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Experiments were performed to investigate the flow in a Mach 2.9 shock wave turbulent boundary-layer

interaction at a Reynolds number based on momentum thickness of 2400. The flow configuration was a nominally

two-dimensional 24 deg compression ramp, which exhibited a separation bubble in the corner region. Mean flow

quantities, including the velocity profile upstream and downstream of the corner, and the wall pressure through the

interactionweremeasured. FilteredRayleigh scatteringwas used to visualize theflow structure in the interaction and

provide quantitative measurements of the turbulent structure angle and the intermittency of the boundary-layer

edge turbulence. The shock motion was characterized by measuring the fluctuating wall pressure. The results

indicate that, compared to previous measurements obtained at higher Reynolds numbers of 60–80,000, the

separation bubble is approximately twice as long, the root mean square of the wall-pressure fluctuations has a

relatively smaller peak, and the intermittency of the wall-pressure signal in the shock-foot region is attenuated. As in

the high-Reynolds-number case, the shockmotion has abroadband frequency distributionwith a peak slightly below

1 kHz. The mean flow quantities, root mean square wall-pressure-fluctuation profile, wall-pressure signal, and

shock-motion frequency agree well with the direct numerical simulation of a previous study at matching conditions.

Nomenclature

Cf = skin friction coefficient
d = transducer diameter
H = shape factor of the upstream boundary layer
n = exponent in power-law relation
p = pressure
Re� = Reynolds number based on freestream values and �
r = recovery factor
T = temperature
t = time
u = velocity in the streamwise direction
u� = friction velocity
x = streamwise distance
y = wall-normal distance from the flat plate model
� = intermittency function
�X = upstream influence parameter
� = 99% thickness of the upstream boundary layer
�� = displacement thickness of the upstream boundary

layer
� = momentum thickness of the upstream boundary

layer/structure angle
� = kinematic viscosity
� = density
� = shear stress

Subscripts

a = adiabatic
c = convection
w = value at the wall
1 = freestream value

Superscripts

� = normalized using inner-variable scaling
0 = fluctuation from the mean

I. Introduction

T HE shock wave turbulent boundary-layer interaction
(SWTBLI) generated by a two-dimensional compression ramp

displays a large separated zone when the ramp angle and Mach
number are sufficiently high. Previous studies by, for example,
Settles et al. [1,2], Dolling and Murphy [3], Ardonceau [4], Kuntz
et al. [5], Smits and Muck [6], and Selig et al. [7], include a wide
range of turning angles and cover a Reynolds number range based on
momentum thickness Re� of about 10

4–105. Here, we present mean
flow surveys, flow visualization, and fluctuating wall-pressure
measurements for a 24 deg compression ramp at a freestream Mach
number of 2.9 and a substantially smaller Reynolds number
(Re� � 2400), so that the results may be compared directly with data
from direct numerical simulation (DNS) by, for example, Adams [8]
and Wu and Martín [9]. To the best of the authors’ knowledge, no
other experimental SWTBLI data exist for a compression-ramp
configuration at similar DNS-compatible Reynolds numbers.

Figure 1a shows mean wall-pressure distributions for ramp angles
from 8 to 24 deg at Mach 2.85 and Re� � 67; 200 from Settles et al.
[2]. Also indicated on the plot are the theoretical inviscid pressure-
rise levels for each ramp angle. Incipient separation occurs at 16 deg,
and, at higher ramp angles, the mean wall-pressure distribution
displays a “plateau” region indicating the presence of separation [2].
The streamwise locations of the mean flow separation and
reattachment lines are denoted by S and R, respectively, both
determined using a surface flow visualization technique similar to
that described here in Sec. III.B. For the 24 deg ramp, the time-
averaged region of separation has a streamwise extent of
approximately 2:1�, where � is the upstream, or undisturbed,
boundary-layer thickness. Separation starts at about 1:6� upstream of
the corner, and reattachment occurs at approximately 0:5�
downstream of the corner. Downstream of reattachment, the wall
pressure ultimately recovers to the inviscid oblique-shock value, but
this occurs farther downstream with increasing ramp angle, and was
not observed by Settles et al. [2] for the 24 deg ramp case due to the
limited length (5�) of their ramp model. The streamwise distance
from the corner at which the mean wall pressure begins to rise due to
the presence of the shock is called the upstream influence parameter,
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�X=� [1]. Settles et al. [1] investigated the effect of Reynolds
number on separation in compression-ramp interactions at Mach 2.9
using two configurations: a two-dimensional compression ramp and
an ogive cylinderflaremodel. They found that, although the angle for
incipient separation did not significantly change with Reynolds
number,�X=� increased with decreasing Reynolds number. At this
Reynolds number, the separation shock penetrates nearly to the wall
[3]. In the reattachment region, a compression fan occurs andmerges
with the separation shock, acting to reinforce it [2]. Smits and Muck
[6] showed that the interaction amplifies both the turbulent stresses
and length scales significantly, and Selig et al. [7] found that the
mass-flux fluctuations increase by about a factor of 5 across the
interaction.

The unsteady nature of the flow in the interaction region has been
well documented. The shock generated by the compression ramp is
known to oscillate randomly with a broadband frequency
distribution. The frequency has a mean of about 1.5–2 kHz [3], but
the maximum can be as high as 10 kHz [3,10]. These values are
typically an order of magnitude less than the characteristic frequency
of the large eddies in the incoming boundary layerU1=�, whereU1
is the freestream velocity. There are two primary components of the
shock motion: a streamwise back-and-forth translation having an
amplitude on the order of � [3], and a large-scale, spanwise “rippling”
superimposed on the translation [11]. Erengil and Dolling [12]
showed that the spanwise ripples are caused by large-scale turbulent
structures in the incoming boundary layer, and that they have a higher
frequency and smaller streamwise amplitude than the large-scale
translation (see also Muck et al. [11]). The physical mechanisms
responsible for the large-scale translation are still the topic of current
research. It has been suggested that features of the incoming
boundary layer, such as the passage of �-scale turbulent bulges [10]
or the fullness of the mean velocity profile (fuller when the shock is
downstream) [13], play a role, but more recent attention has focused
on the so-called streamwise superstructures [14] or very large-scale
motions [15] in the incoming boundary layer (see Ganapathisu-
bramani et al. [16]). These motions are thought to be composed of
roughly aligned groups of �-scale coherent structures called hairpin
vortex packets [15,17], and experiments and DNS at supersonic
conditions used Taylor’s hypothesis of “frozen” convection to infer
that these structures attain lengths greater than 40� [16–18]. The
superstructures are therefore much longer than the �-scale turbulent
bulges. Similar results have been obtained for incompressible flows
[14,19,20]. An alternative position holds that the streamwise shock
translation is driven by the unsteady expanding and contracting of the
corner separation bubble [21–24].

The rise in the mean wall-pressure distribution upstream of the
plateau (Fig. 1a) is the result of the shock oscillating over the
measurement region, so that the average wall pressure is a
combination of the value in the undisturbed boundary layer and that
behind the shock; the contribution from the shock is weighted by the

amount of time it spends upstream of a given location [22].
Fluctuations in thewall pressure through the interaction are therefore
due to both the incoming boundary-layer turbulence and the shock
motion. Muck et al. [11] measured the unsteady wall pressure for
Mach 2.9 compression ramps at various angles, and the resulting
profiles of the standard deviation (equivalent to the rms of the wall-
pressure fluctuations from the mean, i.e.,p0w;rms) are given in Fig. 1b.
The peak in the distribution corresponds to the region just upstream
of the mean separation point [7]. Selig et al. [7] measured the energy
spectra of the wall-pressure signal, and showed that the largest
contribution to p0w comes from the broadband, low-frequency shock
oscillations.

