft 1)
Ty 330 K (595 R)

Py 2.09 % 10® N/m? (304 psi)
X 0.74 m (29 in.) from throat
5o 1.62x 1072 m (0.63 in.)

8* 5.23x 1073 m (0.206 in.)
6 4.54x10"% m (1.83x 1072 in.)
n 0.115

Re, 23.4x10°

Cy 9.9%10~*

KULITE TRANSDUCERS

IN FLOOR-PLUG

-~

SEMI-INFINITE CYLINDER
(D=1.27 CM, 1.91 CM)

0.292 cm

Fig. 2 Model and coordinate system.

surveys. Standard terminology is used. The models used for
the study were circular cylinders, 1.27 and 1.9 cm in diameter,
8.9 cm and 7.6 cm high, respectively. Based on the criterion of
Ref. 10, both cylinders were effectively semi-infinite. The
position of the cylinders could be varied relative to the fixed
location of the instrumentation plug described below so that
different regions of the flowfield could be examined (see
Fig. 2).

Instrumentation

A circular instrumentation plug was installed flush with the
tunnel floor approximately 0.74 m from the nozzle throat. The
cylinders were mounted a short distance downstream of the in-
strumentation plug location. Wall pressure measurements
were made using miniature high-frequency pressure transduc-
ers. Kulite XCQ-062-15A or XCQ-062-50A transducers were
used for all tests. These transducers have a full-scale range of
15 psia and 50 psia with nominal sensitivities of 13 mV/psi and
2 mV/psi, respectively. Both have a pressure-sensitive dia-
phragm 0.071 cm (0.062 in.) in diameter with a fully active
Wheatstone bridge atomically bonded to it. The estimated fre-
quency response of the transducers, when equipped with per-
forated screens to protect the silicon diaphragm, is approxi-
mately 50 kHz. Calibration of the transducers was performed
statically. Earlier work!! has shown that static calibrations are
within a few percent of dynamic calibrations. In all cases, the
transducers were mounted flush with the plug surface with a
streamwise spacing of 0.292 cm center to center.

Signals from the pressure transducers were amplified with a
gain of 200-500 and analog filtered at 50 kHz. The signals
were digitized by a 12-bit A/D converter (0-10 V input) at
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Fig. 3 Upstream transducer pressure time signal components.

sampling rates of 200, 250, 333, and 500 kHz per channel and
stored on magnetic tape. In each test, 70-400 records per chan-
nel of data (1 record = 1024 data points) were taken. All data
acquisition and subsequent analysis were performed on a
MASSCOMP MC-5500 series minicomputer.

Cross Correlation Analysis Method

The purpose of this analysis was to determine if the flow di-
rection immediately downstream of the separation shock
could be deduced from wall pressure fluctuations. Since the
direction of the undisturbed boundary layer flow upstream of
the shock is known, the moving shock wave is the instantane-
ous upstream boundary of a flowfield, whose flow direction
near the wall must be determined. Only those data corre-
sponding to flow downstream of the shock were needed in
order to analyze the flow in this region. Therefore, the first
step was the development of an algorithm to isolate that frac-
tion of the pressure signal corresponding to flow downstream
of the shock. Two methods were devised and tested—both
yielded similar results.

In both techniques, a two-threshold method was used. In all
cases, the upstream transducer signal was used to determine
when both transducers were downstream of the shock. If the
upstream transducer is downstream of the shock, it follows
that the downstream transducer must be also. Examining the
pressure signal from the upstream transducer (see Fig. 3),
there are three principle components. The first component,
section 1, corresponds to undisturbed boundary-layer flow up-
stream of the separation shock. Section 2, the second compo-
nent, is the pressure rise (or fall) due to the shock passing over
the transducer. Section 3 corresponds to fluctuations down-
stream of the shock. These fluctuations have a minimum
pressure. Pressure fluctuations downstream of the shock
rarely drop below this minimum pressure. This pressure was
estimated by visual inspection of the signal and the second
threshold (PT2) was set to this minimum pressure.

The first threshold (PT1) was set by visual inspection also.
PT1 was set at a value approximately equal to the mean of the
pressure fluctuations downstream of the shock. This pressure
is large enough to eliminate most of the rising edge due to the
shock passage (section 2) from being classified as flow down-
stream of the shock. Once the pressure exceeds PT1, it corre-
sponds to flow downstream of the shock until the pressure
falls below PT2. Once the pressure falls below PT2, the
pressure must then exceed PT1 to indicate a new section of
data corresponding to flow downstream of the shock.

These thresholds (PT1 and PT2) were constant for an entire
data file. Figure 4 shows a typical time history on both chan-
nels. Several shock passages can be seen. Since each passage is
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different, the thresholds are not ideal for every passage. This
results in valid data being discarded, or shock passage (rising
edge) data may be included as data corresponding to flow
downstream of the shock. A sensitivity study was performed
to investigate the influence of the threshold settings on the
results. The results are not particularly sensitive to physically
reasonable settings. A brief discussion of this study is pre-
sented in the Appendix.

