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1. Motivation and objectives
Shocks form in most transonic and supersonic flow configurations, and shock/boundarylayer interactions (SBLIs) are important in a variety of engineering applications such as
ramjet/scramjet inlets, turbomachinery vanes, and transonic wings. When a shock wave
is strong enough to separate the boundary layer, the SBLI can dominate the flow development (Fukuda et al. 1975; Seegmiller et al. 1978). Some effects induced by SBLIs
include large-scale unsteadiness (Trapier et al. 2006; Gonsalez & Dolling 1993), flow threedimensionality (Bermejo-Moreno et al. 2014), or even unstart (Do et al. 2011). In most
of these applications, such as ramjet/scramjet isolators and combustors, heavy pressure
and thermal loads are present. We might expect flow equipment to distort under load
(Gupte et al. 2011) or boundary surfaces to degrade with time, which can alter the device
operating conditions. Subsonic separating boundary layers are also known to be sensitive
to weak upstream perturbations that change the shear stress distribution in the boundary layer (Simpson et al. 1977; Sayles & Eaton 2014); however, it is not clear whether
upstream perturbations have as significant an effect on shock-induced separation.
Several previous works in the literature study the effect of small bumps on SBLIs;
for instance, the introduction of microramps as sub-boundary-layer vortex generators to
control SBLIs and reduce separation in an internal flow geometry (Anderson et al. 2006;
Babinsky et al. 2009; Lee et al. 2010) has received some attention in recent years. Bumps
also have been studied for use in external flows, most commonly on airfoil surfaces as
shock control bumps (Ashill & Fulker 1992; Pätzold et al. 2006; Zhang et al. 2014). Unlike many of these works, however, the focus of this particular study is not necessarily
to attempt to control certain flow features. Instead, the goal is to study the impact of
sub-boundary-layer perturbations on a SBLI to address the following questions: How
small of an upstream perturbation leads to significant changes in an incident SBLI? Is
sensitivity a function of perturbation location? Do perturbations change the character
of the unsteadiness of the SBLI? What are the mechanisms by which a geometric perturbation affects the SBLI?. The goal of this work is to follow up on a study by Campo
et al. (2012), who examined sensitivity of a confined SBLI to complex 3D perturbations.
The key distinction is the change in perturbation geometry: this work uses well-defined
rectangular perturbations that are easier to represent in models.
A secondary aim of this work is to obtain an experimental database that is designed to
be used for validation in a uncertainty quantification (UQ) study. In addition to following
a proper verification and validation procedure, state-of-the-art computational fluid dynamics (CFD) codes should also take into account uncertainties present in any part of the
model by allowing stochastic inputs or model parameters. Uncertainty can be present in
a variety of sources in a computation, including model structure, modeling assumptions,
constitutive laws, model parameters, inputs, domain geometry, and initial/boundary con-
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ditions (Najm 2009). CFD solvers should attempt to address some of these uncertainties
when possible, and experiments are needed to support these efforts.
A Monte-Carlo-type experimental approach is taken here to study geometric perturbation effects. The heights and upstream locations of the perturbation are varied to obtain
40 different perturbed cases. By introducing small variations in the geometry, the study
aims to aid CFD UQ studies that address uncertainty in domain geometry by creating a
UQ-suited database. In addition to the UQ aspect of this work, the operating conditions
of the wind tunnel used in this study are well suited for CFD validation: the supersonic
wind tunnel is continuously operated, allowing for steady inlet conditions, as well as
well-converged mean velocity and turbulence statistics.

