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Shock Unsteadiness
in a Reattaching Shear Layer

J. Poggie∗

US Air Force Research Laboratory, Wright-Patterson AFB, OH 45433-7521

A. J. Smits†

Princeton University, Princeton, NJ 08544-5263

The origin of shock unsteadiness in a Mach 2.9 turbulent, reattaching shear layer
was investigated experimentally using temporally-resolved flow visualization and mea-
surements of wall pressure fluctuations. In order to isolate the influence of disturbances
originating in the incoming shear layer, experiments were conducted in which artificial
disturbances were introduced into the flow through air injection in the vicinity of sepa-
ration. The effect on the reattachment shock system was dramatic: the intensity of the
pressure fluctuations and shock motion increased substantially and power spectra of the
pressure fluctuations showed a distinct shift to lower frequency. The spectra collapsed
onto a common curve in nondimensional coordinates based on a length scale derived
from two-point cross-correlations of the flow visualization data and a convection velocity
derived from cross-correlations of the pressure measurements. This curve showed fairly
good agreement with a theory developed by Plotkin (AIAA J., Vol. 13, No. 8, 1975,
pp. 1036-1040), which is based on perturbation of a shock by random fluctuations in the
incoming turbulent flow. These results indicate that, unlike separated compression ramp
flows where shock motion is associated primarily with relatively low-frequency expansion
and contraction of the separation bubble, the shock motion in the reattaching shear layer
is primarily caused by organized structures in the incoming turbulent flow.

Nomenclature
f = frequency
G = power spectrum
I = scattering intensity
p = pressure
R = correlation
t,τ ,ξ = time
u = fluctuating velocity component
U = mean velocity component
x,X = coordinate along ramp
y,Y = coordinate perpendicular to ramp
δ = boundary layer or shear layer thickness
ρ = density
σp = (p′2)1/2

Subscripts

c correlation
e edge
h hole
I intensity
p pressure
R shock recovery
r reattachment
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ref reference
s separation
u velocity
x position

Superscripts

∗ = nondimensional variable
· = time derivative

Introduction

THE mechanisms of shock unsteadiness in sepa-
rated boundary layer flow have been a topic of

extensive research, motivated primarily by the need to
mitigate aircraft fatigue loading caused by the intense
fluctuations in wall pressure and heat flux that accom-
pany shock oscillation. The first study of this problem
was carried out by Kistler,1 who measured wall pres-
sure fluctuations in a supersonic forward-facing step
flow. Kistler observed an intermittent wall pressure
signal in which fluctuations due to turbulence in the
incoming boundary layer and separation bubble were
modulated by rapid pressure jumps associated with
the motion of the separation shock back and forth
across the transducer. This pattern has since been
observed experimentally in a wide variety of separated
supersonic flows over two- and three-dimensional test
configurations.2
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The shock motion occurs on two scales: one because
of perturbation of the shock by organized structures
in the flow turbulence and the other because of rel-
atively large-scale, low-frequency expansion and con-
traction of the separation bubble.3 The large-scale
phenomenon appears to be analogous to the cyclic
vortex shedding caused by instability of the separa-
tion vortex system in low-speed separated flows,4–7 but
may also be connected to turbulence in the separation
bubble and in the incoming flow.8–10

The small-scale shock motion has been observed
directly11–14 using a planar visualization technique
based on Rayleigh scattering. Images obtained with
this technique show that the shock is distorted, and
often split, by organized turbulence structures as they
convect into the separation zone. Difficulty in seed-
ing the separation zone with scattering particles has
precluded visualization of the large-scale shock mo-
tion with laser scattering techniques. Kussoy et al.,15

however, have observed the expansion and contrac-
tion of the separation bubble using cinematic shadow
photography in a configuration where the line of sight
averaging inherent in this technique was minimized.

Profiles of the intensity of pressure fluctuations16

and heat transfer fluctuations17,18 along a streamwise
line at the wall of a separated boundary layer in com-
pressible flow typically show two distinct maxima: one
just upstream of the mean separation line and one near
the mean reattachment line. These peaks may be an
order of magnitude above the fluctuation levels in the
incoming turbulent boundary layer flow. Conditional
averaging has shown that, in many flows, the peaks are
caused by motion of the two legs of a lambda shock
system (the separation and reattachment shocks) as
the separation bubble expands and contracts.10,19

Most research has focused on the motion of the
separation shock, with relatively little emphasis on
reattachment shock unsteadiness. To address this lack
of data, Shen et al.20 investigated the wall pressure
fluctuations in a flow where the separation point was
essentially fixed at a backward-facing step, but the
reattachment point was free to move along a ramp.
The character of the shock unsteadiness in the reat-
taching flow was found to be substantially different
from that of a typical separating flow.

The present study was undertaken to extend the
work of Shen et al., and to search for mechanisms
which might be responsible for shock unsteadiness in
the reattaching shear layer. The fluctuations in wall
pressure caused by the motion of the reattachment
shock system were measured, and the flow was visu-
alized using a laser scattering technique. In order to
isolate the influence on the reattachment shock sys-
tem of disturbances originating in the incoming shear
layer, experiments were conducted in which artificial
disturbances were introduced into the flow through air
injection in the vicinity of separation. This controlled

perturbation of the flow makes clear the connection be-
tween shock unsteadiness and incoming disturbances
in the shear layer, and raises the possibility of future
methods of controlling shock unsteadiness.