The DNS of Wu and Martín [9], at conditions matching those of
the present experiments, indicate a separation bubble length of about
twice that measured by Settles et al. [2], as well as a significantly
lower peak value of p0w;rms than those obtained at high Reynolds
numbers. Ringuette et al. [25] used the same DNS data to study low-
Reynolds-number effects, and showed that the analysis of the
fluctuating wall pressure must be done differently depending on the
Reynolds number. The p0w signal of the DNS in the shock oscillation
region does not exhibit the clear intermittent behavior (between the
undisturbed boundary-layer value and that behind the shock) of the
high-Reynolds-number data. However, Ringuette et al. [25] found
that the low-frequency shock motion and the turbulence
amplification appear to be unaffected by the Reynolds number.

The Reynolds number dependence of the separation bubble length
and the differences between the results given byDNS and the higher-
Reynolds-number studies demonstrate the need for additional
measurements at low Reynolds numbers. Here we investigate an
Re� � 2400 compression-ramp flow and compare the results with
high-Reynolds-number measurements and also the DNS data of Wu
and Martín [9] at matching conditions.

II. Experimental Setup

A. Facility

The experiments were conducted in the Princeton Gas Dynamics
Laboratory low-turbulence variable geometry supersonic tunnel. A
two-stage ejector system provides a zero-flow back pressure of about
2.41 kPa (0.35 psia) and permits the use of subatmospheric
stagnation pressures. The stagnation temperature and pressure for all
tests were 73 kPa (10.6 psia) and 293 K, respectively, with a run-to-
run variation of less than 5%, giving a nominal freestream Reynolds
number of 5:75 � 106 m�1. The test section has a 200 � 200 mm
cross section and is 920 mm in length. A flush-mounted window
allows optical access from the test section ceiling, whereas a circular
window 200 mm in diameter provides optical access from the side
(see Bookey [26] for more details).

The boundary layer developed along a brass flat plate model,
585 mm long and 18.5 mm thick, having a sharp leading edge and

Fig. 1 Wall-pressure measurements in compression corner interactions at Mach 3: a) mean surface-pressure distribution at different ramp angles,
adapted fromSettles et al. [2],Re� � 67; 200; b) standard deviation of thewall pressure, equal to p0w;rms, adapted fromMuck et al. [11],Re� � 84; 500. The
corner is at x=�� 0.
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spanning the width of the test section. The flat plate was nearly
adiabatic (Tw=Ta;w � 0:95) under the conditions used here. The plate
was positioned 51mmbelow the centerline of the nozzle exit with the
leading edge at the exit plane of the nozzle. The surface finish of the
plate was approximately 3:18 � 10�3 mm, which is substantially
smaller than the characteristic viscous length scale of the flow. A
cylindrical trip wire 1.65 mm in diameter was mounted 63 mm from
the leading edge to fix the transition point. Static pressure ports were
located along the plate centerline. The compression ramp was a
24 deg brass wedge fittedwith static pressure taps along its centerline
and attached to the plate at a distance from the leading edge that could
be varied from 300 to 334 mm. The ramp was 152 mm wide, and
aerodynamic fences were attached at its sides to minimize flowfield
three-dimensionality and avoid disturbances from the sidewall
boundary layers. During filtered Rayleigh scattering experiments
(Sec. II.C), one fence was removed to allow optical access.

B. Wall-Pressure Measurements

Mean wall-pressure measurements were performed with the ramp
attached to the plate in two separate experiments: first, using both the
plate and ramp pressure taps, and, second, using only the plate
pressure taps (i.e., in the region upstream of the ramp). For the first
data set, the pressures were measured using a Scanivalve Model
48J4-2141 and an MKS Baratron 133.3 kPa (1000 torr) absolute
pressure transducer. For the second experiment, the same model
Scanivalve was used but with a more sensitive 13.3 kPa (100 torr)
MKS Baratron absolute pressure transducer. Calibration of this
transducer yielded an uncertainty of slightly greater than 2% of the
local mean value upstream of the interaction, which decreased to
below 1% at the corner. Each data point for both experiments
represents the average of 1000 samples. The results indicate
excellent agreement between the two sets of measurements.

Fluctuating wall-pressure measurements were conducted within
the interaction region upstream of the ramp. A single pressure
transducer was used for themeasurements, and data were obtained at
multiple streamwise locations by positioning the compression ramp
relative to the fixed transducer. Using a power-law relation [22] with
n� 7 to empirically estimate the streamwise change in the
boundary-layer thickness gives a�4:5% variation inRe� over the 5�
range of travel of the ramp, which was considered to be acceptable.
The good agreement between the mean wall-pressure distribution
measured using afixed ramp and pressure taps and that obtained from
the Kulite transducer with the ramp placed at different locations
supports this assertion (see Sec. III.C).

The fluctuating pressures were measured using a Kulite
Semiconductor, Inc., Model XCQ-062-15A absolute pressure
transducer with a piezoresistive, silicon diaphragm 0.71 mm in
diameter, to which a fully active Wheatstone bridge was bonded
atomically. Although the natural frequency of the pressure-sensing
diaphragm was about 200 kHz, the diaphragm was recessed 1.9 mm
below a protective screen so that a standing wave in the 50–80 kHz
range was excited in the cavity. This limited the frequency response
of the transducer to about 50 kHz, which was deemed sufficient for
capturing the frequencies associated with the shock motion. The
transducer was calibrated statically, and the shock tube tests of
Raman [27] demonstrate that diaphragm-type transducers have
dynamic calibrations only a few percent lower than those obtained
statically. To minimize power supply noise, the transducer was
powered using batteries. The output from the transducer was
amplified by a Dynamics Model 7525 amplifier and was low-pass
filtered at 50 kHz with an Ithaco Model 4213 fourth-order
Butterworth filter. A National Instruments Model 6040E 12-bit A/D
converter was used to acquire the transducer signal at a sampling
frequency of 100 kHz. For each test, 1.5 million data points were
taken; convergence in the mean and standard deviation was ensured
by comparison with data from twice the number of samples.
Calibration of the Kulite transducer gave an uncertainty of slightly
less than 8% of the local mean wall pressure upstream of the
interaction, which decreased to about 4%at the start of the interaction
and to below 3% at the corner.

It was critical that the transducer be positioned flush with the
surface of the plate [28]. The transducer was thereforemounted into a
hollowed-out #6-32machine screw for height adjustment, which had
a nonthreaded portion at the measurement end to facilitate proper
alignment as it was screwed into the plate from underneath. The
transducer flushness was inspected by viewing the assembly under
magnification, and the error was estimated to be within 2 viscous
units (<40 �m). Care was taken to ensure that any departure from
flushness resulted in the transducer being slightly recessed rather
than raised, which, according to Dolling and Dussauge [28], creates
significantly less error than a protruding sensor.