2. Experimental methods
2.1. Experimental facility
The measurements were made in a continuously operating, Mach 2.05 wind tunnel used
in previous studies (Helmer 2011; Helmer et al. 2012; Campo et al. 2012), as shown in
Figure 1. The facility uses a compressor to drive the flow, which is dried with an air
dryer to remove moisture and oil. The air is then passed through another filter, and its
stagnation pressure is controlled with a pressure regulator. The stagnation temperature
is controlled through either a heat exchanger or a series of resistive heaters attached
to the piping. The flow is conditioned with grids and honeycombs, then is accelerated
through a 2D converging-diverging nozzle designed using the method of characteristics
to minimize expansion waves and flow disturbances. Details of the nozzle geometry are
provided by Helmer (2011). Measurements of the inlet conditions were made after the
flow conditioning but prior to the converging-diverging nozzle. The air is released to the
atmosphere through a muffler.
The test section itself is a low-aspect-ratio, 45 mm high, 47.5 mm wide rectangular
section, which then contracts to a 42.0 mm × 47.5 section via a 2D compression ramp.
The compression ramp height is 3.0 mm and is sloped at 20◦ relative to the incoming
flow, as shown in Figure 2. An oblique incident shock is generated by this ramp and
impinges on the bottom wall boundary layer, resulting in a reflected shock and a SBLI.
Detailed measurements and a high-resolution large-eddy simulation were reported for
the baseline configuration by Bermejo-Moreno et al. (2014). The present measurements
were confined to a region of interest on the channel centerplane to allow measurements in
many cases. The region of interest is the 35.9 mm × 35.9 mm region around the incident
SBLI in the center plane of the channel.
The perturbations were introduced on the bottom wall upstream of the compression
ramp, and were rectangular prisms that fully spanned the width of the test section. They
were 2.5 mm long in the streamwise direction (Lx /δ99 = 0.46), and their heights varied
from 0.3 mm - 0.9 mm ±0.04 mm in 0.2 mm increments (Ly /δ99 = 0.056−0.167±0.0016).
10 different perturbation streamwise positions were tested, ranging from 43.75 mm to
88.75 mm (x/Lint = 1.87 − 3.55, where Lint is the interaction length) as measured from
the foot of the compression ramp to the center of the perturbation. A schematic of the
test section is shown in Figure 2.
2.2. Inlet conditions
The inlet conditions were measured and monitored between the flow conditioning section and the converging-diverging nozzle. The stagnation pressure and temperature were
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Figure 1. Overview of the full experimental setup.

Figure 2. Schematic of the test section and perturbations (note figure is not to scale).

Figure 3. Schematic of an oblique incident/reflecting SBLI with a regular reflection. Adapted
with permission from Campo (2014).

monitored using a Kiel probe and thermistor respectively. The inlet conditions are summarized in Table 1. Note that the uncertainties listed are the sampling uncertainties
computed based on deviations from case to case (due to changing ambient conditions
throughout the year), rather than the measurement uncertainty for each quantity at any
given measurement. The actual measurement uncertainties for the inlet conditions are
smaller, at less than 1% for all state variables.
Detailed incoming boundary-layer measurements for this facility were made by Helmer
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M∞

U∞ (m/s)

2.05 ± 0.03

525

P0 (kPa)

T0 (K)

ṁ (kg/s)

255.3 ± 1.7 303 ± 2.3

0.67

Table 1. Inlet operating conditions.

δ99 (mm) θ (mm) uτ (m/s)
5.4

0.47

22.1

Reδ0
1.82 × 105

Table 2. Incoming boundary layer measured at x/Lint = −0.84.

(2011) at a distance of x/Lint = −0.84 relative to the base of the compression ramp; the
results from the measurements are summarized in Table 2.
2.3. PIV
The velocity data were collected using 2D, two-component particle image velocimetry
(PIV). The laser sheet used for illumination of the tracer particles was generated using a
dual-pulse Nd:YAG laser with a wavelength of λ = 532 nm. Images were captured using
a 4MP camera with a 2048 × 2048 pixel array at 7.25 Hz with inter-frame separation of
∆t = 1.4 µs. Batches of 500 images a collected at a time, and for each perturbed case a
total of 5000 image pairs were collected. The flow was seeded with aerosolized olive oil
particles generated via Laskin nozzles, and the particles had a mean diameter of dp ≈ 1
µm based on the manufacturer’s specifications. Campo (2014) used images from PIV to
analyze the particle relaxation normal to the shock for this experimental setup: using a
Stokes particle drag model, the estimated mean particle diameter was found to be closer
to around dp ≈ 0.5 µm, resulting in a particle time constant of τp ≈ 1 µs and Stokes
number of St ≈ 0.1.
The PIV processing used a multi-pass iterative interrogation scheme that initially uses
a 64×64 interrogation region to obtain an initial guess for the particle displacement, then
iterates twice at 32 × 32 and once at 16 × 16. With 50% overlap of the interrogation
region, this results in a final data resolution of 0.14 mm × 0.14 mm over a 35.8 mm ×
35.8 mm measurement region.