Theoretical Model

Since the separation location is fixed at the
backward-facing step in the reattaching shear layer
configuration, the primary mechanism for shock oscil-
lation is believed to be perturbation by disturbances
in the incoming turbulent flow. A theoretical model
for this process has been developed by Plotkin.21

Plotkin assumed that a stable location exists for the
shock, the position where the shock would sit if no
disturbances were present in the incoming flow. As a
large-scale eddy convects into the vicinity of the shock,
it changes the jump conditions across the shock, and
causes it to move away from the equilibrium position.
After the eddy passes, the shock obtains a velocity in
its new environment that tends to return it toward the
equilibrium position.

For simplicity, Plotkin considered only a one-
dimensional model for oscillation in the direction par-
allel to the wall (x). The shock velocity (ẋ) was taken
to be the superposition of a random forcing function
(u) and a restoring velocity that is proportional to the
displacement (x) of the shock from its equilibrium po-
sition:

ẋ = u(t)− x/τR (1)

Here τR is a time constant specifying how rapidly the
shock recovers from a perturbation. The variables x
and u are defined to have zero mean.

Plotkin considered the random function u to repre-
sent convection of the shock by velocity fluctuations
in the boundary layer. This function is probably bet-
ter viewed as the shock velocity induced by changes in
the jump conditions due to turbulent fluctuations. For
linearized jump conditions, u would be proportional to
the velocity fluctuations in the boundary layer. The
restoring term in Eq. (1) represents the shock veloc-
ity induced by changes in the jump conditions due to
changes in the local mean flow associated with dis-
placement of the shock from its equilibrium location.

For a given history of velocity perturbations, Eq. (1)
can be solved to give the resulting time-history of
shock position. Assuming that x(0) = 0, the solution
can be put in the form:

x = e−t/τR

∫ t

0

u(ξ)eξ/τRdξ (2)

Plotkin used Eq. (2) to relate the statistical properties
of the shock motion to those of the fluctuations in
the turbulent boundary layer, noting an analogy to
linearly-damped Brownian motion.

An important parameter characterizing both the ve-
locity fluctuations and the consequent shock motion is
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the integral time scale of the autocorrelation function.
The integral time scale is defined as:

τi =
∫ ∞

0

Ri(τ)dτ (3)

where i is replaced by u, x, or p to indicate the autocor-
relation of the fluctuations in the turbulent boundary
layer, the shock position, or the wall pressure fluctu-
ations. The autocorrelation function is defined in the
usual manner for time-series data.

Assuming that the shock response is much slower
than the turbulent fluctuations (τ � τu and τR � τu),
Plotkin found an approximate expression for the mean
square shock excursion:

x2 = u2 τuτR (4)

From the same assumptions, he also derived the fol-
lowing simplified form for the autocorrelation of the
shock position:

Rx(t) = e−t/τR (5)

At this level of approximation, the autocorrelation of
the shock position is independent of the detailed sta-
tistical properties of the boundary layer turbulence,
and the integral time scale of the shock position is the
same as the time constant of the restoring velocity:
τx = τR.

Plotkin went on to assume that the pressure distri-
bution induced by the oscillating shock can be approx-
imated by the mean pressure distribution translated
to the instantaneous shock position. Expanding the
mean pressure distribution in a Taylor series about
the mean shock location, and retaining terms through
first order, he showed that the mean square fluctuat-
ing pressure is proportional to the mean square shock
excursion.

p′2 =
(
∂p

∂x

)2

x2 =
(
∂p

∂x

)2

u2 τuτR (6)

(Recently, a related approximation has been used suc-
cessfully to predict fluctuating loads due to separation
shock oscillation.22) Further, the autocorrelation of
the pressure fluctuations is the same as that of the
shock position: Rp(t) = Rx(t) and τp = τR. He then
calculated the spectrum of the pressure fluctuations
from the Fourier transform of the auto-correlation:

G(f) =
4p′2τp

1 + (2πfτp)2
(7)

where 2πfτp < 1. Plotkin also assumed that the inte-
gral time scales were proportional to a characteristic
boundary layer time scale δ/Ue. These results sug-
gest plotting the power spectra of pressure fluctuation

Fig. 1 Diagram of the experimental model.
Adapted from Baca.24

measurements in the form G∗ = UrefG/(p′2δref) ver-
sus f∗ = fδref/Uref and comparing the data to the
equation:

G∗(f∗) =
4τ∗p

1 + (2πf∗τ∗p )2
(8)

where τ∗p = Urefτp/δref .
Alternative treatments of the interaction of orga-

nized structures with a shock have used linearized
versions of the Euler equations and shock jump condi-
tions to predict the distortion of the shock shape and
the amplitude of downstream disturbances caused by
a small oncoming perturbation. (See, for example, Er-
lebacher and Hussaini23 and the references therein.)
Plotkin’s work is better viewed as a conceptual model
of the shock unsteadiness than as a linearized shock
evolution equation. Where a linearized theory would
predict the spectrum of shock unsteadiness to be the
same as that of the incoming turbulence, Plotkin’s
model is able to relate the spectrum of shock motion
to the mean flow conditions through the parameter τp.
In this way, the model incorporates some of the nonlin-
ear aspects of the interaction of organized structures
and a shock.