The sensing diameter of the Kulite transducer was about 11% of �,
so that the pressure measurement at a given location was subject to
spatial integration. The effect of this integration on the frequency
response can be estimated using the analysis of Dolling and
Dussauge [28]. AtMach numbers below 5, it can be assumed that the
statistical nature of the pressure signal in zero pressure gradient
boundary layers is similar to that at subsonic speeds. For subsonic
flows, Corcos [29] showed that the frequency at which 3 dB damping
occurs for a transducer of diameter d is approximatelyUc=�d, where
Uc is the convection velocity of the pressure perturbation. Near the
wall, the convection velocity of the turbulent boundary-layer
structures is typically about 0:6U1, so that the 3 dB damping
frequency for the present Kulite transducer was estimated to be about
162 kHz. This value is larger than the highest resolvable frequency of
the transducer (50 kHz), so that spatial integration effects were not
considered to be significant. The large-eddy frequency for the
upstream boundary layer U1=� was about 90 kHz. Therefore, the
Kulite transducer was not able to resolve the pressure fluctuations
due to the boundary-layer turbulence. However, the frequency of the
shock motion in the interaction region will be shown to be on the
order of 1 kHz, similar to the value at high Reynolds numbers, and,
therefore, the Kulite transducer was considered adequate for
characterizing the large-amplitude, low-frequency pressure fluctua-
tions due to the shock motion.

C. Filtered Rayleigh Scattering

To visualize the flow structure in the interaction, CO2-enhanced
filtered Rayleigh scattering (FRS) was used. Rayleigh scattering is
the scattering of light from particles that have a characteristic size on
the order of (or less than) the wavelength of the incident light. Here,
CO2 gas was injected upstream of the stagnation chamber with a
mass flux of about 1.0% of the tunnel air mass flux. As the air–CO2

mixture expands through the tunnel nozzle, the CO2 condenses and
forms clusters that Erbland [30] estimated to be on the order of 10 nm.
These clusters significantly enhance the molecular Rayleigh signal.
When the CO2 clusters are entrained into the boundary layer,
aerodynamic heating effects (confined to the boundary layer) cause
their temperature to increase above the sublimation value so that the
condensate vaporizes. The boundary layer therefore appears as a
region of low-intensity scattering, surrounded by high-level
scattering (bright regions) corresponding to the freestream fluid.
Previous experiments showed that the interface between the heated
boundary-layerfluid and the cold freestreamflow iswell-represented
by the intensity differences in the Rayleigh scattering signal,
primarily because the time scale of the CO2 sublimation is small
compared to the characteristic time scale of the entrainment process
[31]. Because the signal from themoving particles is Doppler shifted
by an amount that depends on the angle of viewing, a narrowband
molecular filter may be used to attenuate the background scattering
from the (stationary) tunnel walls.

The optical arrangement for the FRS imaging is shown in Fig. 2.
The flow was imaged in a streamwise, wall-normal plane in the
interaction region. For illumination, a Spectra Physics Q-switched,
injection-seeded, frequency-doubled, pulsed Nd:YAG laser was
used. The pulse frequency was 10 Hz and the pulse duration was
10 ns, and, for single-image FRS, the energy of each pulse was about
100mJ at awavelength of 532 nm.The laserwas tuned to a frequency
in the absorption band of the molecular filter. The filter was a glass
cellfilledwith iodine vapor, and the vapor pressurewas controlled by
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a hot water bath at 50�C (for details, see Bookey [26]). Several first-
surface mirrors were employed to direct the beam into the test
section, and a single half-wave polarizer was used to orient the
polarization of the light so that the scattering in the plane of the
camera was maximized. A focusing lens and a cylindrical lens were
used to adjust the beamwidth and spread it into a sheet, respectively,
and the sheet thickness was about 100 �m in the imaging region; the
centerline of the sheet was oriented at 135 deg to the mean flow
vector.

The flow was imaged using a double-intensified charge-coupled
device (CCD) camera with a 100 mm focal length f/4.5 lens, and the
camera output was recorded using a commercial-grade SVHS
recorder. The SVHS videotapes were digitized using Final Cut Pro
software by Apple, and still images were grabbed from the video at a
resolution of 720 � 480 pixels. MATLAB was used to postprocess
the still images. The imageswere cropped to include only the areas of
interest, low-pass filtered to remove noise, and the contrast between
the darker region denoting the boundary layer and the bright areas
indicating the freestream flow was enhanced using a histogram
stretch.

III. Results

A. Upstream Boundary Layer

To obtain themean velocity, density, andMach number profiles in
the undisturbed boundary layer, mean pressure and temperature
surveys were conducted using a pitot probe and a total temperature
probe, respectively, at a location 340 mm downstream of the plate
leading edge. The pitot probe had a flattened tip 2 mm wide with a
0.3-mm-high opening and an outer, vertical dimension of 0.76 mm.
Because of the short run times available and the low pressures being
measured, a relatively large probe opening was required to provide
acceptable time response at the cost of spatial resolution.

Figure 3a shows the resulting streamwise mean velocity profile,
normalized by the freestream velocity and plotted versus distance
from the wall scaled by �; y denotes wall-normal distance as
measured from the flat plate model and u is the streamwise velocity.
Also plotted is the mean velocity profile from the DNS of Wu and
Martín [9]. There is good agreement between the experiments and the
simulation, except near the wall for y=� < 0:2, due to probe errors
discussed next.

The mean streamwise velocity u�, transformed using the method
of van Driest [32], but with a nonunity recovery factor (i.e.,
van Driest II) determined from the experiments to be r� 0:87, is
plotted versus y� on a linear-log plot in Fig. 3b. The superscript (�)
indicates normalization using inner, orwall, variables:u� for velocity

and �w=u� for length,whereu� �
��������������
�w=�w

p
is the friction velocity, �w

is the kinematic viscosity at the wall, �w is the wall shear stress, and
�w is the density at the wall. Themean wall shear stress was obtained
using the Clauser chart method [33]. The skin friction coefficient,
Cf � 2�w=�1U

2
1, was found to be 0.00217. The error in the Clauser

chart method can be significant. Clauser chart values for wall shear
stress are typically 5% higher than Preston tube measurements,
which are themselves 6–11% higher than the estimates using the
method of Spalding and Chi [34].

The transformed velocity shows a well-defined turbulent profile
with small logarithmic and wake regions characteristic of a low-
Reynolds-number turbulent boundary layer. For y� < 70, the data
fall below the logarithmic-law reference line. This behavior is not
thought to be the start of the buffer region, but is most likely due to
errors in the pitot probe measurements, to be discussed next. Also
plotted in Fig. 3b is the van Driest transformed velocity profile from
the DNS ofWu andMartín [9]. There is good agreement between the
experimental profile and that of the simulations for 70< y� < 150,
although the velocity for the experiments overshoots that of the DNS
near the boundary-layer edge. For the DNS, Cf was found to be
0.00217, which matches that of the experiments. Although this
agreement is excellent, it is probably fortuitous because the use of the
Clauser chart method, coupled with the small number of points
available to fit to the logarithmic law, introduces significant
uncertainty in the experimental value.