3. Results
3.1. Mean velocity field comparisons
The first case investigated was the base case flow with no perturbation introduced to
the flow as shown in Figures 4(a) and 5(a). The incident shock impinges at an angle
of 45◦ , which is smaller than the 52◦ angle predicted from inviscid compressible flow
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theory. This is likely due to viscous effects at the ramp and confinement effects from the
side walls. The significant deceleration and the downward deflection of the flow can be
seen across the shock, and the subsequent upward deflection through the reflected shock
is also clearly evident. After the deceleration through the incident shock, the flow then
passes through the expansion fan from the top wall and recovers to its initial freestream
velocity. The incident shock also increases the static pressure of the flow, and this change
in pressure is communicated upstream in the subsonic part of the boundary layer. The
boundary layer responds to this adverse pressure gradient by thickening as it encounters
the incident shock. The thickening of the boundary layer acts similarly to a compression
ramp to the inviscid freestream, and this results in expansion waves behind the thickest
region of the boundary layer. The boundary layer hence starts to revert to its original
state.
The perturbed cases are too numerous to display in their entirety, but a few cases have
been selected to demonstrate the varying effects on the incident SBLI. Figures 4 and 5
show comparisons of velocity fields between the base case and three perturbed cases. The
first pair of velocity fields in Figures 4(b) and 5(b) show the case where a perturbation of
height h/δ99 = 0.056 (the smallest tested perturbation) is placed at the furthest upstream
location of x/Lint,base = −3.55. The overall effect on the SBLI is relatively minor; the
interaction length and the location of the shock crossing point are virtually unchanged.
The incident shock has steepened by about 2◦ , and a much weaker shock has manifested
in front of it, denoted by the dotted line on Figure 4(b).
In Figures 4(c) and 5(c), the perturbation size has been increased to h/δ99 = 0.093
and the streamwise location of the perturbation has been moved downstream closer to
the ramp to x/Lint,base = −2.55. Interestingly, both of these changes had a negligible
effect on the mean flow field at the incident SBLI from a qualitative comparison; the flow
field looks closer to the base case than the previously discussed case with the smaller
perturbation. An examination of some quantitative features of the interactions, however,
reveals larger changes compared to the previous case. The shock strength has increased, as
the incident shock angle has changed from 45◦ to 48◦ . The location of the shock crossing
point has moved upstream by ∆xscp /Lint,base = −0.12, but the interaction length is
mostly unchanged. Most perturbations placed around this location generally seemed to
have a minimal effect on the flow qualitatively.
The final pair of velocity fields in Figures 4(d) and 5(d) demonstrate significant changes
to the mean flow field in the interaction. In this case the perturbation height is h/δ99 =
0.13, and is placed in the furthest downstream location tested at x/Lint,base = −1.75. The
most noticeable change is the presence of a reflected shock that intersects the incident
shock at the upstream edge of the measurement domain. This shock is most likely present
as part of a reflecting shock formed by the upstream perturbation, and its strength is
comparable to the main incident shock off the compression ramp on the upper wall
judging by its angle and magnitude of deceleration of the flow. The primary incident
shock became weaker, unlike the previously presented cases, with a 6◦ decrease in the
shock angle. This is likely due to the decrease of the incoming Mach number caused
by the shock off the upstream perturbation. In addition, the shock crossing point moved
upstream by ∆xscp /Lint,base = −0.29, which is significantly more than many other cases.
Most perturbations placed at this location caused noticeable changes to the flow field
compared to those at other locations.
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Figure 4. Mean streamwise velocity field comparisons with different bump heights and
positions. (a) The base case. (b) Perturbation at xpert /Lint,base = −3.55 with height
h/δ99 = 0.056. The secondary weaker shock is denoted by the dotted line. (c) Perturbation at
xpert /Lint,base = −2.55, with height h/δ99 = 0.093. (d) Perturbation at xpert /Lint,base = −1.75,
with height h/δ99 = 0.13. The streamwise locations of the bumps are normalized by the interaction length of the base case, and are measured from the foot of the compression ramp.