Experimental Methods
The experiments were carried out in the Princeton

University Gas Dynamics Laboratory Mach 3 blow-
down wind tunnel. High-pressure air is supplied to the
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Fig. 2 Sketch of a cross-section of the mean flow-
field. Mean reattachment location marked as ‘R’.
Adapted from Baca.24

facility by as many as five Worthington 75 kW four-
stage compressors. The compressed air passes through
a chemical drying system, and is stored at pressures
of up to 20 MPa in four tanks with a total capacity
of 57 m3. A hydraulically-controlled valve regulates
the tunnel stagnation pressure as the air flows from
the storage tanks into the settling chamber. The ex-
periments were carried out in the first of the wind
tunnel’s three 902 mm long test sections, which has
a square cross-section of 203 mm by 203 mm. The
pressure in the settling chamber was maintained at
0.69±0.03 MPa for all experiments, and the freestream
Mach number was 2.92 ± 0.01. In a two-minute typi-
cal run, the stagnation temperature was initially 290 K
and dropped by about 8%.

The experimental configuration for the reattaching
shear layer is illustrated in Figs. 1 and 2. The exper-
imental model was originally designed by Baca.24 In
this flow, a Mach 2.9 turbulent boundary layer forms
on a flat plate and detaches at a backward-facing step.
As a result, a free shear layer forms over a region of
recirculating flow. The shear layer reattaches on a 20◦

ramp, passing through an oblique shock system, and a
turbulent boundary layer develops on the ramp down-
stream. Surveys of the basic properties of the flowfield
were performed in earlier experimental programs at
the Princeton Mach 3 wind tunnel20,24–27 and similar
configurations have been investigated in other facili-

ties.28–30

Measurements have indicated that a zero-pressure-
gradient, equilibrium turbulent boundary layer is
present in the vicinity of the backward-facing step with
a thickness of about δs = 3 mm (based on the loca-
tion of 98% of the freestream Pitot pressure) and a
momentum thickness Reynolds number of about 104.
Due to the position of the reattachment ramp, the
boundary layer separates at the 25 mm step with a
minimal change in flow direction. The mean velocity
profiles of the resulting free shear layer become self-
similar about 18δs (58 mm) downstream of the step,
where the nominal convective Mach number31 is about
1.1 and the growth rate is in good agreement with
data from other compressible, turbulent mixing layer
experiments.25 According to surface flow visualiza-
tion data, the mean reattachment line lies 67± 1 mm
up the 20◦ ramp. The boundary layer on the ramp is
strongly perturbed near reattachment, but approaches
the equilibrium condition farther downstream.

In order to provide optical access to the flow, the ex-
perimental model was modified by Shen et al.20 from
the original design of Baca. The cavity of the model
was fitted with removable inserts so that the height
of the sidewall could be set at either 15.9 mm or
25.4 mm (see Figure 1). The experiments reported
here were carried out with the sidewall inserts and the
aerodynamic fences on the sides of the ramp removed.
Experimental checks32 showed that the alterations did
not significantly change the flowfield, although a slight
deflection angle was introduced where the flow de-
tached from the backward-facing step, changing the
static pressure ratio across the step from 1.01 to 1.04.

Flow Visualization

A series of experiments was carried out in which
the reattachment shock system was visualized using
Rayleigh scattering from nanometer-scale contaminant
particles in the flow. Illumination was provided by an
ultraviolet laser beam focused into a thin sheet in the
wind tunnel. The experimental arrangement used op-
tics with a UV-coating, and quartz windows provided
optical access to the tunnel test section. Two lasers
were used in the course of the experimental program: a
Lambda-Physik argon fluoride laser with a wavelength
of 193 nm and a frequency-quadrupled Continuum
Nd:YAG laser with a wavelength of 266 nm. Both
lasers provided a pulse on the order of several nanosec-
onds in duration at a repetition rate of 10 Hz, and
delivered 20-50 mJ of energy per pulse. A double-
intensified ITT CID (Charge Integrated Device) cam-
era recorded the light scattered from the laser sheet.
The camera had a resolution of 388 by 244 pixels, and
the light intensifier had a resolution of 180 lines. The
video data were recorded on VHS video tape, and later
digitized for analysis.

Additional experiments were carried out in which
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the Continuum Nd:YAG laser was used in double-
pulse mode, producing pairs of pulses separated by
an interval of 12 µs to 60 µs.13,33 For this case, two
cameras, gated to record the two pulses in sequence,
were mounted on opposite sides of the wind tunnel and
aligned to record the same field of view. In order to
ensure that the cameras were properly aligned, an im-
age of a precision grid in the test section was recorded
before and after each wind tunnel run. The accuracy
of positioning was found to be within 1% of the width
of the field of view in all the tests.

