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Introduction

XPERIMENTS from a wide range of test facilities, from con-

tinuous to intermittent, from transonic to hypersonic, have
shown that shock-induced turbulent boundary-layer separation is
a highly unsteady process.!> Most studies of interaction unsteadi-
ness have been concerned with characterizing the unsteadiness of
the separation shock, or in particular, the separation shock “foot,”
defined as the portion of the separation shock closest to the wall. The
unsteady motion of the separation shock foot is characterized by a
wide range of frequencies, typically of order a few hundred hertz to
several kilohertz. In the laboratory the upper limit of this range can be
an order of magnitude smaller than the frequencies that characterize
the large-scale structures of the upstream boundary layer. Neverthe-
less, it has been suggested that that the highest-frequency shock-foot
motions are driven by fluctuations in the upstream boundary layer,
whereas the lower frequencies are driven by low-frequency pulsa-
tions of the separated flow region.’

There is currently no consensus on the physical mechanism that
drives the low-frequency unsteadiness, but recent progress has been
made in this regard. In particular, Beresh et al.* used particle image
velocimetry (PIV) to investigate the role of upstream boundary-layer
velocity fluctuations on the separation shock-foot motion in a Mach
5 compression ramp interaction. They made PIV measurements in
the upstream boundary layer, while monitoring the shock-foot loca-
tion by using several fast-response pressure transducers located un-
der the intermittent region. The intermittent region is defined as the
streamwise distance over which shock-foot motion occurs. Beresh
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et al. conditionally averaged their data based on different types
of shock-foot motions to determine if certain motions were cor-
related with particular types of boundary-layer fluctuations. Their
results showed that the positive streamwise velocity fluctuations in
the lower part of the upstream boundary layer were correlated with
downstream shock-foot motions, and negative velocity fluctuations
were correlated with upstream shock foot motions. They concluded
that these results were consistent with the simple physical princi-
ple that a fuller upstream velocity profile provides increased resis-
tance to separation and thus results in downstream shock motion. By
the same argument, a less-full velocity profile results in upstream
motion of the shock foot. They further showed that the maximum
correlations between upstream fluctuations and shock-foot motion
were obtained at frequencies that were significantly lower than the
characteristic frequencies of the large-scale structures in the bound-
ary layer. This indicates that the fluctuations responsible for driving
the separated flow are at the low end of the turbulence energy spec-
trum or are not caused by turbulence at all, but perhaps to some type
of low-frequency fluctuations associated with the wind tunnel itself.
For instance, there exists evidence that wind-tunnel noise affects the
pressure fluctuations measured under attached turbulent boundary
layers,’ and thus it is possible that noise influences the unsteadiness
of shock-induced turbulent separation.

Regardless of the source of the upstream perturbations, an impor-
tant question to ask is whether the mechanism identified in Ref. 4
is a universal one, that is, does it apply across the wide range of
shock-induced turbulent separated flows or is it particular (or sin-
gularly dominant) to two-dimensional interactions such as those
generated by unswept compression ramps? It is well known that
there are fundamental differences in the scaling of unsteady turbu-
lent boundary-layer separation induced by compression ramps and
blunt fins. In the former, the intermittent region scales on &, (the 99%
velocity thickness of the incoming boundary layer), whereas in the
latter case it scales on the fin diameter D. The implication of this
is that in compression ramp flows the intermittent region is limited
to about a boundary-layer thickness in length, whereas in the fin-
induced interaction it can be tens of boundary-layer thicknesses in
extent. The blunt-fin flowfield is characterized by an unsteady shock
foot that wraps around the fin leading edge. Beneath this foot, the
boundary layer separates, and a complex horseshoe vortex system
develops. This vortex system wraps about the fin root and trails
downstream.®~® Because the blunt-fin interaction scales with the fin
geometry rather than the upstream boundary-layer thickness, it is
possible that its unsteady characteristics might also be insensitive
to the upstream boundary layer. The blunt fin is therefore an ideal
flow for testing the universality of the mechanism found to apply in
unswept compression ramp interactions.*