3.2. Boundary-layer velocity profiles
Figure 6 shows the centerline boundary-layer profiles out to approximately y = 2δ99 at
four different streamwise locations that cover the length of the interaction region. The
streamwise coordinate is measured relative to the shock crossing point in each case rather
than from the foot of the compression ramp, since in many cases the dominant change
to the velocity field is a shift of the interaction; zeroing about the shock crossing point
allows us to observe changes in the boundary layer that are relatively independent of
the shift. The streamwise coordinate is also normalized by the interaction length Lint ,
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Figure 5. Mean vertical velocity field comparisons with different bump heights and positions.
(a) The base case. (b) Perturbation at xpert /Lint,base = −3.55 with height h/δ99 = 0.056.
(c) Perturbation at xpert /Lint,base = −2.55, with height h/δ99 = 0.093. (d) Perturbation at
xpert /Lint,base = −1.75, with height h/δ99 = 0.13. The streamwise locations of the bumps are
normalized by the interaction length of the base case, and are measured from the foot of the
compression ramp.

which is defined as the distance between the impingement points of the projection of the
incident and the reflected shocks to the bottom wall.
In Figure 6 the base case with no perturbation is denoted by the solid line, the mean
profile averaged across all perturbed cases is denoted by the dash-dotted line, and the
maximum and minimum limits across all the perturbed cases are bounded by the dashed
lines. These statistics are computed across all perturbed cases to examine the overall
sensitivity to perturbations in various regions of the SBLI.
The furthest upstream profile at (x − xscp )/Lint,base = −0.20 shows the effects of
the adverse pressure gradient on the boundary layer profile; the boundary-layer is nearly
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Figure 6. Boundary-layer streamwise mean velocity profiles across the interaction at
(a)(x −xscp )/Lint,base = −0.20, (b) at (x −xscp )/Lint,base = 0, (c) at (x −xscp )/Lint,base = 0.20,
(d) (x −xscp )/Lint,base = 0.40. The x-coordinate is measured relative to the shock crossing point
for each perturbed case rather than the foot of the compression ramp, and is normalized by the
interaction length Lint . The interaction length is defined as the distance between the projected
impingement point of the incident and reflected shocks on the bottom wall.

twice as thick as at the upstream measurement station and the near-wall velocity gradient
is relatively small. The deviations caused by the perturbations, however, are relatively
minor at this point.
Moving downstream to the shock crossing point at (x − xscp )/Lint,base = 0, we can
observe significant changes to the velocity profile. In most cases the velocity never quite
reverts to the freestream velocity; instead we observe effects of the deceleration across
the incident and separation shocks, evidenced by the decrease of the streamwise velocity
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around y/δ99 = 2. The deviations caused by the perturbations are the largest here,
and generally seem to have the effect of moving the onset of deceleration to a distance
further away from the wall. No mean flow reversal is observed, as the shock strength of
the compression ramp is not strong enough to induce a large enough pressure gradient
for flow reversal.
As we move further downstream to (x−xscp )/Lint,base = 0.20 and (x−xscp )/Lint,base =
0.40, the boundary layer begins to recover again as the profile becomes slightly fuller.
However, even at (x−xscp )/Lint,base = 0.4, the streamwise velocity does not fully recover
to its original freestream value. The effect of the perturbations on the gradient of the
velocity profile for y/δ99 < 1 becomes more pronounced than before, as we can observe
a more significant velocity deficit caused by the perturbations.
3.3. Scalar system response quantities for validation
Qualitative observations and comparisons can often be useful, but obtaining scalar system
response quantities (SRQs) and establishing a suitable validation metric can allow for a
more rigorous validation procedure, in addition to providing more insight by simplifying
complex field quantities. In this section three different scalar SRQs are presented for all
40 perturbed cases (4 heights and 10 positions): the change in shock crossing point (from
the base case), an integral measure of the difference in the velocity fields between the base
case and the perturbed case, and a measure of the amplitude of oscillations/unsteadiness
in the shocks.
Figures 8(a,b) plot the changes in shock crossing point relative to the base case for
each perturbation; this quantity is used as a measure of the global shift of the interaction.
Examining the shift of the crossing point in the x direction, we can see that the perturbations predominantly shift the interaction upstream as indicated by their negative
values. The effect of shifting the interaction upstream generally becomes stronger as the
perturbations are moved downstream or made taller. It is also worth noting, however,
that the perturbations around x/Lint,base ∈ [−3.5, −3] shift the interaction downstream
instead. The shift of the crossing point in the y direction is generally much smaller and
only a small fraction of the interaction length. This shifting of the interaction is strongly
a function of the strength of the incident shock, and the fact that the crossing point often
moves upstream indicates that in many cases the incident shock is strengthening. To analyze the mechanism by which the incident shock is strengthened by the perturbations,
further investigation of the interaction between the compression corner SBLI and the
oblique shock off the perturbation is necessary. Such investigation is beyond the scope of
this work.
Figure 8(c) presents a measure of the integral difference in the velocity fields between
the perturbed and base cases. This integral difference is computed over the full measurement domain in the following manner
Λ=