The scattering signal is believed to be dominated
by Rayleigh scattering from a uniform fog of clus-
ters of H2O, CO2, or O2 molecules that form in
the freestream flow as the air cools in the expansion
through the wind tunnel nozzle.34,35 Observations
from past work have indicated that the scattering in-
tensity (and thus the particle number density) tends
to follow the air density, except where the temperature
reaches a level high enough to vaporize the contami-
nant particles.12,36 Since the molecular constituents of
air have a much smaller scattering cross-section than
the relatively larger particles, images of high temper-
ature regions of a flow may appear dark.

For freestream temperatures on the order of 100 K,
the fluid near the edge of a Mach 2.9 turbulent bound-
ary layer or free shear layer has a temperature high
enough to vaporize the molecular clusters, and a sharp
vaporization interface reveals organized structures in
the two turbulent shear flows. For relatively weak
shocks, the Rayleigh scattering images show an in-
crease in scattering intensity due to the shock den-
sity jump, but for stronger shocks, the images show
a marked decrease in scattering intensity across the
shock, due to vaporization of the scattering particles.

A body of evidence has been accumulated that indi-
cates that the scattering images have accurately por-
trayed many of the physical features of a turbulent
boundary layer, a turbulent mixing layer, and several
shock-wave / boundary-layer interactions studied in
the Princeton supersonic wind tunnel.37 In partic-
ular, quantitative measures of the scale, orientation,
and speed of large-scale organized structures derived
from a statistical analysis of scattering images of the
turbulent boundary layer and turbulent mixing layer
agree well with results obtained in the same flows using
hotwire anemometry. Further, Nau36 has examined
simultaneous hotwire and Rayleigh scattering mea-
surements of the turbulent boundary layer, and found
a strong correlation between traces of the hotwire sig-
nal and the corresponding scattering profiles.

Measurements of Wall Pressure Fluctuations

Static pressure measurements were made with
miniature differential pressure transducers manufac-
tured by Kulite Semiconductor Products (model XCQ-
72-062-25D). The transducers were calibrated stati-

cally at the operating temperature. Previous studies,
and checks made before and after wind tunnel runs,
have shown that the calibration is consistently linear
and repeatable.

The transducers were mounted in a block that could
be positioned at different streamwise positions along
the reattachment ramp. The spacing between the
transducers was 5.1 mm, and they were mounted
2.5 mm off the centerline of the wind tunnel. The
data were taken with the block positioned in three lo-
cations. Three of the four available transducers were
found to calibrate accurately, and were used to cover
a range of positions between 52 mm and 88 mm from
the start of the ramp.

The signals from the transducers were amplified,
then band-pass filtered with a four-pole Butterworth
filter. The analog data were then sampled digitally
with 10 bit resolution using a CAMAC (Computer
Automated Measurement and Control) system from
LeCroy, Inc. Three sampling rates were used: 10 kHz,
250 kHz, and 1 MHz. In all three cases the high-pass
filter was set to 10 Hz, while the low-pass filter was set
to 5 kHz for the 10 kHz sampling rate, and to 80 kHz
otherwise. Data were obtained simultaneously for the
three channels in files of four records, each containing
24576 contiguous points per record.

Artificial Disturbances

Artificial disturbances were introduced into the flow
through air injection in order to isolate the effect of up-
stream disturbances on the unsteadiness of the shock
system. Two spanwise rows of holes for air injec-
tion were added to the experimental model. One row
was located 12.7 mm upstream of the backward-facing
step, and the other was located 12.7 mm downstream
of the step. Each row was 101.6 mm long, and con-
sisted of 33 holes, 1.6 mm in diameter. Although tests
were made using a number of air injection patterns,32

for the experiments described here, air was injected
from the holes downstream of the backward-facing step
in two configurations: one and three holes on the cen-
terline of the model.

Air was supplied to the holes from the wind tunnel
storage tanks, by way of a stagnation tank. A series of
three pressure regulators in the supply lines brought a
typical storage pressure of about 20 MPa down to the
desired tank pressure of about 0.7 MPa. The blowing
stagnation tank consisted of a 1.02 m length of 8 in
(203 mm) nominal diameter pipe with the ends sealed
with flanges and blinds.

Air was allowed to leave the tank through sections of
1.6 mm diameter stainless steel tubing. Plastic tubing
of 1.6 mm inside diameter connected the stainless steel
tubing to similar tubing soldered into the holes in the
experimental model.

The supply pressure was maintained at 0.69 ±
0.03 MPa for the tests reported in this paper. Re-
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Fig. 3 Schlieren photographs of the flow in the
vicinity of the step. (a) Sketch of field of view, not
to scale. (b) Undisturbed flow. (c) Air injection
through three holes.

sults of calibration32 indicate that the ratio of the
mass flux through a hole to the mass flux in the
freestream was on the order of ρhUh/(ρeUe) = 0.07,
and the momentum flux ratio was on the order of
ρhU

2
h/(ρeU

2
e ) = 0.04.