Experimental Program

All of the experiments were conducted in the Mach 5 blow-
down tunnel of the University of Texas at Austin. The constant-
area test section was 15.2 cm wide by 17.8 cm high and had a
length of 76.2 cm. The stagnation pressure and temperature were
Py =2.24 MPaand T, = 353 K the freestream Mach number, veloc-
ity, and unit Reynolds number were M, =4.95, U, =765 m/s, and
Res, =5.0 x 107 m~'; and the upstream boundary-layer thickness
was 8o =1.93 cm.

A hemicylindrically blunted fin with leading-edge diameter of
D =1.91 cm and a height of 10.16 cm (*56,) was used to generate
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the separated flow (Fig. 1). The instantaneous location of the
shock foot was determined by using a row of five fast-response
pressure transducers (Kulite model XCQ-062-50A or XCQ-062-
15A) flush mounted under the intermittent region. The spacing be-
tween transducers was 2.9 mm. The transducers had a pressure-
sensitive diaphragm of 0.71 mm in diameter, and their frequency
response was 50 kHz. This provided sufficient resolution because
the characteristic frequency of the large-scale boundary-layer struc-
tures is of order U, /8¢, which corresponds to a frequency of about
40 kHz. The pressure data were low-pass filtered (cutoff frequency
40 kHz) and then digitized at the rate of 100 kHz. For pressure-
only measurements 262,144 data points per channel were acquired,
whereas records of 4096 data points per channel were acquired for
the simultaneous pressure and PIV measurements. Pretriggering of
the A/D converter enabled the acquisition of the PIV images at the
center of each 4096-point pressure-data record.

The PIV image acquisition system used in the current study
is shown in Fig. 2. The light source of the system was a dual-
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Fig. 1 Schematic diagram of the blunt-fin model mounted in the Mach
5 wind-tunnel test section. The PIV measurements were made along the
tunnel centerline, 145 mm upstream of the fin leading edge. A streamwise
row of flush-mounted pressure transducers enabled the detection of the
shock-foot location.
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cavity Nd:YAG laser (Spectra-Physics PIV-400), which provided
two pulses, each with energy of 55 mJ, and with temporal separation
of 1 us. The scattering from the seeded particles was detected with
a 1k x 1k pixel, frame-straddling, charge-coupled-device camera
(Kodak ES 1.0). The particles used were aluminum oxide (Al,O3)
with a manufacturer’s specification of 0.3-um diam and were de-
livered using a two-stage fluidized-bed seeder. The particles were
introduced into the test section through a streamlined injector, which
was installed on the test-section floor well upstream of the blunt fin
(71 cm) to allow the boundary layer to recover from the distur-
bance. The injector had a tapered diamond shape and was 1.52 cm
high x 1.4 cm wide x 10.9 cm long (in the streamwise direction).
To assess the potential interference of the injector on the interac-
tion region, fluctuating pressure measurements were made with and
without the injector in place. Figure 3 shows the normalized power
spectra of the signals recorded by the third upstream transducer for
two different cases: 1) undisturbed flow, with no injector in place,
and 2) disturbed flow with injector in place and particle injection.
The figure shows that the power spectrum for the disturbed case
agrees well with that of the undisturbed case and indicates that the
injector does not have a significant effect on the dynamics of the
flow in the interaction region.

More than 4000 PIV image pairs were acquired in the current
study to enable conditional averaging of the PIV data. The PIV
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Fig. 3 Effect of the PIV seed-particle injector on the pressure power
spectral density measured at transducer 3. The spectra have been nor-
malized by the rms pressure o.
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Fig. 2 Schematic diagram of the experimental setup for simultaneous PIV and fast-response pressure measurements in a Mach 5 blunt-fin-induced

interaction.
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processing interrogation window was 32 x 32 pixels (no overlap),
which resulted in 32 x 32 vector fields corresponding to a resolution
in the flow of about 1x1 mm. Further details of the experimental
setup, pressure data acquisition system, PIV system, and data pro-
cessing can be found in Refs. 4 and 9.

