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Effect of Interaction Strength on Unsteadiness in Turbulent
Shock-Wave-Induced Separations
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The effect of the interaction strength on the unsteady behavior of a planar shock wave impinging on a low Reynolds
turbulent boundary layer is investigated. This is achieved by means of a variation in incident shock angle under
otherwise constant flow conditions. In addition, the effect of an order-of-magnitude variation in the Reynolds
number is considered. This has been done for equivalent interaction strength, based on a similar probability of
occurrence of instantaneous flow separations. The measurement technique employed is two-component planar
particle image velocimetry. Common mechanisms for the large-scale reflected-shock unsteadiness are deduced by
means of conditional statistics based on the separation bubble height. The results indicate that both upstream and
downstream mechanisms are at work, the dominant mechanism depending on the interaction strength. No
significant dependence on the Reynolds number was observed for interactions with a similar probability of

instantaneous flow separations.

Nomenclature
C; = friction coefficient
H = height of the interaction
h = height of the separation bubble
L = length of the interaction
L., = amplitude of the oscillation of the reflected shock
M, = freestream Mach number
po = stagnation pressure
Rey = Reynolds number based on the momentum thickness
S, = Strouhal number
T, = stagnation temperature
U, = (freestream velocity
Uyp = Uyp/u,
Uyp = Van Driest transformed velocity
X = longitudinal coordinate
X, = mean position of the reflected-shock foot
Xt = (x—X)/L
y = wall-normal coordinate
re = /&
yhoo= yug/v
3 = upstream boundary-layer thickness (99% U,)
10 = incidence angle of the shock generator
v = kinematic viscosity
0 = boundary-layer momentum thickness
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P = density
pp = density at the wall
U, = friction velocity

I. Introduction

HE effect of a planar shock impinging on a turbulent boundary

layer establishes one of the classic interaction phenomena in
compressible viscous flow analysis. This particular form of inter-
action also has a direct technological relevance to the performance of
high-speed vehicles, affecting notably the efficiency of supersonic
intakes. Furthermore, maximum mean and fluctuating pressure and
thermal loads on a structure are most often found in regions of shock-
wave/boundary-layer interaction (SWBLI) and are thus important
factors in vehicle development. On the other hand, flow control is
seen as an important issue in future vehicle design [1], requiring a
rigorous physical understanding of the mechanisms behind the
phenomenon as well as improved simulation capabilities, neither of
which can be attained without fundamental experimental investiga-
tions and validation. The renewed attention for the feasibility of
sustainable supersonic transport has revived the interest in SWBLI in
the moderate supersonic regime. In this context the European sixth
framework program UFAST (“Unsteady Effects of Shock Wave
Induced Separation”) was initiated, in which the shock reflection
interaction is one of the flow cases of interest, with an emphasis on
closely coupled and mutually validated numerical and experimental
investigations [2].

One of the key issues in turbulent SWBLI research is the origin of
the low frequency of the large-scale motion of the shock. Frequency
spectra of the shock unsteadiness display a development from
broadband for mild interaction strength to selective with a clear low-
frequency bump for well-separated flows [3]. In addition, there is a
debate over the source of the unsteadiness. A correlation has been
observed in literature between fluctuations in the upstream boundary
layer and the shock foot motion [4-7]. A model relating shock
excursions to random turbulence fluctuations has been proposed [8].
These fluctuations have been attributed to low-speed elongated
structures with a length of many boundary-layer thicknesses [3,6],
leading to the supposition that the shock dynamics are governed by
the state of the upstream boundary layer. On the other hand, a
mechanism has been proposed in literature that links the time scales
of the separation bubble dynamics to the entrainment of mass by the
mixing layer and subsequent vortex shedding [3]. These time scales
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are of the same order as those observed for the low-frequency shock
excursions. Moreover the model explains the change in shock
frequency with interaction strength, leading to the supposition that it
is the downstream separation bubble that governs the shock
unsteadiness. This dependence on the separation bubble dynamics
has also been observed in other literature [3,9-15]. In addition, there
are indications for the existence of an inherent instability of the mean
flow field leading to separation bubble pulsations, which would be in
further support of a downstream dependence [15-17]. Finally,
indications have been found that the complete reflected shock moves
more or less as one shock front with a relatively low frequency, while
in addition the foot of the reflected shock also responds at a much
higher frequency to the passage of individual large-scale turbulent
structures in the boundary layer [18,19]. The debate with respect to
origin of low-frequency unsteadiness and the different nature of the
observed frequency spectra suggest that a combination of several
mechanisms might be at work. Moreover, depending on the strength
of the interaction, ranging from incipient separation with no mean
flow reversal to well-developed separation with mean reversed flow, a
shift in the dominance of each mechanism might occur. In com-
pression ramp flows, it is known that the onset of separation depends
mainly on the Mach number and that it is practically independent of
the Reynolds number [20].