Results
Schlieren Photography

Schlieren photographs were taken in order to pro-
vide an overview of the flowfield and to demonstrate
the general effects of air injection. Images were ob-
tained for the region of the flow in the vicinity of the
backward-facing step and for the region near the reat-
tachment ramp. Example images are shown in Figs. 3
and 4. In each case a sketch of the field of view is shown
at the top of the figure, the upper image was obtained
in the undisturbed flow, and the bottom image was
obtained for the case with air injection through three
holes. The field of view for both the images of the
region near the step and the region near the ramp is
approximately 100 mm wide by 80 mm high (10.6δr by
7.7δr, where the boundary layer thickness in the vicin-
ity of the mean reattachment line in the undisturbed
flow is δr = 10.4 mm).

Figure 3b shows a view of the undisturbed flow in
the vicinity of the backward-facing step. The uneven
outer edge of the incoming turbulent boundary layer

Fig. 4 Schlieren photographs of the flow in the
vicinity of the ramp. (a) Sketch of field of view, not
to scale. (b) Undisturbed flow. (c) Air injection
through three holes.

can be seen on the flat plate at the left in the field
of view. A Mach wave originates at the row of holes
upstream of the step. The boundary layer separates
at the step with a slight change in flow direction, and
an expansion fan appears centered on the edge of the
backward-facing step.

The upper and lower edges of the developing free
shear layer are clearly visible in the image. Since a
schlieren image represents a spanwise average of the
density gradients in the flow, there is relatively little
indication of the large-scale structure of the turbu-
lent flow. There are, however, waves visible emanating
from the upper edge of the shear layer that are prob-
ably associated with organized structures.

Figure 3c shows the effect of air injection on the flow
in the vicinity of the step. The jets of injected air are
not visible in the image because of the orientation of
the schlieren knife edge. A three-dimensional shock
system forms due to the jets, and is discernible as a
dark curve roughly parallel to the expansion fan up-
stream. One surprising observation is that the shear
layer shifts down (note the increased size of the ex-
pansion fan), even though mass is being added to the
recirculating region, suggesting that there is enhanced
entrainment of freestream fluid into the shear layer.
The shear layer also appears to thicken.

The reattachment zone for the undisturbed flow case
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is shown in Fig. 4b. The expansion fan centered on
the backward-facing step is apparent in the freestream
flow, as are two Mach waves originating from joints in
the ceiling of the test section. The free shear layer can
be seen entering from the left side of the image; most
of the shear layer is visible above the cavity sidewall.
The highly turbulent nature of the shear layer in the
vicinity of reattachment is plain, despite the spanwise
averaging process inherent in the schlieren technique.

The reattachment shock system is evident in the im-
age as the light, fan-like region above the redeveloping
boundary layer. The shock system appears to be dis-
tributed in this manner for two reasons: the primary
oblique shock is wrinkled along the spanwise direction,
and the system is composed of a combination of a num-
ber of shocks and compression waves (see the Rayleigh
scattering results below).

The effect of air injection on the reattachment region
is quite dramatic (Fig. 4c). The increased thickness of
the shear layer and the developing boundary layer is
obvious, as is the great distortion of the reattachment
shock system. In the example image shown, the pri-
mary oblique shock appears to have split into several
sections. Severe curvature and strong displacement
of the shock system indicate a much higher degree of
unsteadiness. The increase in unsteadiness is quite
spectacular in the original video recording.

Single-Pulse Laser Scattering

The laser scattering technique used in the present
work offers a visualization of an instantaneous planar
section of the flow, revealing cross-sections of coherent
structures and shock waves. A series of single-pulse
laser scattering experiments was carried out to exam-
ine the scale and orientation of organized structures
in several cross-sectional planes in the reattachment
region of the flow, and to look for an association of
these structures with shock waves. Two optical con-
figurations were used: one with a vertical laser sheet
located along the wind tunnel centerline and the field
of view aligned with the reattachment ramp, and an-
other with a horizontal laser sheet located in the outer
part of the redeveloping boundary layer.

The side-view images were obtained with a rela-
tively small field of view that allowed the resolution
of smaller-scale features of the interaction of the shock
system with the incoming turbulent flow. The camera
was tilted 20◦ from horizontal, in alignment with the
reattachment ramp. The field of view was approxi-
mately 26 mm wide by 20 mm high, and began 54 mm
up the reattachment ramp. Sample images are shown
in Fig. 5, with the inclined orientation of the field of
view sketched at the top of the figure. The mean reat-
tachment location for the undisturbed flow is marked
‘R’ in the figure, and the ramp surface is indicated
with a line.

Figure 5b shows the undisturbed flow. The free

Fig. 5 Side-view laser scattering images of flow
along reattachment ramp. (a) Experimental con-
figuration, not to scale. (b) Undisturbed flow. (c)
Air injection through three holes.

shear layer can be seen entering from the upper left
of each image, and the redeveloping boundary layer
exits horizontally from the right. Shocks are seen to
form at the interface between slow-moving fluid in the
δ-scale bulges of the redeveloping boundary layer and
the high-speed fluid of the freestream. These shocks
are relatively weak, and are made visible by an in-
crease in the intensity of scattered light due to the
increased density of scattering particles downstream
of the shocks. Shocks are associated with organized
structures having a wide range of length scales, and the
strongest shocks are associated with structures with
scales on the order of the thickness of the redeveloping
boundary layer (δr = 10.4 mm).