The discrepancies between the present data and both the
logarithmic law and the DNS are most likely due to pitot probe
measurement errors. Allen [35] describes the disturbance effects of
large probes near the wall in supersonic flow. The bow shock in front
of the probe may cause local separation of the boundary layer
upstream of the probe. Also, near the wall, the bow shockmay not be
normal to the probe, which was assumed in the analysis of the probe
measurements. Allen reports that wall effects are essentially confined
to about one probe diameter away from the wall. For the present
experiments, the measurements for y� 	 70 are believed to be free
from substantial wall effects. This distance is about 1.4 mm away
from the wall, which is nearly twice the outer probe dimension.

Allen [35] also discusses “probe displacement” errors, where the
effective probe measurement location is displaced from the
geometric center. By convention, positive displacement indicates

Fig. 2 Optical setup forflow imaging usingfilteredRayleigh scattering.
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Fig. 3 Mean velocity profiles in the upstream boundary layer, compared with the DNS data of Wu and Martín [9] at matching conditions: a) outer
scaling; b) van Driest transformed velocity; the Clauser chart method [33] is used to obtain Cf for the experiments.
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that the reported probe position must be increased to obtain the true
velocity profile. Away from the wall, Allen found displacement
effects to be small and relatively constant, with positive
displacements of approximately 40% of the probe diameter, for
circular probes having diameters less than 15% of �; the vertical
dimension of the present pitot probe (a flattened probe) was about
11% of �. However, Allen reported that, near the wall (within
approximately one probe diameter), the displacement decreases and
may even become negative.

For the present data to follow the logarithmic law and the DNS
data more closely, a negative shift (to account for negative
displacement) must be applied to the y locations of the data for
y� 
 62. To examine the displacement effects, a distance of half of
the vertical probe opening, approximately eight viscous length
scales, was subtracted from the y positions of the four data points
closest to thewall. These shifted data points are shown as open circles
on the outer-scaled velocity plot and the transformed velocity profile,
Figs. 3a and 3b, respectively. This negative shift in the y location
causes the original point at y� � 62 to fall onto the reference line for
the logarithmic law. However, it is clear that the displacement effect
of the probe is not constant with distance from the wall, as this value
does not collapse the data closer to the wall. This is not surprising,
because the near-wall distortion of the pitot probe bow shock and the
local boundary layer, described earlier, imply that the shock
distortion and probe displacement effects cannot be decoupled.

Table 1 gives the parameters for the incoming boundary layer for
the present experiments, using the data with no corrections for pitot
probe errors, as well as the DNS of Wu and Martín [9]. Included are
the boundary-layer thickness where u is 99% of the freestream value
�, the displacement thickness ��, �, the shape factor H� ��=�, Re�,
andCf . In general, there is good agreement between the experiments
and the simulations, although �� is somewhat higher for the
experiments. Thismay be due to the probe errors as discussed earlier.

B. Flow Visualization

The mean streamline patterns near the surface of the 24 deg
compression corner interaction were visualized using the oil-flow
technique (see Settles [36], Appendix B, for a detailed description of
a similar technique). The oil used was Dow Corning 200® silicone,
which was colored using graphite particles ranging in size from
minute particles to small granules on the order of 0.025 mm
(0.001 in.) in diameter. To keep the viscosity of the mixture low, the
silicone oil and graphite particles were combined in a ratio of about
six parts to one.Upstreamof the ramp, thismixturewas applied to the
plate in a spanwise-oriented row of equally spaced dots over a
distance encompassingmost of the rampwidth. On the ramp surface,
the mixture was applied in a grid of discrete dots to highlight details
in the interaction. The dots did not move down the ramp before the
tunnel start, as long as the tunnel was run shortly after application.
When the tunnel was started, the wall shear stress caused the dots
upstream and downstream of the interaction to stream down the
model surface, coating it and forming a streaky pattern.Within about
20 s of the tunnel starting, the mixture flowed through the interaction
region and revealed surface streamline patterns. Flow separation is
indicated by an accumulation of graphite particles at a line of
convergence. A Canon Elura progressive scan CCD camcorder was
used to record the run to digital video, thus capturing the
development of the surface flow in real time. Video was used to
ensure the acquisition of flow images before any distortions that the
tunnel shutdown might cause.

The resulting oil-flowpattern is given in Fig. 4. Itwas assumed that
the lines of convergence and divergence closely matched the mean
separation and reattachment lines. The average location of separation

is about 3:2� upstream of the corner, and reattachment occurs about
1:6� downstream of the corner. The total length of the separated zone
is therefore approximately 4:8�, a little higher than the maximum
value given by the correlation of Zheltovodov et al. [37] at this Mach
number. This value is also more than twice as large as that found by
Settles et al. [2] using a 24 deg corner at the sameMach number but at
Re� � 67; 200, so that the extent of the separation bubble increases
significantly at lower Reynolds numbers.

Figure 4 also reveals the three-dimensional nature of the
interaction. The combination of the curvature of the spanwise
separation line and the alternating direction of curving surface lines
in the separated region most likely indicates the presence of pairs of
counter-rotating streamwise vortices [22]. It is difficult to make any
conclusions about the change in three-dimensionality of the
interaction with Reynolds number based on previous results. Selig
[38] shows surface visualizations of the separated corner flow from
four different investigators using the same wind tunnel at nominally
the same conditions with the same model configuration (Mach 2.84,
24 deg ramp). The striking result is that the details indicating a
departure from nominally two-dimensional flow are different in each
visualization. After changing many features of his experimental
setup with little effect on the flow pattern, Selig [38] concluded that
the details of the three-dimensional structure of the separation bubble
are very sensitive to the initial conditions, or upstream flow, in the
tunnel.

C. Mean Wall Pressure

Themeanwall-pressure distributions, as measured using the wall-
pressure taps and the Kulite transducer, are shown in Fig. 5; the
theoretical inviscid value for the pressure rise downstream of the
shock is marked using a horizontal line in the figure. Also plotted are
the results from the DNS data of Wu and Martín [9] and the high-
Reynolds-number measurements of Settles et al. [2] at Mach 2.85;
the ramp angle for both studies is 24 deg. The pressure distribution of
the present experiments is only qualitatively similar to the higher-
Reynolds-number data. There is a rise in pressure in the shock
oscillation region, followed by a plateau farther downstream, which
is indicated by an inflection point at approximately x=���2:25 (the
corner is at x� 0). The measurements of Settles et al. [2] show a
separation region that is a factor of 2 smaller than that of the low-
Reynolds-number experiments and the DNS data. This is consistent
with the flow visualization results presented in Sec. III.B. Figure 5
indicates generally good agreement between the low-Reynolds-
number experiments and the DNS data at the same conditions.

The present data also show that the pressure rise across the shock
overshoots the inviscid value by about 6% at x=�� 8:4, finally

Table 1 Properties of the upstream boundary layer

M Re� �, mm ��, mm �, mm H� ��=� Cf � 103 u� , m=s

Experiment 2.9 2400 6.7 2.36 0.43 5.49 2.17 32.9
DNS [9] 2.9 2300 6.4 1.80 0.38 4.74 2.17 34.0

Fig. 4 Surface flow visualization of the 24 deg compression-ramp
interaction, using a mixture of silicone oil and graphite.
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recovering to the inviscid value at x=�� 12:25. At present, there is
no definitive explanation for this overshoot. It does not seem likely
that the boundary layers on the fences are significantly affecting the
flow two-dimensionality and causing the overshoot, as the ramp
width is relatively large (about 23�) and the surface flow
visualization (Fig. 4) indicates that the flow is highly two-
dimensional upstream and downstream of the unsteady interaction.
The pressure peak may be real. Given that the separation and
reattachment shocks intersect well above the boundary layer, there
will be a set of compression waves that originate near this
intersection and propagate toward the wall, where it will reflect and
raise the pressure before the final relaxation takes place. Although
these waves are weak, they may well lead to an overshoot in the wall
pressure above the inviscid asymptote. The DNS also shows
shocklets emanating from the turbulent boundary-layer structures
near the reattachment line, downstream of the corner. The existence
of these wave phenomena, coupled with the experimental error, does
not rule out the possibility of an overshoot in the pressure ratio before
the recovery to the inviscid value.