The aim of the current paper is two-fold. Firstly, it is investigated
how the shock unsteadiness mechanisms (upstream or downstream)
vary as a function of the imposed shock intensity. Secondly, it is
verified whether the role of these mechanisms depends on the
Reynolds number for incipiently separated flows for the incident
reflecting shock interaction. In the first place, an overview is given of
the different experimental conditions, followed by a characterization
of the investigated flow cases. Secondly, the role of the separation
bubble with respect to the low-frequency shock unsteadiness is
considered. This is done by means of conditional statistics based on
the instantaneous separation bubble height. Itis verified that there is a
dependence of the large-scale shock excursions on the occurrence of
flow separation. Furthermore, the relation between the state of the
incoming boundary layer and bubble height is investigated. In
addition, the dependence of the development of large coherent struc-
tures in the interaction on the imposed shock intensity is addressed
for both cases: incipiently separated and well-separated flow. Finally,
a synthesis of the observed mechanisms for the interaction unstead-
iness is presented.

II. Experimental Arrangement

The general flow configuration under consideration is that of an
oblique shock wave impinging on the turbulent boundary layer
of the wind tunnel wall. Particle image velocimetry (PIV) has been
employed to obtain instantaneous velocity data. Experiments have
been performed for a range of flow deflection angles at a Reynolds
number of Rey; = 5000 and a Mach number of 2.3, and for a single
flow deflection angle at a Reynolds number of Rey = 50, 000 and a
Mach number of 1.7.

A. Experimental Facilities

The high Reynolds number experiments (Rey, = 50, 000) were
performed in the TST-27 transonic supersonic wind tunnel of the
High-Speed Aerodynamics Laboratory at Delft University of Tech-
nology (TU Delft). Precise descriptions of the experimental setup and
flow conditions have been given in previous publications [18,19].

The wind tunnel has a test section with dimensions 280 x
270 mm (width height). It is a blow-down facility that can operate at
Mach numbers ranging from 0.5 to 0.85 and from 1.15 to 4.2 with a
unit Reynolds number of 30 x 10° to 130 x 10% m~!, for a run time
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of up to 300 s. The Mach number is set by means of a continuously
variable throat and flexible upper and lower nozzle walls. The
stagnation pressure can be set independently with typical values in
the range of 2.0 to 3.0 x 10° Pa; the stagnation temperature is
determined by the ambient temperature of the storage vessel. The
velocity transient inherent to blow-down operation has been
determined to be approximately 5 x 1072 ms~2, corresponding to a
stagnation temperature transient of 6 x 107> Ks~'. The effect on the
mean velocity is less than 1% of the freestream velocity over a
complete run duration of 60 s. The freestream turbulence level of the
facility was assessed to be about 1%.

The tests were performed at a nominal freestream Mach number of
M,=1.69 (U, ~450 ms™'), a stagnation temperature of T,=
273 K, and a stagnation pressure of p, = 2.3 x 10° Pa, resultingina
freestream unit Reynolds number of 35 x 10° m~'. The undisturbed
boundary layer was assessed to be in fully developed turbulent
condition with a thickness, based on 99% of the external velocity, of
approximately §, = 17 mm. The incident shock wave for the SWBLI
was generated by a full-span wedge imposing a flow deflection of
¢ = 6.0 deg.

The low Reynolds number (Rey, = 5000) experiments were
performed in the supersonic wind tunnel of the Supersonic Group at
the Institut Universitaire des Systemes Thermiques Industriels
(IUSTI) in Marseille. Precise descriptions of the experimental setup
and flow conditions have been given in previous publications [3,11].