Figure 5c shows an example image for the case with
air injection through one hole in the cavity of the ex-
perimental model. There is a dramatic increase in the
thickness of the redeveloping boundary layer, the scale
of the turbulence structures, and the strength of the
shock waves. Again, there is an association of shocks
with large-scale structures in the shear layer.

For plan views of the reattaching flow, a horizon-
tal laser sheet generated with the Spectra Physics ArF
laser was positioned 38 mm off the floor of the cavity in
the experimental model. The field of view was 31 mm
from top to bottom, and began 121 mm downstream
of the backward-facing step (see Fig. 6a). The flow
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Fig. 6 Horizontal section through reattachment
shock system. Field of view aligned with model
centerline. (a) Experimental configuration, not to
scale. (b) Undisturbed flow. (c) Air injection
through one hole.

direction is from top to bottom in the images, with a
component that passes up through the laser sheet from
below. For these images the laser sheet is relatively far
from the wall, where the compression due to the 20◦

turning angle occurs over a relatively short streamwise
distance. Consequently, the shocks are strong enough
here to vaporize the scattering particles, and in the im-
ages the flow appears dark downstream of the shocks.

The flow over this portion of the experimental model
is highly complex and unsteady, even in the absence
of air injection (Fig. 6b). The shock system exhibits
spanwise wrinkling with a length scale on the order of
the reattachment boundary layer thickness. An image
of the flow with air injection through the center hole
downstream of the backward-facing step is shown in
Fig. 6c. In this image, a bow shock is clearly seen
associated with the upstream side of a structure in the
redeveloping boundary layer.

In order to quantify the increase in structure length
scale seen in the images, two-point cross-correlations
were carried out for the set of side-view images of the
reattachment region (see Fig. 5). The cross-correlation
between the scattering intensity at a reference point
I(X,Y ) and the scattering intensity at a given point
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Fig. 7 Two-point auto-correlation of side-view im-
ages. (a) Undisturbed flow. (b) Air injection.

in the field of view I(x, y) was defined as:

RI(x, y,X, Y ) =
Cov[I(x, y), I(X,Y )]√
Var[I(x, y)]Var[I(X,Y )]

(9)

where the covariance and variance are defined in the
usual way, e.g.: Var(I) =

∑N
i=1(Ii− I)2/N . This type

of correlation is similar to the zero time-delay cross-
correlation between a pair of point probes for different
probe separations.

The horizontal position of the reference point was
taken to be X = 60.5 mm. In order to allow a
consistent comparison between the two cases, the ver-
tical coordinate was taken to be the location of max-
imum root-mean-square scattering intensity (about
Y = 6 mm for the undisturbed flow and Y = 10 mm
for the case with air injection).

The results are shown in Fig. 7. Contours are shown
from 0.4 to 0.9, with an interval of 0.1. The correla-
tion contours generally have an elliptical shape, as seen
in other studies of free shear layers and boundary lay-
ers.11,30 One feature of note, however, is the horizontal
orientation of the contours. Typically, the structure
orientation is in the neighborhood of 45◦ from the
mean flow direction. The present results reflect the
adjustment of the mean flow from a direction parallel
to the freestream to a direction aligned with the ramp
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Fig. 8 A pair of images of the undisturbed flow
taken with the dual camera configuration and the
laser in single-pulse mode. (a) Field of view, not
to scale. (b) Camera One. (c) Camera Two.

(see Fig. 5a): the structures are actually inclined to
the local mean flow direction.

The primary difference between the baseline case
and the perturbed flow is a dramatic increase in the
structure length scale. For example, the horizontal
length scale of the RI = 0.5 contour increases from
about δc = 6 mm for the undisturbed flow to about
δc = 9 mm for the case with air injection.

Double-Pulse Laser Scattering

Double-pulse laser scattering experiments were car-
ried out using a vertical laser sheet to obtain side views
of the flow over the ramp. For these experiments, the
field of view was aligned with the floor of the cavity
in the experimental model rather than with the reat-
tachment ramp. The field of view was 58 mm wide
by 43 mm high, and began 92 mm downstream of the
backward-facing step. The bottom edge of the field of
view lay 14 mm above the cavity floor.

To illustrate that the cameras were aligned and the
magnifications matched, Fig. 8 shows a pair of example
images of the undisturbed flow for the case with zero
time delay (single-pulse mode). Both large-scale tur-
bulence structures and the reattachment shock system
are visible in the images, and the fields of view are seen
to be closely aligned. The free shear layer enters the
field of view from the lower left side of each image, and

Fig. 9 Pair of double-pulse images obtained in the
undisturbed flow using a delay of 30.2 µs. (a) Field
of view, not to scale. (b) Camera One. (c) Camera
Two.

reattaches on the 20◦ ramp, forming a new boundary
layer which exits near the upper right of the images.
The great variability of the thickness of the turbulent
boundary layer visible in the reattachment region is
consistent with the high degree of intermittency found
by Hayakawa et al.27 in hotwire data obtained in this
region of the undisturbed flow. As in the images shown
above, shocks are seen to form at the upstream sides
of the bulges in the redeveloping boundary layer.