Results and Discussion

The same analysis approach as Beresh et al.* was adopted for the
present blunt-fin-induced interaction. The PIV vector fields were
sorted into five different groups that depended on the nature of the
shock-foot motion that occurred within a time window just after
the PIV image was acquired. The groups were for upstream and
downstream motions of one and two transducer spacings, and no
motion at all, during the time window. Only unidirectional shock
motions during the time window were used because it was believed
that such motions would exhibit a stronger correlation, if present.

Conditional ensemble-average profiles of the streamwise velocity
fluctuations iz’ (y) were acquired for three different time windows of
100, 250, and 500 ws, which correspond to acquisition bandwidths
of 10,4, and 2 kHz, respectively. Note that the quantity iz’ is the mean
of the fluctuating velocity (not the rms value), and so by definition
will average to zero when the averaging process is unconditional.
Transverse profiles of the conditional ensemble-average velocity
fluctuations for a time window corresponding to 10 kHz are shown
in Fig. 4. The numbers in parentheses in the legend of Fig. 4 denote
the number of PIV images (vector fields) included in the ensemble
averaging. Each PIV vector field had a resolution of 32 x 32 vec-
tors, and each ensemble average was computed by averaging across
each row of the vector fields (i.e., for an ensemble of N vector
fields, averages were computed using 32N data points). The er-
ror bars represent 95%-confidence precision-uncertainty levels and
were estimated based on a statistical analysis of the data. Figure 4
shows a profile (labeled “unconditional”) that corresponds to the un-
conditional mean of the u" velocity fluctuations and which should
be zero at all transverse locations. In fact, when the unconditional
mean is computed from all 4093 PIV vector fields, it is identically
zero at all y locations as expected. The reason only 450 vector fields
were used in the unconditional mean is to give the reader an idea of
the magnitude of the statistical variations that are associated with
the finite sample sizes used for the conditional averages.

The conditional profiles shown are averages of u’ that have been
conditioned upon the following types of shock motion: shock sta-
tionary, upstream motion of one bin and two bins, and downstream
motion of one bin and two bins, where a bin corresponds to the spac-

ing between adjacent pressure transducers (=2.9 mm). For example,
the shock-foot-stationary profile is essentially zero at all transverse
locations. This means that for instances when the shock foot does
not move in the 100 us (10 kHz) time window, then the upstream
boundary-layer velocity fluctuations that convect into the interac-
tion during this time window tend to average to zero. Furthermore,
it is seen from Fig. 4 that all of the profiles are essentially zero for
y > 5 mm, which implies that the shock motion is not correlated with
any particular type of velocity fluctuations in the outer part of the
upstream boundary layer. It is also seen, however, that in the lower
part of the boundary layer there is a significant correlation between
the velocity fluctuations and the specific types of shock-foot mo-
tions. In particular, for y <5 mm upstream motions of one bin and
two bins tend to be correlated with the ensemble-average velocity
fluctuations of about —10 and —25 m/s, respectively. The opposite
trend is seen for downstream shock motions, that is, motions of one
bin and two bins downstream are correlated with mean fluctuations
of 5 and 10 m/s, respectively. The unconditional fluctuations average
to zero, and so these results indicate a systematic trend.