In addition to the two-threshold method (TTM), another
method was developed. This method worked exactly as the
TTM, except a further constraint was added. Once the
pressure exceeded PT1, the maximum point on the rising edge
was found. This point was used as the section 2/section 3
boundary. Section 3 began after this point. This algorithm is
known as the ‘‘top-finding’’ algorithm. Its purpose was to
help eliminate some of the errors due to two constant
thresholds. There was no significant difference in the results
between the two methods. A further discussion of the method
sensitivities is included in the Appendix.

The technique for finding flow direction relies on the cross
correlation of two fluctuating pressure signals from two
streamwise transducers located relatively close to each other.
The cross-correlation equation is

R,,(7)=Ep,() X p,(t+7)

where p,(f) is the upstream channel of pressure data, p,(?) is
the downstream channel of pressure data, and 7 is the time
delay between channels.

In general, for continuously sampled data, cross correla-
tions are not calculated as shown but are computed using Fast
Fourier Transform (FFT) algorithms. FFT methods were de-
veloped to reduce the computation time needed for the analy-
sis of large data sets. Typically 512- or 1024-point transforms
are calculated, and the correlation coefficients are averaged
over many records. The time savings in using an FFT algo-
rithm on a small data sample is not nearly as great. Also, the
algebraic calculation is much simpler to code especially when
the calculation data set size needs to be flexible as was the case
here, as described below. Thus the cross correlations in this
analysis were calculated algebraically.

The mechanics of the calculation of cross correlations
downstream of the shock proceeded as follows. The number
of data points (NI) desired for each ‘‘conditionally extracted
analysis data set”” (CEADS), typically 32, 64, or 128 points is
input to the code. One such data set, bracketed by the hatched
lines, is shown in Fig. 4. The number of points chosen de-
pends on the intermittency of the data. Data at high intermit-
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Fig. 4 Pressure time histories and conditional algorithm thresholds.
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tencies have longer continuous blocks of data behind the
shock and thus allow longer CEADS. Low intermittency
values require shorter CEADS. The data file was syste-
matically searched for blocks of data, NI points in length, that
corresponded to flow downstream of the shock (section 3,
Fig. 3). Each time a block was found, it formed a CEADS.
This data set was algebraically cross correlated with the corre-
sponding data points from the downstream transducer. Once
the cross-correlation calculations were complete, the coeffi-
cients were normalized by the product of the root mean square
of the CEADS for each channel in the data set and added to a
cumulative results array. Then the next block of NI points cor-
responding to flow downstream of the shock was found and
the process repeated. When all data were analyzed, the results
array was normalized by the number of CEADS analyzed.

Discussion of Results

For reference purposes when discussing the cross correla-
tions from the conditional analysis algorithm in the intermit-
tent region, Fig. 5 shows a standard 1024-point FFT cross-
correlation result from 400 records of data taken with two
pressure transducers located in the undisturbed turbulent
boundary layer. The single maximum at positive 7, is gener-
ated by turbulent eddies traveling downstream. From 7, and
the transducer spacing, the broadband convection velocity of
the pressure carrying eddies can be calculated. Its value of 0.67
U, (496 m/s), obtained by interpolation of the data points
bracketing the maximum, agrees reasonably well with previ-
ous work.!? In contrast, downstream of S, the separation line
from the surface tracer experiments, two maxima in R, are
evident and correspond to two physical phenomena (see
Fig. 6). The Ry, at positive time delay corresponds to
pressure fluctuations due to eddies in the separated shear layer
flowing downstream. The broadband time delay for maximum
correlation of these structures is 7=0.006-0.008 ms giving a
downstream convection velocity in the range 365-487 m/s.
This velocity is less than that in the undisturbed boundary
layer since the flow has gone through the separation shock
wave. The second phenomenon is back flow in the recir-
culating/vortical separated region. This back flow generates
the peak at 7= —0.016 to —0.018 ms corresponding to a
broadband upstream velocity of 162-183 m/s.

As discussed earlier, the conditional analysis cross-
correlation code was written to analyze signals in the intermit-
tent region. Figure 7 shows correlations at five stations in the
intermittent region for the 1.9-cm diameter cylinder. The le-
gend indicates the normalized streamwise station of each
transducer, the intermittency of the upstream channel, and the
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Fig. 5 Standard cross correlation of undisturbed turbulent boundary
layer.
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Fig. 7 Cross correlations of CEADS, 1.9 cm cylinder.

number of CEADS used to calculate each curve. At all values
of intermittency, the ‘‘double peak’’ characteristic of sepa-
rated flow can be seen. The positive and negative values of 7 at
which these maxima in R, occur are the same in all five cases.
Based on the transducer spacing and 7, the broadband up-
stream and downstream velocities are in the ranges of 195-292
and 292-584 m/s, respectively. The boundaries of these ranges
are calculated using the data points bracketing the peaks.
From linear interpolation the actual maxima are about mid-
way between these points giving upstream and downstream
velocities of 234 and 390 m/s, respectively. Taking into ac-
count the lower sampling rates for the data sets in the intermit-
tent region and the reduced time resolution of the cross cor-
relations, these velocities are essentially the same as those
calculated from Fig. 6. These results show clearly the flow
structure downstream of the instantaneous shock location is
the same at all stations within the intermittent region. Further,
it is the same as the flow structure in the separated flow down-
stream of S.