The wind tunnel has a test section with dimensions 170 X
120 mm (width x height). It is a closed-loop continuously running
hypoturbulent facility with a Mach number of 2.28 determined by the
fixed throat, and a freestream unit Reynolds number of 5.5x
10° m~!, with a run time of up to four hours. The stagnation pressure
can be set independently with typical values ranging from 0.15 to
0.9 x 10° Pa. The stagnation temperature is determined by the
ambient air temperature and is kept constant to within 0.2 K/h. The
tunnel has a particularly low freestream turbulence level of
approximately 0.1% of the freestream velocity.

During the current experimental investigation, the measurement
conditions were a nominal freestream Mach number of M, = 2.28
(U, ~ 550 ms™!), a stagnation temperature of T, =295 K, and a
stagnation pressure of p, = 0.5 x 10° Pa. A two-dimensional super-
sonic boundary layer develops on the wind tunnel nozzle wall with a
thickness (99% U,) of approximately §, = 11 mm. The boundary
layer on the tunnel floor is subjected to a shock wave produced by a
full-span sharp edge plate placed in the external flow. The imposed
flow deflection angles (¢ = 5.5, 8.0 and 9.5 deg) produce inter-
actions that range from incipient separation to well-developed
separation.

The most relevant flow parameters for both experiments are
summarized in Table 1.

B. PIV Setup

The measurement techniques employed during the current
investigation are two-component planar particle image velocimetry
(2C-P1V) and dual-plane particle image velocimetry (dual-PIV). A
large data ensemble was acquired for each investigated flow case
(4000-10,000 velocity field realizations) permitting conditional
statistical analyses.

The high Reynolds number data set was acquired using dual-PIV,
designed to obtain locally time-resolved PIV data. The principle of
dual-PIV depends on the mutually independent operation of two 2C-
PIV systems. Both systems are aligned to provide illumination in the
same measurement plane while observing identical fields of view
using two cameras. The specifications of the setup of the dual-plane
system and its data validation are provided in previous work [18,19].

Table 1 Aerodynamic parameters of the flow upstream of the interaction

Experiment M, U, (ms™") 8o (mm) Rey Cy Ty (K) 6O(mm) §* (mm)
High Re 1.7 450 17 5x 10* 1.5x 1073 273 1.39 33
Low Re 23 550 11 5% 10° 2.1x 1073 295 0.96 34
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In the original investigation, several experimental data sets were
acquired for different time delays, with the purpose of extracting
time-correlation information. In the current research, advantage was
taken of the large data ensemble size to perform conditional statistics.

Measurements were made in the TU Delft’s facility, in the vertical
(streamwise—wall-normal) symmetry plane of the test section. The
illumination was provided by a Spectra-Physics Quanta Ray laser
(400 mJ pulse energy and a 6 ns pulse duration) and a Quantel laser
(300 mJ pulse energy and a 9 ns pulse duration). Both are double-
pulsed Nd:Yag lasers with a wavelength of 532 nm. The light sheet
thickness was approximately 2 mm. The flow was seeded with liquid
DEHS (Di(2-ethylhexyl)sebacate) droplets, dispersed in the settling
chamber of the wind tunnel by means of a seeding rake using a
PIVTEC aerosol generation device. The estimated effective particle
sizeis about 1 pm, with an estimated time response constant of 2 /ts
[21]. The particle images were recorded at 12-bit with a resolution
of 1376 x 1040 pixel using a PCO Sensicam QE and a LaVision
Imager Intense QE, both equipped with a Nikon f = 60 mm lens,
diffracting with f; = 8. Of the charge-coupled devices (CCDs) only
992 pixels were used in the vertical direction given the aspect ratio
of the interaction region of interest. The flow was imaged over a field
of view of approximately 44, x 34, in streamwise and wall-normal
direction, respectively, at a digital resolution of 55.1 pm/pixel. The
timing and data acquisition were performed by LaVision Davis 7.2 in
combination with a PTU 9 (programmable timing unit). Recordings
were made at an acquisition rate of 5 Hz. The pulse separation was
kept constant at 1.5 pus for both laser systems, producing particle
displacements of approximately 0.7 mm (corresponding to 12 pixels)
in the freestream flow. The image pairs were interrogated using
the WIDIM algorithm [22], employing correlation window
deformation with an iterative multigrid scheme, at a 31 x 31 pixels
window size (1.7 x 1.7 mm) and an overlap factor of 75%. This
resulting measurement grid resolution is 0.43 mm/vect in both the X
and Y direction. The total ensemble size is approximately 4000
realizations.