No comparison of this overshoot with the DNS pressure profile is
possible, as the simulation does not extend beyond 7:2� from the
ramp corner. However, a less-pronounced overshoot was found by
Dolling andMurphy [3], whomeasured themeanwall pressure along
a 24 deg ramp at Mach 2.95 using a Kulite transducer (figure 4a in
their paper). They found that, for their most downstream data points
along the ramp, x=�� 5:8 and 6.8, the mean wall-pressure ratios
were about 3% and 4% higher, respectively, than the inviscid value.
These authors also used fences on either side of the ramp model.
They did not comment on these discrepancies, only mentioning that
their data are closer to the inviscid value than that of Settles [1], who
reported a pressure ratio lower than the inviscid prediction, primarily
because their data did not extend far enough along the ramp.

The two Kulite transducer data points closest to the corner are
about 6% higher than the pressure values obtained using the wall-
pressure taps. Selig et al. [7] plotted mean wall-pressure
measurements of four different studies done in the same wind-
tunnel facility at similar conditions, also using Kulite transducers,
and found discrepancies that exceeded 10%. These differences could
be due to spanwise variations in flow conditions associated with the
flow three-dimensionality, because the Kulite transducer is offset in
the spanwise direction from the row of wall-pressure taps by 2� (9%
of the ramp width). The flow visualization given in Fig. 4 indicates a
small amount of spanwise flow in the interaction region.

D. Velocity Profiles

Mean velocity profiles were obtained at 4� and 8� downstream of
the corner using the pitot probe described earlier. The total
temperature profile was estimated by interpolating the profile from
the undisturbed boundary layer. The resulting velocity profiles,
nondimensionalized byU1 in the upstream boundary layer (BL), are
given in Fig. 6. Also plotted is the velocity profile from the DNS of

Wu and Martín [9] at x� 4�; the DNS data do not extend to x� 8�.
Figure 6 shows that, at 4� downstream of the corner, the flow in the
boundary layer is attached but remains highly retarded near the wall.
This profile is in good agreement with that of the DNS, except near
the wall where the errors from the pitot probe are significant. The
velocity profile at x� 8� indicates a rapid filling out of the profile,
most likely due to enhanced turbulent mixing from the formation of
large-scale eddies [5], but the flow has not completely recovered at
this location. Additionally, the gradual decrease in the boundary-
layer edge velocity from x� 4� to 8� corresponds to the gradual
pressure rise observed in the surface-pressure distribution, indicating
that the flow at these locations is still turning and decelerating in the
final stages of the compression.

E. Filtered Rayleigh Scattering

Typical, post-processed images from FRS taken in the interaction
region are given in Fig. 7. The images show two distinct diagonal
lines, the most upstream of which is the leading edge of the
aerodynamic fence. The bright region downstream of this leading
edge is due to the incident laser light on the ramp reflecting off the
fence. This light was not attenuated by the filter as expected, and is
most likely due to a secondary mode of the laser light. The bright
diagonal line downstream of the fence is the shock wave, and the
images show a significant loss of signal downstream of the wave as
the temperature rises to a level greater than the sublimation
temperature of the carbon dioxide. Some of the images show the
separation shock penetrating nearly halfway into the boundary layer
(Fig. 7d). The penetrations appear to occur through incursions of the
freestream fluid and through the turbulent structures. Other images
indicate that the shock “wraps” around the large-scale turbulent
bulges (Fig. 7a). This distortion of the separation shock by the
upstream large-scale structures is consistent with the results of
Erengil and Dolling [12], who showed that the high-frequency jitter
in the shock motion is due to large-scale turbulent eddies convecting
into the interaction. The compression of the boundary layer due to the
shock wave can be seen in Fig. 7c, which indicates a reduced
boundary-layer thickness downstream of the shock.

F. Intermittency

The intermittency function � was estimated using the FRS images.
Here, � is the fraction of the flow at a given height in the boundary
layer that is turbulent; � � 1 indicates fully turbulent flow and � � 0
denotes nonturbulent flow. In the FRS images, the turbulent
boundary-layer fluid is represented by the darker regions, whereas
the nonturbulent freestream flow is represented by brighter areas.
Distinguishing between the two in the 8-bit, grayscale images was
done using a pixel intensity threshold. Pixels with intensity values
below the threshold were assigned a value of 255, or white (� � 1),
and those above it were given a value of 0, or black (� � 0). The
intermittency was calculated in each row of pixels, that is, at each
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wall-normal location, by averaging the thresholded pixel values in
that row.

The pixel intensity threshold was determined by visually
comparing the thresholded (black and white) images with the
originals, until the threshold that best captured the interface between
the boundary-layer and freestream fluid was found. Figure 8a shows
an FRS image taken in the upstream boundary layer with three
thresholded images below it, using pixel thresholds of 55, 65, and 75.
The threshold of 65 yields the best qualitative representation of the
interface between the turbulent and nonturbulent fluid, and was
chosen for the present analysis. Smaller and larger threshold values
may cause finer features of the interface to be lost or to blur together,
respectively. Based on such visualizations, the uncertainty of the
pixel threshold value was taken to be �10. Figure 8b plots the
resulting intermittency profiles calculated using each of the three
pixel intensity thresholds, averaged over 100 images. The figure
shows that the uncertainty in the pixel intensity threshold of �10
translates to an uncertainty in � of about �13% and �16% at the
wall-normal position where � is approximately 50% (y50%). For the
pixel threshold value of 65, y50%=�� 0:77, which is in excellent
agreement with that measured by Klebanoff [39] in an
incompressible boundary layer at Rex � 4:2 � 106.

For the undisturbed boundary layer, � was determined by
averaging the results from 100 thresholded images with a
streamwise, wall-normal field of view of 5� � 1:5�. As discussed in

Sec. III.E, the FRS signal deteriorates significantly downstream of
the shock so that � could only be evaluated upstream of the corner.
The intermittency in the interaction was computed using 1� � 1:5�
subimages from an ensemble of 150 images, centered on x��1:5�
and x��0:5�. The local boundary-layer thickness at these
streamwise locations was unknown, and so � for each case was
normalized by y50%. In the upstream boundary layer, y=y50% � 0:80,
increasing to 0.85 at x��0:5�.

Figure 9a gives � at each streamwise location. The plot shows that
the magnitude of the slope of � near y50% increases relative to the
upstream boundary-layer value at x=���1:5, then reduces slightly
at x=���0:5. An increase in magnitude of the slope of � indicates a
smaller region of intermittentflow.However, for y=y50% < 1:1, these
differences fall within the uncertainty in computing �, making it
difficult to draw strong conclusions from the data.