N q
1 X
(upert − ubase )2 + (vpert − vbase )2 .
N i=1

(3.1)

In the integral difference we observe similar trends as we did in the shock crossing
points; the difference in the flow fields become more pronounced for taller perturbations
further downstream. This is consistent with the fact that larger shifts of the interaction
obviously produce a larger difference in the velocity field. However, we can also observe
that the integral difference does not correlate well with changes in the shock crossing point
in the more upstream regime of the perturbation locations. This points to the conclusion
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Figure 7. Illustration of the shock locating algorithm. The instantaneous velocity field (a) is
passed through a Canny edge detector to detect sharp jumps in the velocity. The points in the
region of interest, denoted by the light gray box shown in (c), are fitted with a linear least-squares
fit, as shown by the darker gray line (d). The foot of the shock is extrapolated with this line for
each valid velocity field realization.

that for some of the upstream cases, the change to the flow field is not dominantly caused
by a global shift, but rather from a difference in specific flow features such as the presence
of additional shocks.
Finally, in Figure 8(d) depicts a measure of the shock oscillation amplitude. Lowfrequency, high-amplitude oscillations have received a fair amount of attention in recent
years (Clemens & Narayanaswamy 2014); hence a measure of movement of the shock foot
location was made using the present PIV data. Shock foot locations are often measured
with wall pressure taps and pressure transducers, but in this case, a large set of data
planes was available, so a different approach was taken instead. First, a Canny edge
detector (Canny 1986) was used to detect the location of the shocks in a defined region
of interest for each instantaneous velocity field realization by marking locations where
there was a sharp jump in velocity. Then, a least-squares fit was performed through the
points that were considered an ”edge” to find a straight line approximation of the shock
position. Finally, the location of the shock foot was identified for each realization by
extrapolating the line to the wall. This process is illustrated for a single realization in
Figure 7. This process was repeated for approximately 5000 valid realizations of each
case and the standard deviation of the shock foot location was used as a measure of the
amplitude of unsteadiness.
Figure 8(d) shows that the this amplitude is largely unaffected by the introduction
of perturbations; for most cases they are around 2σRS /Lint,base = 0.1. Although an
increase in the oscillation amplitude is noted at two locations (at xpert /Lint,base = −3.35
and xpert /Lint,base = −1.95), on the basis of examination of individual realizations and
the resulting shock fits for these two cases, this is most likely is due to the presence of two
shocks very close to each other. This often causes the edge detector to detect one shock
or the other, rather than both, which artificially increases the oscillation amplitude as
it is not always tracking the same shock. This highlights the limitation of this method
in determining the shock foot location: it not only is an extrapolation of the shock foot
location (rather than a physical determination), but also performs poorly when multiple,
near-parallel shocks are present close to each other. In cases other than those at these
locations, however, the algorithm performed as intended.
Several previous works have also obtained estimates of the shock foot oscillation;
Dupont et al. (2006) estimated the range of the reflected shock foot movement to approximately Lint /3 for an incident shock interaction with compression ramp angles varying from 7◦ to 9◦ on the basis of wall pressure measurements. Hou et al. (2003) and
Ganapathisubramani et al. (2007) found the extent of the reflected shock movement for
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Figure 8. Various system response quantities computed for the SBLI. (a) Change in shock
crossing point (from the base case) in the streamwise direction. (b) Change in shock crossing
point in the vertical direction. (c) The integral difference in the velocity fields. (d) The reflected
shock oscillation amplitudes.