The low Reynolds number data sets were acquired using 2C-PIV
in the IUSTT’s supersonic wind tunnel. Details for the setup of the
system are provided in previous work [3,23]. Measurements were
made in the vertical (streamwise—wall-normal) symmetry plane of
the test section. The illumination was provided by a double-pulsed
ND:YAG laser New Wave Solo 2, which delivers 30 mJ per pulse.
The light sheet thickness is 1 mm. Incense smoke was used to seed
the boundary layer. After decantation of the smoke, the particles were
injected from the wall, upstream of the wind tunnel nozzle. As the
wind tunnel stagnation pressure is subatmospheric, the particles are
naturally drawn into the flow. The estimated time constant of the
particle response is 4.5 us [24], which corresponds to diameters of
0.5 um. The particle images are recorded by Flowsense 10 bit
cameras with CCD size of 1600 x 1200 pixels, equipped with Nikon
Macro Nikkor f = 60 mm objectives with the diaphragm set to
f& = 2.8. Images were recorded at 8 bit with an effective sensor size
adapted to the field of view under consideration. The recordings were
made using Flowmanager 4.71 software via the Dantec Flowmap
System Hub, at an acquisition rate of 12 Hz.

The data set at a flow deflection angle of 5.5 deg was acquired
using a single camera. The CCD was cropped to a size of 1600 x 800
for a useful data range of approximately 4.48, x 1.56 in streamwise
and wall-normal direction, respectively, at a digital resolution of
~27 pm/pixel, yielding a field of 97 x 78 vectors. It is noted that
the height of the useful data domain for the low Reynolds case is
limited by the vertical extent of the seeded part of the flow, which is
typically 510 < 1.5. A pulse separation of 1 us was employed,
producing particle displacements of approximately 0.6 mm. The
images were interrogated using the DynamicStudio software, using
an iterative approach and applying a Gaussian weighting function to
the interrogation windows. The final window size is 64 x 32 pixels
pixels with an overlap factor of 75%, yielding a PIV data resolution
0f0.43 x 0.21 mm/vectin the X and Y directions, respectively. The
total ensemble size is 5000 realizations.

The data sets for the 8.0 and 9.5 deg flow deflection angles were
obtained using the same PIV system but at a two-times-lower
magnification factor, and employing two side-by-side cameras in
panoramic mode for the 9.5-deg case. The useful data range is
approximately 8.5, x 1.5, for the 8.0 deg data setand 17§, x 1.56,
for 9.5 deg. In both cases, the final interrogation window size is
32 x 16 pixels with an overlap factor of 75%, yielding a PIV data
resolution of 0.48 x 0.24 mm/vect in the X and Y directions,
respectively. The total ensemble size for each data set is 10,000
realizations.

The settings of the parameters to process the PIV data have been
optimized in such a way that the nondimensional spatial resolution is
approximately identical. Indeed, the PIV interrogation window sizes
for low Reynolds interactions in the IUSTI facility and the high
Reynolds interaction in the TUD wind tunnel yield a nondimensional
cell size of?—oy ~ 2-2.5x 1072 in all cases.