Figure 9 shows a pair of images of the undisturbed
flow taken with a time delay of 30.2 µs. The top image
was captured with one video camera, and the bottom
image was captured after the time delay with the other
camera. This pair of images was selected because it
shows a particularly large structure entering the reat-
tachment zone, where a relatively strong shock forms
on its upstream side. Note that a shock associated
with the upstream edge of the structure appears to
convect along with it as the structure moves down-
stream.

A similar set of images was obtained in the flow
perturbed by air injection through the center hole in
the cavity of the experimental model. A pair of images
showing a structure entering the reattachment zone is
shown in Fig. 10. Although the length scale of the
structures is much larger in the disturbed flow, the
qualitative behavior of the structures is similar to that
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Fig. 10 Pair of double-pulse images obtained in
the flow with air injection through one hole using
a delay of 30.2 µs. (a) Field of view, not to scale.
(b) Camera One. (c) Camera Two.

seen in the undisturbed flow: a shock is present on the
upstream edge of a given structure, and moves with the
structure as it convects downstream along the ramp.

Pressure Measurements

Measurements were made along the reattachment
ramp of the mean and fluctuating surface pressure
for the undisturbed flow and for the case with air
injection through three holes in the cavity of the ex-
perimental model. Figure 11a shows the results for
the mean pressure, which are normalized by the static
pressure in the freestream flow. The pressure is seen
to rise monotonically from the freestream level to the
level downstream of the primary oblique shock. With
air injection, the pressure rise begins sooner, but the
pressure increases more slowly along the streamwise
direction, and reaches approximately the same level
downstream.

The pressure distributions were found to collapse
onto one curve when plotted against the nondimen-
sional distance (x− xr)/δc, where the mean reattach-
ment location was taken to be xr = 67 mm for the
undisturbed flow and xr = 75 mm for the case with
air injection (Fig. 11b). The following equation was
found to provide a good fit to the reduced data:

p

pref
=

11
4

+
7
4

erf
(
x− xr

4δc
+ 0.1

)
(10)

(x - x r)/δc

p/
p

re
f
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Fig. 11 Mean wall pressure distribution along
ramp. (a) Dimensional distance. Mean reattach-
ment location marked as ‘R’. (b) Nondimensional
distance.

These results indicate that broader pressure distribu-
tion observed with air injection reflects primarily the
increase in the thickness of the reattaching shear layer,
rather than - for example - a large-scale shear layer
flapping motion.

Figure 12 shows the standard deviation of the wall
pressure fluctuations in the undisturbed flow plotted
versus position along the ramp. The measurements of
Shen et al.20 are shown for comparison. The data
have been normalized by the static pressure in the
freestream flow. An error bar of ±0.05pref indicates
the level of scatter in the data. The intensity of the
pressure fluctuations in the present flow is somewhat
higher than that found by Shen et al., primarily be-
cause of the removal of the aerodynamic fences and
sidewall inserts to allow optical access to the flow.32

Nevertheless, both data sets show a rise in the pres-
sure fluctuation levels to a peak downstream of the
mean reattachment line, followed by a gradual de-
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Fig. 12 Intensity of wall pressure fluctuations
along ramp. Mean reattachment location marked
as ‘R’.

crease downstream.
Figure 13a compares the pressure fluctuation levels

in the undisturbed flow to the case with air injection
into the flow through three holes on the cavity center-
line. The distribution of the intensity of the pressure
fluctuations has the same shape in the air injection
case as in the undisturbed flow case, but is shifted up-
ward significantly. There is an increase of about 50%
in the standard deviation of the pressure signal at the
station farthest upstream. Given that the pressure
fluctuations are caused primarily by shock motion,
this change is consistent with the apparent increase
in shock unsteadiness observed in the flow visualiza-
tion data, and indicates a strong connection between
the incoming disturbances and the shock motion in the
flow.

Plotkin’s model gives an estimate of the intensity of
the pressure fluctuations, Eq. (6), provided that the
streamwise component of the mean pressure gradient
and the amplitude of the shock motion are known.
Here we take δc as a measure of the amplitude of the
shock motion, and use the derivative of Eq. (10) to de-
termine the streamwise pressure gradient: σp/pref ≈
(∂p/∂x)δc/pref . The results are shown in Fig. 13b,
plotted against the nondimensional streamwise posi-
tion. Since the mean pressure distribution collapsed in
nondimensional coordinates, its derivative ∂p/∂x also
does, and the theory predicts the single curve shown in
the figure. The theory gives the correct order of mag-
nitude for the location and value of the peak pressure
fluctuation intensity, but does not predict the increase
in intensity observed with air injection.