a compression corner interaction to be about 2δ99 (which for our case corresponds to
about 0.43Lint,base ), also on the basis of wall pressure measurements. Although these
values are a factor of 2 to 4 higher than the amplitude measurements made in this work,
this is likely because different physical quantities were estimated with different methods;
the cited works make use of pressure measurements from pressure transducers, whereas
this work makes an estimate based on instantaneous PIV velocity field realizations.
Considering the literature available on shock unsteadiness, the relative invariance of the
shock oscillation amplitude to small perturbations is not surprising. Some of the suggested
mechanisms for low-frequency unsteadiness include low frequency thickening/thinning
motions of the upstream boundary layer (Ünalmis & Dolling 1994), and pulsations of
the separated flow in the SBLI (Wu & Martin 2008). Considering these results, it is
unlikely that weak geometric perturbations would have significant interactions with these
mechanisms to have a noticeable effect on the oscillation amplitude.
An additional note is needed on measurement uncertainties. The uncertainty in the
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mean velocity field was computed by adding contributions from sampling, calibration/
alignment, and random error associated with the Gaussian sub-pixel estimator used in
the PIV routine. The effect of this uncertainty on the mean field was then propagated by
a Monte Carlo simulation to the computed system response quantities. Results showed
that in the worst cases the random error was only about 1% (too small to show in
the plots). Given the large dynamic range of particle displacements in a SBLI and the
immense deceleration caused by shocks, we hypothesize that the dominant error induced
by the measurements is the bias error due to the effect of low-pass filtering inherent
in PIV and particle slip due to their inertia. Hence, any velocity field obtained from
CFD should be used with an appropriate particle drag model to propagate the particles
through the CFD velocity field to obtain a PIV-like velocity field, which would allow for
a more suitable comparison.

4. Conclusions
A Monte Carlo-type approach was taken to introduce a variety of small, sub-boundarylayer geometric perturbations to a Mach 2 flow, and its effect on an incident/reflected
SBLI was studied using 2D, two-component PIV. The perturbations were rectangular
prisms mounted on the bottom wall of the test section, perpendicular to the main flow
and spanning the test section. All the perturbations were less than a fifth of the boundary
layer thickness tall, and were placed upstream of the incident SBLI.
The shocks generated by the perturbations generally induced the strongest changes in
the velocity field around x/Lint,base ∈ [−3.55, −3.11] and x/Lint,base ∈ [−2.15, −1.75].
Almost all perturbed cases induced a global upstream shift of the interaction, but in
some regions the introduction of new flow features such as additional oblique shocks was
the dominant change. The presence of the perturbations also had the effect of slightly
thickening the boundary layer in most cases, and delayed the recovery of the boundary
layer after the SBLI. In addition to velocity profiles, multiple system response quantities
were computed to aid CFD validation: the change in shock crossing points, the integral
difference, and the oscillation amplitude of the incident shock. The change in shock
crossing points and the integral difference were generally correlated, which supports the
conclusion that the primary change in most of the flowfields is a global upstream shift
of the interaction. The presence of the perturbations did not have a significant effect on
the unsteadiness; the reflected shock oscillation amplitude was close to 0.1Lint,base for
the majority of cases. Compared to similar cases studied in the literature, the extent
of the shock unsteadiness was about a factor of 2 smaller, but it is worth noting that
that a different approach was used to measure the extent of the shock unsteadiness.
Another comparison worth making is the variability of the shock crossing points due to
deterministic geometric perturbations versus typical shock oscillation values; from this
comparison we can observe that the range of shock crossing points due to the geometric
perturbations spans approximately 0.5Lint,base , or roughly five times the the typical
shock oscillation due to the unsteadiness.
This work provides systematic and quantitative documentation of the effect of such
small geometric perturbations in the upstream boundary-layer, and paired with the wellcontrolled inlet and boundary conditions, can be useful utility for validating internal
supersonic flows such as flow in scramjet engines. In addition, the Monte-Carlo type approach taken to vary the perturbation could be a useful tool for validation of compressible
flow solvers with UQ. Further work could involve studying a larger region to better trace
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the shocks emanating from the perturbations, investigating the effect of confinement and
other 3D effects with the perturbations to represent a more realistic geometry, and performing a better characterization of the unsteadiness with time-resolved measurements
of pressure and velocity.
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