G. Structure Angle

The mean structure angle � in the �x; y� plane was determined
using spatial correlations of the FRS images at different wall-normal
locations, or origin points, throughout the boundary layer. Here, � is
defined as the average local angle of the large-scale coherent
structures relative to the wall, determined at a specified wall-normal
location. This definition is consistent with that of Spina et al. [40],
who performed correlation experiments using hot-wire probes in a

Fig. 7 Instantaneous FRS images, uncorrelated. Images are 7:0� � 3:3�, with flow from left to right. The white line indicates the ramp; the flat plate is
located at the bottom edge of the images.

Fig. 8 Effect of pixel intensity threshold on the intermittency function � for the incoming boundary layer: a) original image with thresholded images in
descending order; b) � calculated from the thresholded images.
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high-Reynolds-number, Mach 2.9 flow. Figure 10a shows a sketch
that illustrates the physical interpretation of the local � for an
individual large-scale structure in an FRS image of the undisturbed
boundary layer. The FRS images show that the structures typically
lean downstream (see Figs. 8a and 10a), so that the average � is acute.
Spina et al. [40] point out that the average structure angles
determined using unconditional correlation methods, such as that
presented here, include contributions from many types of structures
at different angles. Therefore, information about individual structure
properties is lost in the averaging.

The spatial correlations to obtain � from the full FRS images were
computed from the same set of FRS images used to obtain �. For the
undisturbed boundary layer, the5� � 1:5� imageswere divided in the
streamwise direction into three 1:5� � 1:5� windows, yielding 300
independent samples. This streamwise window width was deemed
sufficient, as the correlations drop off to below 0.4 within the
window. Because of the loss of FRS signal downstream of the shock,
the structure angle in the interaction region could only be determined
upstream of the corner. Within the interaction, correlations were
performed using a windowwith a streamwise width of 1� centered at
x��0:5� and a height of 1:5�.

For each window, a two-dimensional, spatial autocorrelation was
performed between the pixel intensity value at a given origin point
and that at every other point in the image. The correlations from each
independent window were averaged to produce a mean correlation
profile. The origin points were centered in the streamwise direction,
but were varied in the wall-normal direction to obtain � at different
distances from the wall. An example of an average correlation for the
undisturbed boundary layer, with an origin point located at y=��
0:75 from the wall, is shown in Fig. 10b; the correlation coefficient is
mapped into seven bins, specified in the caption. The figure shows
that the isocorrelation contours at this height appear tilted, indicating
that the structures lean toward the wall, as mentioned earlier. To
determine �, ellipses were fit to the isocorrelation contours using a
direct least-squares-fitting method developed by Fitzgibbon et al.
[41]. The technique was applied using contour levels of 0.7, 0.8, and
0.9 for correlations at each wall-normal location, and � was taken as
the average of the angles determined from each contour level with
respect to the wall. The dashed line in Fig. 10b indicates,
qualitatively, the definition of � on the correlation map. For origin
points below y=�� 0:6, the correlations degraded significantly and
no angle measurements could be gathered; this cutoff decreased to
about 0.4 in the interaction.

The average structure angles in the incoming boundary layer and
at x��0:5�, within the interaction, are shown in Fig. 9b. Also
plotted are theRe� � 81; 000, Mach 2.9 data of Spina et al. [40] for a
flat plate flow, where the angles were obtained using the space–time
correlation between two hot-wire probes with various vertical
separations. The angles for the present study were determined
relative to the flat plate, so that the values at x��0:5� were
corrected to take into account the turning of the flow through the
shock wave. The mean angle of the separation shock was measured
using correlations from the FRS image data with the reference point

varied through the estimated shock location. This analysis yielded an
average shock angle of 28 deg, which corresponds to a turning angle
of 9.9 deg for an upstream Mach number of 2.9; this turning angle
was subtracted from the measured � at x��0:5�.

Figure 9b shows that � in the undisturbed boundary layer agrees
reasonably well with the lower range of angles measured by Spina
et al. [40]. These data suggest that the variation in � with Reynolds
number, if any, is not significant. Comparing � in the upstream
boundary layer with the corrected angles at x��0:5� indicates a
decrease in � of up to about 7 deg. Donovan et al. [42] investigated a
high-Reynolds-number boundary layer perturbed by concave wall
curvature, and observed a decrease in structure angle at the initial
stages of compression, followed by an increase over the undisturbed
boundary-layer value farther downstream. This is in agreement with
the current results obtained upstream of the corner. Additionally, the
present data show an increase in � with distance from the wall in the
outer region of the boundary layer, consistent with themeasurements
of Spina et al. [40].

H. Fluctuating Pressure

The rms of the fluctuating wall pressure, normalized by the local
mean wall pressure pw is plotted in Fig. 11. The DNS results of Wu
and Martín [9] are also included, along with the measurements of
Selig et al. [7] atRe� � 84; 500. All data given are for a 24 deg corner
angle at a Mach number of about 3. Figure 11 shows that, compared
with the low-Reynolds-number data, the p0w;rms profile from Selig
et al. [7] exhibits significant differences. First, the peak value for the
high-Reynolds-number study is about a factor of 2 larger than that of
the present experiment; this result will be discussed next. Second, the
location of the Re� � 84; 500 peak is farther downstream than those
of the low-Reynolds-number cases, consistent with the smaller
extent of the separation bubble.

Figure 11 shows that the trends in p0w;rms of both the present
experiment and the DNS agree well, although the peak location for
the DNS is about 0:2� farther downstream. However, the most
prominent difference between the current measurements and the
DNS results is that the p0w;rms curve for the DNS is consistently
higher.Moreover, the difference between the two studies is amplified
by a factor of about 1.6 through the shock wave. This difference may
be explained by considering two different factors: added “noise” in
the wall-pressure data of the DNS, and the low-pass filtering of the
experimental data at 50 kHz.

The fluctuating pressures for the DNS are higher than that of the
experiment due to uncorrelated pressure fluctuations (noise)
introduced by the initialization of the simulation.‡ Therefore, the
fluctuating pressure at the wall is thought to be the sum of the true
value p0w and that due to noise p0n, such that the mean square of the

total signal is �p0w � p0n�2 
 �p0w�2 � �p0n�2, where the product

2p0wp
0
n has been neglected because the signals are uncorrelated. An
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estimate ofp0n can bemade by assuming that it is equal to the value of
the fluctuating pressure in the freestream p01, so that the

amplification of �p0n�2 through the shock can be estimated by finding

the amplification of �p01�2 (see also Ringuette et al. [25]). The
freestream value is used because it should, ideally, be largely free
from pressure fluctuations aside from those introduced by the
turbulent structures near the boundary-layer edge, and thus the
average fluctuations in the freestream provide an approximate
reference for the uncorrelated noise in the pressure field of the DNS.
The freestream values for the DNS were obtained at a distance of

about 2� away from the wall. Upstream of the shock, �p01�2=p2
w is

about 0.0004, whereas it is approximately 0.0016 downstream
(although the latter value may contain some contribution due to the
influence of shocklets‡).

Using these values to estimate the normalized mean square of the

noise �p0n�2=p2
w gives an amplification factor of 4 through the shock,

so that the rms of the noise is amplified by a factor of 2. This is in
reasonable agreement with the value of 1.6 given earlier. Using the

estimate of

������������
�p0n�2

q
=pw to approximate the increase due to noise in

the normalized rms of the total signal

������������������������
�p0w � p0n�2

q
=pw yields 0.02

upstream of the shock and 0.04 downstream. Both values are
indicated in Fig. 11 and are good estimates of the differences between
the experimental and DNS curves.