Cross-correlation calculations were made between
adjacent pairs of pressure transducers. Figure 14
shows an example cross-correlation plot for a pair of
transducers located 82.6 mm and 87.6 mm up the
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Fig. 13 Effect of air injection on wall pressure
fluctuations. (a) Dimensional distance. Mean reat-
tachment location marked as ‘R’. (b) Nondimen-
sional distance.

ramp. This location was chosen because it lies near
the point of maximum intensity in the wall pressure
fluctuations. The single peak in the cross-correlation
indicates the downstream convection of the large-scale
structures in the redeveloping boundary layer. The
effect of air injection was to increase the peak correla-
tion, increase the speed of the structures (reduce the
optimum time delay), and to increase the width of the
correlation function. With air injection, the convec-
tion velocity (adjusted to a nominal stagnation tem-
perature of 270 K) increased from 478 m/s to 577 m/s,
and the width of the curve at the Rp = 0.5 correlation
level increased from 14 µs to 20 µs.

An important parameter identified by Plotkin21 in
setting the characteristic frequency of the power spec-
trum is the integral time scale of the auto-correlation
(see above). Auto-correlations for the transducer lo-
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Fig. 14 Cross-correlations of pressure signals at
x = 82.6 mm with ∆x = 5.1 mm.
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Fig. 15 Auto-correlations of pressure signals at
x = 82.6 mm.

cated at x = 82.6 mm are shown in Fig. 15. A
significant increase in the characteristic time scale of
the auto-correlation is seen with air injection: the in-
tegral time scale increases from about 11 µs to 15 µs.
The nondimensional time scale, however, remains ap-
proximately constant at τ∗p ≈ 0.9.

Figure 16 shows the corresponding auto-spectra of
the fluctuating pressure signal. The data are seen
to have a very broad-band energy content, with no
prominent peaks. The roll-off at higher frequency is
a property of the flow, not the signal processing sys-
tem: the fourth-order Butterworth filter passes about
70% of the input amplitude at the cutoff frequency of
80 kHz. Air injection is seen to shift the spectrum
up, reflecting the increase in the intensity of pressure
fluctuations, and to the left, reflecting a decrease in
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Fig. 16 Auto-spectra for the wall pressure fluctu-
ation data at x = 82.6 mm.
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Fig. 17 Normalized auto-spectra for the wall pres-
sure fluctuation data at x = 82.6 mm.

characteristic frequency.
Figure 17 shows the spectral data plotted in the

normalized form of Eq. (8). The frequency was nondi-
mensionalized by the correlation length scale δc and
the convection velocity Uc. The spectrum was divided
by the mean square fluctuating pressure p′2 and the
time scale δc/Uc. The data collapse well. Nondi-
mensionalizing the frequency causes the ‘knees’ in the
spectrum (present near 2 kHz and 20 kHz in the undis-
turbed flow) to line up. Plotkin’s model is seen to
offer a fairly good approximation of the spectrum for
0.02 < f∗ < 0.6 using the measured time scale of
τ∗p = 0.9.

Conclusions
The origin of shock unsteadiness in a Mach 2.9 tur-

bulent, reattaching shear layer was investigated exper-
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imentally using temporally-resolved flow visualization
and measurements of wall pressure fluctuations. The
results indicate that the shock motion in the reat-
taching shear layer is primarily caused by organized
structures in the incoming turbulent flow, in contrast
to the related class of separated compression ramp
flows, where shock motion is associated primarily with
relatively low-frequency expansion and contraction of
the separation bubble.

In order to isolate the influence of disturbances orig-
inating in the incoming shear layer, experiments were
conducted in which artificial disturbances were intro-
duced into the flow through air injection in the vicinity
of separation. The effect on the reattachment shock
system was dramatic: the intensity of the pressure
fluctuations and shock motion increased substantially,
and power spectra of the pressure fluctuations showed
a distinct shift to lower frequency. Mean pressure pro-
files on the reattachment ramp collapsed onto a com-
mon curve in nondimensional coordinates based on a
length scale derived from two-point cross-correlations
of the flow visualization data. Similarly, the power
spectra of the pressure fluctuations collapsed in coordi-
nates based on this same length scale and a convection
velocity derived from cross-correlations of the pressure
measurements.

The data were compared to a theory developed by
Plotkin,21 which is based on perturbation of a shock
by random fluctuations in the incoming turbulent flow.
Spectra of the wall pressure fluctuations predicted by
the theory showed fairly good agreement with the
experimental data over a relatively broad frequency
band. Discrepancies between the model and the data
at lower frequency (f < 1 kHz) may reflect the wind
tunnel background noise field or a shear layer flap-
ping motion. The theory predicted the correct order
of magnitude for the location and value of the peak
pressure fluctuation intensity, but did not predict the
increase in intensity observed with air injection. The
reason for this shortcoming may be the use (in the
present work) of the length scale δc to estimate the
amplitude of the shock motion (x2)1/2.

An important limitation of the theory is the re-
striction of the shock motion to one dimension. The
primary source of pressure fluctuations in the present
flow appears to be the highly three-dimensional shocks
associated with the upstream sides of δ-scale structures
convecting through the reattachment zone.
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