Figure 8 shows cross correlations using the 1.27-cm diame-
ter cylinder. All three stations show the characteristic double
peak indicating back flow immediately behind the shock. No
variation in time delay at Rpp,,, iS seen. Rpyp.., occurs at
7= —-0.014 ms and r=0.08-0.01 ms giving upstream and
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downstream velocities of about 209 and 292-365 ms, respec-
tively. Examination of Figs. 7 and 8 reveals that both
cylinders have the same time delays for both peaks, within the
sampling rate accuracy, indicative of the same flow structure
immediately downstream of the shock.

All results discussed up to this point have been the averaged
result for an entire data file containing many CEADS. To in-
vestigate the character of each shock passage and the flow
downstream of any given shock, the cross correlation based on
only 1 CEADS would be needed. Since meaningful cross cor-
relations cannot be calculated from a single CEADS, the same
analysis process as previously described was used but on 10
CEADS. With 10 CEADS adequate definition in the cross cor-
relation can be obtained. Thus the data file was examined ex-
actly as before, but after 10 CEADS had been cross corre-
lated, the result was stored to compare with results at other
times in the signal. This process was repeated until the entire
data file had been analyzed resulting in hundreds of ‘“10
CEADS”’ cross correlations.

The 10 CEADS results were examined and were judged as
having or not having the separated flow character. Approxi-
mately 15% of the plots were judged as not separated on the
basis that they did not have the distinct double peak pattern.
To assess whether this number was significant relative to sig-
nals from continuously separated flow, the flow downstream
of S was analyzed the same way. Approximately 13% of its 10
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CEADS plots were judged as lacking the separated character,
which is consistent with the result described above. Thus it is
reasonable to conclude that the flow downstream of the shock
is separated at all times, and that the instantaneous separation
point is essentially at or very close to the separation shock
position.

In summary, the intermittent region is also a region of inter-
mittent boundary-layer separation. The well-defined separa-
tion line found using surface tracer methods is at or very close
to the downstream boundary of the region of intermittent sep-
aration. A physical explanation for this result, based on the re-
sponse of surface tracers to a time-averaged wall shear stress,
was suggested earlier in Ref. 13.

Conclusions

A method of detecting flow direction downstream of the
unsteady separation shock using fluctuating wall-pressure sig-
nals has been developed and tested in a Mach 5 shock-wave,
turbulent boundary-layer interaction induced by a circular
cylinder. In this method, flow direction is deduced from cross
correlations of that part of the pressure signal downstream of
the moving shock wave. The results show the following:

1) For both cylinder flows the cross correlations have a
maximum at negative time delay indicating that backflow ex-
ists immediately downstream of the shock. This result holds at
all stations in the intermittent region.

2) The instantaneous separation point is at or close to the
instantaneous shock foot in the intermittent region, and hence
the separation point itself undergoes a large-scale, streamwise
motion. It appears that the well-defined separation line from
the kerosene lampblack pattern is at or close to the down-
stream boundary of a region of intermittent separation.

Appendix

Conditional sampling/analysis algorithms are a relatively
new type of technique being used in interactive flows. When
data are converted into signals such as boxcars (0 or 1) for
shock-motion analysis for instance, or split into different seg-
ments based on given criteria, the sensitivity of the method to
the decision criteria must be investigated. This was recently
discussed by Dolling and Brusniak® regarding boxcar analysis.
To confirm the validity of the conditional-analysis, cross-cor-
relation code, a threshold sensitivity analysis was performed.

Figure 9 shows the conditional-analysis, cross-correlation
results for different thresholds for the same set of data. Two
cases are shown for clarity. Although the magnitudes of the
coefficients have changed, the maxima of R,, remain at the
same time delays (7). This was also observed for several other
threshold combinations. Thus, although the values of Ry,
vary, the corresponding values of 7 are insensitive to changes
in threshold values.

A similar result is obtained when comparing algorithms.
Figure 9 also shows results for both algorithms. Each case had
the same thresholds. The top finding algorithm had fewer
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CEADS which met the 32-point data set requirement due to
the stricter requirement of starting the data set with the maxi-
mum point past the first threshold, PT1. As a result, more
fluctuations due to the shock passage were eliminated, and the
corresponding correlation values due to flow behind the shock
are slightly higher. However, the time delay values for the
peaks remain unaffected.
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