Another interesting feature of Fig. 4 is that it shows that there
is an asymmetry in the magnitude of the fluctuations for upstream
and downstream shock-foot motion. In other words, the fluctuations
that are correlated with downstream motion are smaller than those
that are correlated with upstream motion. This trend was also ob-
served in the previous compression-ramp study.* One interpretation
of this asymmetry is that there is a higher resistance to upstream
motion of the shock foot, and therefore larger magnitude velocity
fluctuations are required to move it. This might also explain why
the stationary case is correlated with slightly negative fluctuations;
that is, the shock-foot has a tendency to move downstream and so
larger fluctuations are required to keep it stationary. (Note that the
stationary case was computed from a large sample set, and so the
trend seen near the wall is larger than the precision uncertainty.)

The profiles of the ensemble-average velocity fluctuations for a
time window corresponding to 4 and 2 kHz were also computed
(not shown). When compared to the 10-kHz window, the trend for
the 4-kHz window for the blunt fin is similar, although the data
are not as well converged because of the smaller sample sizes ow-
ing to the lower probability of unidirectional motion in a 250-us
time window.’ In contrast to the shorter time windows, the 2-kHz
case shows no significant correlation of velocity fluctuations with
shock motion. This is in agreement with the compression ramp case,
where the correlations for 2-kHz window were also significantly
reduced.*
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Fig. 4 Conditional ensemble-average profiles of the streamwise velocity fluctuations in the incoming boundary layer conditioned upon the separation
shock-foot motion within a time period of 100 us (corresponding to a frequency of 10 kHz).



2618 AJAA JOURNAL, VOL. 42, NO. 12: TECHNICAL NOTES

The correlations seen in the blunt-fin case are qualitatively similar
to those obtained in compression ramp flows,* namely, negative ve-
locity fluctuations in the lower part of the incoming boundary layer
correlate with upstream shock motions and vice versa. In the current
study the strongest correlations were associated with a detection
bandwidth of 10 kHz, whereas in the compression ramp interac-
tion (which was generated in the same wind tunnel) the strongest
correlations occurred at 4 kHz (Ref. 4). Because the large-scale
structures in the outer part of the boundary layer have a character-
istic frequency of order U, /8y = 40 kHz, the source of the velocity
fluctuations is likely not these outer-scale structures. In Ref. 4 it is
suggested that the velocity fluctuations might be associated with the
low-frequency end of the turbulence energy spectrum, or perhaps
even some nonturbulent mechanism such as Goertler vortices that
are generated by the concave curvature of the nozzle. Furthermore,
as mentioned earlier, wind-tunnel noise has been shown to affect
the pressure fluctuations in turbulent boundary layers® and so an
aeroacoustic source for the velocity fluctuations, which might be
geometry dependent, cannot be ruled out.

Although the source of the fluctuations is not known, Fig. 4 shows
that the magnitude of the velocity fluctuations that correlate with
the larger-scale shock motions is about 10-30 m/s. (Note that it
is entirely possible that the fluctuations could continue to increase
closer to the wall.) Interestingly, the magnitude of these fluctuations
is about 2-4% of the freestream velocity, which is of the same
order of magnitude as the mean shock velocity measured in a range
of different interactions including swept and unswept compression
ramps and blunt fins.'°

Finally, it is also interesting to consider the present results in the
light of the work of Gonsalez and Dolling,'® who showed that the
mean and rms shock speed are essentially constant irrespective of
model geometry and intermittent region length. They also showed
that the separation shock Strouhal number defined using intermit-
tent region length, maximum shock zero crossing frequency, and
freestream velocity is essentially constant. The fact that some of
the separation shock characteristics appear to be insensitive to the
downstream flowfield/model geometry lends implicit support to the
idea that forcing by the upstream boundary layer plays a more signif-
icant role in the separation shock unsteadiness than the downstream
effects.

Summary

In conclusion, taken as a whole, these results suggest that shock-
foot unsteadiness in compression ramp* and the blunt-fin interac-

tions, whose mean flow structures are quite different and whose
mean length scales depend on different parameters, exhibit strong
similarities. These similarities further suggest the basic mechanisms
that drive the unsteadiness of interactive flows might be universal
and fundamentally tied to forcing by the upstream boundary layer.
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