The low-pass filtering of the present fluctuating wall-pressure
measurements at 50 kHz will also account for some of the difference
between the experimental and DNS curves of p0w;rms. To examine the
effect of low-pass filtering on the DNS, the wall pressure of the

simulation was sampled at a single spanwise grid point for three
streamwise locations: x=���6:90 in the upstream boundary layer,
x=���2:98 at themean separation point, and x=���2:18 near the
peak in p0w;rms. The DNS data were generated at a frequency of about
16MHz andwere low-passfiltered inMATLABusing a fourth-order
Butterworth filter with a cutoff frequency of 50 kHz to match the
experiments. Time traces of the low-passfiltered data at each location
are given in Fig. 12c. Figure 11 shows p0w;rms calculated from these
data with and without filtering. The unfiltered point data at x=��
�6:90 and 2.98 match the DNS data averaged over the full spanwise
domain. However, the unfiltered, single-point p0w;rms at x=���2:18
is higher than the spanwise-averaged data by about 9%. The primary
contribution to p0w;rms at this location comes from the oscillating
shock wave, and, because the DNS data contain about three
oscillation periods, it is not surprising that the single-point data do
not agree with the spanwise-averaged data.

For the upstream data and that at x=���2:98, the low-pass filter-
ing effectively halves the absolute difference between theDNSp0w;rms

curve and that of the experiments. At these streamwise locations, the
�-scale eddies in the upstream turbulent boundary layer, which have a
frequency of about 90 kHz, should contribute significantly to p0w;rms.
Therefore, it is expected that low-pass filtering the DNS data at these
points should decrease the magnitude of p0w;rms and bring it closer to
the experimental value. At x=���2:18, however, the low-pass
filtering of the DNS data does not bring the DNS curve significantly
closer to the experimental value. The major part of the difference is
probably due to the uncorrelated noise described previously, which is
amplified through the shock wave. These results indicate that the
simple perturbation analysis to estimate the contribution of the
uncorrelated noise in the DNS to p0w;rms probably overpredicts the
differences between the experimental and DNS curves. A
combination of the limited frequency resolution of the experiments
and the larger fluctuation levels of the simulation is the most likely
explanation for the differences.

Figure 12 shows wall-pressure signals from the Kulite transducer
at different streamwise locations for the present study, along with
similar data from the high-Reynolds-number measurements of
Dolling and Murphy [3] and the DNS of Wu and Martín [9]. A
comparison demonstrates the significant difference between the pw
signals of the high- and low-Reynolds-number data. At the location
of the peak in p0w;rms, the wall-pressure signal for the high-Reynolds-
number experiment shows the well-documented intermittent
behavior: the pressure jumps from the undisturbed boundary-layer
value to that behind the shock, and back again, as the shock oscillates
over the measurement location. Near the mean separation point, the
high-Reynolds-number signal displays peaks of the same magnitude
but with a larger average period. In contrast, the wall-pressure data
for both the low-Reynolds-number experiment and the DNS do not
show this well-defined intermittency. The low-Reynolds-number
traces display a broader range of frequencies having amplitudes that
are a significant fraction of that due to the low-frequency shock
oscillation. This difference is most likely due to the different flow
topology of the low-Reynolds-number cases. Both the DNS data and
the present FRS visualizations indicate that the shock does not
penetrate as far into the boundary layer as it does for high-Reynolds-
number flows. For the low-Reynolds-number studies, the shock
penetrates about halfway into the boundary layer. Moreover, the
DNS shows that a compression fan exists in the shock foot, or
separation region, most likely due to the shock being diffused by
increased viscous effects. This wave structure merges into the
separation shock at approximately half the boundary-layer height
[9]. This enriches the wall-pressure signal and attenuates its
intermittency, as it is not associated with themotion of a single, well-
defined shock wave. The compression fan structure also explains the
larger extent of the separation bubble, as well as the smaller value of
the peak in p0w;rms. It causes the wall-pressure fluctuations from the
shock to be spread over a larger streamwise extent than the high-
Reynolds-number case, so that the peak in the streamwise distribu-
tion of p0w;rms is comparatively lower and wider.

A consequence of the attenuated intermittency of the pressure
signal is that the algorithms used in high-Reynolds-number studies to

Fig. 10 Illustration of the method to determine � from FRS images:
a) sketch showing � for an individual large-scale coherent structure
at y� yref; b) isocontours of the spatial autocorrelation used to calculate
� at a given wall-normal location. Contour levels, ranging from black to
white, are 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.7, 0.7–0.8, 0.8–0.9,>0:9. See text
for description.
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obtain the shock-motion frequency based on a determination of the
shock location (see, for example, Dolling and Brusniak [44]) cannot
be directly applied to the present case. In the absence of such
methods, frequency information can be obtained from the energy
spectrum of the wall-pressure signal. Figure 13a gives an isometric
view of the premultiplied power spectral density of the wall-pressure
signal at different streamwise locations. The spectra have been
smoothed over equal logarithmic bins in frequency, using the
dimensional frequency with the entire frequency range divided into
100 bins. The corresponding plot for the high-Reynolds-number
experiment of Selig et al. [7] at Mach 2.85 is shown in Fig. 13b. For
the high-Reynolds-number case, U1=� is 22 kHz, whereas it is
90 kHz for the present experiment. Both spectra show broadband,
low-frequency peaks located in the shock-motion region, which are
not present downstream of the shock. Additionally, both cases
exhibit peaks in the high-frequency range that appear in the shock
region and grow in strength downstream of the shock. The small
peaks atf�=U1 > 2:7 in the spectra of Selig et al. [7], downstreamof
x=���1:54, are not flow related and are due to the resonance of the
Kulite transducer.

For the current experiment, the low-frequency peaks correspond-
ing to the shock motion at different streamwise locations have
frequencies ranging from about f�=U1 � 6:0 � 10�3 to 9:0 � 10�3

(0.55–0.82 kHz), whereas they vary from approximately f�=U1 �
2:0 � 10�2 to 4:5 � 10�2 (0.45–1.0 kHz) for the case of Selig et al.
[7]. The dimensional values for the low-Reynolds-number
experiment therefore fall within the range of the characteristic
shock oscillation frequencies found in the high-Reynolds-number
study. Note that the better agreement using the dimensional shock-
motion frequency rather than the U1=� scaling stems from the fact
that the large-scale shock translation is not caused by the individual
large eddies in the incoming boundary layer [12]. We also find good
agreement between the low-frequency peak locations for the current
experiment and the corresponding DNS of Wu and Martín [24].

The high-frequency peaks for the present experiment occur
between f�=U1 � 2:1 � 10�1 and 3:6 � 10�1 (19 and 33 kHz), and
those of Selig et al. [7] are located between about f�=U1 � 7:2 �
10�1 and 1:3 � 100 (16 and 30 kHz). Selig et al. [7] comment that, for
their high-Reynolds-number flow, pressure fluctuations at
frequencies greater than 10 kHz (f�=U1 � 4:5 � 10�1) are due
purely to turbulent fluctuations, but below this value there is an
overlap between frequencies corresponding to both turbulence and
the shock motion. Using this nondimensional frequency as an
approximate cutoff, the overlap region of the present experiment
extends nearly to the highest resolved frequency. Figure 13 shows
that the high-frequency pressure fluctuations becomemore energetic

Fig. 12 Comparison of wall-pressure signals at low and high Re� forMach 3: a) adapted fromDolling andMurphy [3],Re� � 69; 100; b) present data,
Re� � 2400. Plot ordinate has been stretched so that signal strengths are comparable to those of Fig. 12a; c) created using the DNS ofWu andMartín [9],
Re� � 2300. Simulation data are low-passfiltered using a fourth-orderButterworthfilter, cutoff frequency is 50 kHz (f�=U1 � 0:55) tomatch the present
study; d) present data, same axis ranges as Fig. 12c. Subfigures show data at three locations, from top to bottom: peak in p0w;rms, near themean separation
point, upstream boundary layer. Dashed lines indicate mean values. Figures 12c and 12d are taken from Ringuette and Smits [43].
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downstream of the shock for both the high- and low-Reynolds-
number studies, so that the present data are consistent with the well-
established high-Reynolds-number result that the turbulent motions
are amplified across the interaction [6]. For the high-Reynolds-
number flow of Selig et al. [7],U1=� (22 kHz) falls within the range
of the Kulite transducer used, whereas for the present experiment
(90 kHz) it does not. Therefore, the wall-pressure spectra for the
current work drop off before U1=� is reached, and the large-eddy
frequency scaling does not appear to collapse the high-frequency
data for the two studies. Presumably, the collapse would be better if
the large-eddy frequency for the low-Reynolds-number measure-
ments were resolved. Although frequencies near U1=� are not
captured for the present case, frequencies two decades below that
measured by Selig et al. [7] are. This observation illustrates the
limited bandwidth of the transducers used, and how it shifts in
nondimensional frequency depending on the flow conditions (see the
dashed line in Fig. 13).

Figure 13 shows that the most significant difference between the
low- and high-Reynolds-number data, which were normalized in the
same way, is that the low-Reynolds-number peaks corresponding to
the shock motion are smaller in magnitude. For the high-Reynolds-
number case, the energy of the peaks due to the shockmotion is about
3 times that of the turbulence. The shock-motion peaks at low-
Reynolds-number are comparable in magnitude to the higher-
frequency peaks, although the low-pass filtering of frequencies
greater than 50 kHz (f�=U1 � 5:5 � 10�1) (see Sec. II.B) reduces
the energy of the higher-frequency fluctuations, so that their true
energy is greater than shown. These results are consistent with the

wall-pressure signals shown in Fig. 12. The higher degree of
intermittency due to the deeper penetration of the shock wave in the
high-Reynolds-number boundary layer causes more energy to be
concentrated at the frequencies associated with the shock motion. In
contrast, the more continuous amplitudes of the pressure signal for
the low-Reynolds-number flow, presumably a result of the diffusion
of the separation shock into a compression fan structure in the lower-
half of the boundary layer, cause the energy in the wall-pressure
spectra to be distributed over a greater range of frequencies. This
reduces the magnitudes of the spectral peaks associated with the
shock motion.

IV. Conclusions

AMach 2.9 shockwave turbulent boundary-layer interaction with
a low Reynolds number based on momentum thickness of 2400 was
studied experimentally. Mean flow surveys, flow visualization, and
fluctuating wall-pressure measurements were conducted. Compared
with previous data at higher Reynolds numbers (of order 104–105),
the separation bubble in the corner region is a factor of 2 larger than
the high-Reynolds-number results, and the peak in the rms of the
wall-pressure fluctuations is about a factor of 2 smaller. The wall-
pressure signal does not contain the distinct intermittency that is
characteristic of high-Reynolds-number data in the shock-foot
region. Moreover, the wall-pressure spectra show that the energy of
the fluctuations is more evenly distributed over the range of shock-
motion frequencies. This results in a smaller peak energy in the shock
oscillation region than is observed at high Reynolds numbers.

These differences are most likely due to the change in flow
characteristics at the low-Reynolds-number, namely, the spread of
the separation shock into a compression fan in the lower-half of the
boundary layer, and a taller separation bubble. One contributing
factor is the relative change in the sonic line location. For the present
experiments, a curve fit to the Mach number profile in the upstream
boundary layer indicated that the sonic line was located at about
0:06� away from the wall (y� 
 20). The DNS ofWu andMartín [9]
gives a very similar value of 0:05�. For the high-Reynolds-number
investigation of Settles [36], the sonic line is about a factor of 10
lower than the low-Reynolds-number values in terms of outer scaling
(0:006�), although the distance in wall units is closer (y� 
 53). At
the lowReynolds number, the viscous region near thewall occupies a
significant fraction of the boundary layer; if it is assumed that the
viscous part of the layer ends at y� � 50, this represents about 15%
of the boundary-layer thickness. It appears that one result is the
increase in separation bubble size observed, as the relatively stronger
effect of viscous forces exacerbates the flow separation (note that, in
all laminar flows, the separation region is very much larger than in
turbulent flows). The DNS of Wu and Martín [24] shows that the
separation bubble extends to about 0:5� away from the wall, whereas
in the high-Reynolds-number experiments of Settles et al. [45], the
height of the separation bubble is about 0:2�, where � is the incoming
boundary-layer thickness. In addition, the DNS shows that the
separation shock is spread into a compression fan below a wall-
normal distance of about 0:5�. As discussed earlier, the compression
fan structure is the most likely reason for the enrichment of the low-
Reynolds-number wall-pressure signal [Figs. 12c and 12d] and its
attenuated intermittency. Moreover, it explains the relatively lower
and broader peaks due to the shock motion in the energy spectra of
the wall pressure.

In terms of turbulence structure, the average turbulent structure
angle decreases slightly (compared to the undisturbed boundary-
layer value) at 0:5� upstream of the interaction, consistent with the
high-Reynolds-number results of Donovan et al. [42] in the initial
compression region of a supersonic boundary layer perturbed by
concave curvature.

The shock motion has a broadband frequency distribution with a
peak at slightly less than 1 kHz, as seen in the high-Reynolds-number
data. As expected, scaling the shock-motion frequency using that of
the large eddies in the incoming boundary layer U1=� does not
collapse the low- and high-Reynolds-number data, suggesting that
an alternative scaling is more appropriate.

Fig. 13 Energy spectra of the wall-pressure signal at multiple
streamwise locations upstream of the corner (x=�� 0). Frequency is
nondimensionalized usingU1=�: a) present data,Mach 2.9,Re� � 2400,
�=U1 � 1:1 � 10�5; b) adapted from Selig et al. [7], Mach 2.85,
Re� � 84; 500, �=U1 � 4:5 � 10�5. A dashed line has been added to both
plots to indicate the lowest nondimensional frequency resolved by the
measurements of Selig et al. [7].
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We find good agreement with the DNS of Wu and Martín [9] at
matching conditions, namely in themeanflow surveys, the rms of the
wall-pressure fluctuations, the behavior of the wall-pressure signal,
and the shock-motion frequency. The rms pressure-fluctuation
profile of the DNS is somewhat higher due to uncorrelated pressure
fluctuations, or noise, introduced at the initialization of the
simulation.
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