C. Flow Characterization

The incoming boundary-layer profiles, derived from PIV mea-
surements, are shown in Fig. 1 for both Reynolds number cases.
Considering the mean velocity profile, the first evident effect of the
higher Reynolds number is to increase the fullness, as can be inferred
from Fig. 1a. A second consequence is the larger extent of the log-law
region, going up to y* = 3000 for the high Reynolds number in
comparison to y™ = 200 for the low Reynolds number (see Fig. 1b).
The friction velocity was obtained by making a least-squares fit to the
log law of the wall of the measured velocity profile. This was done for
different values of the second log-law constant C, choosing the value
that yields the best slope fit (C = 7 for the high Reynolds number
case vs C = 5.25 for the low Reynolds number case, as indicated by
the vertical shift in Fig. 1b). For both Reynolds number cases, the log
law extends to about the same height in external scaling (ﬁ =0.3).
The velocity fluctuations (turbulence levels) in the boundary layer are
shown in Fig. 1c¢ in Morkovin scaling. This representation takes into
account the density profile and the wall friction p,u2, where the
subscipt w refers to the wall conditions [25]; no significant
differences are observed between both flows. Deviations between the
profiles fall within the dispersion observed for other measurements
[25] (figure 1.6 of the reference). It may hence be concluded that in
both cases we are dealing with a canonical zero-pressure gradient
supersonic (M < 5) turbulent boundary layer.

Turning our attention to the general flow organization of the
different interactions, it can be seen in Fig. 2 that the interactions
display a large qualitative similarity. The high Reynolds number
interaction is shown in Fig. 2a, displaying contours of the mean
vertical velocity component superimposed on the divergence of the
velocity field. The latter highlights strong compression and expansion
regions within the flow, such as shocks and expansion waves,
inducing large density variations and a nonzero divergence. The
boundary-layer profile and the boundary-layer edge are also shown
for reference. The figures for the low Reynolds number, Figs. 2b-2d,
represent schlieren visualizations. In all cases, the incident shock
wave impacts on the boundary layer, causing a thickening thereof. A
reflected shock forms upstream of the extrapolated impact point of the
incident shock. The incident shock on the contrary reflects as an
expansion fan, which in turn interacts with the reflected shock in the
potential flow region. A classical evolution of the interaction is
observed from the incipient to the separated cases [26]. In particular,
the expansion fan becomes attached to the reflected shock for the
incipiently separated flows, with a shock crossing point that becomes
immersed in the boundary layer. It is remarked that the low Reynolds
interaction at 5.5 deg shows a large topological similarity to the high
Reynolds number case.

The interaction length L will be selected as the relevant longi-
tudinal length scale. It is defined as the distance between the mean
location of the reflected-shock foot and the extrapolated inter-
section point of the incident shock with the wall. Correspondingly,
the dimensionless longitudinal coordinate is defined as X*=
(x — Xo)/L, where X, is the mean position of the reflected-shock
foot.
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Fig. 1 Incoming boundary-layer characterization: a) nondimensional mean streamwise velocity, b) mean velocity profile in Van Driest scaling with the
log-law fit, and c) nondimensional velocity fluctuations with Klebanoff reference profile [36].

Table 2 gives an overview of the interaction characteristics: the
interaction length, the interaction length normalized by the
boundary-layer thickness, the measured shock excursion length
[taken from the current PIV data sets for 6.0 and 5.5 deg (see Sec. IV)
and from hot wire measurements reported in literature [11] for
9.5 deg], and the theoretical height of the interaction. The latter is

T

)

defined as & = tan(fB), with B the incident oblique shock angle,
assuming that the incident and the reflected shock have the same
angles with respect to the wall (rather than with respect to the local
preshock flow direction), which in is a reasonable approxi-
mation for the interactions considered here. For the considered cases,
% depends principally on the Mach number and only weakly on the

Fig. 2 Interaction visualization for the four flow cases: high Reynolds number a) ¢ = 6.0 deg and low Reynolds numbers b) ¢ = 5.5 ¢) ¢ = 8.0, and

d) ¢ =9.5 deg.
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Table 2 Interaction length comparison

Experiment High Re Low Re

Flow deflection (deg) 6.0 5.5 8.0 9.5
L (mm) 37 25 46 71

L/& 22 2.3 4.2 6.5
L. /L 0.2 0.2 - 0.1

H/L 0.45 030 032 0.34

flow deflection angle. This is a purely geometrical effect, the shock
wave being steeper for the lower Mach number. Indeed, it can be
remarked that the interaction height increases by 50% for the Mach
1.7 high Reynolds number case as compared with the Mach 2.3 low
Reynolds number case. This can be inferred from Fig. 2: the shock
angleis larger at Mach 1.7 (see Fig. 2a) than at Mach 2.3 (see Fig. 2b).
Therefore, when comparing L., care has to be taken of the flow
topology on either side of shock crossing point. Hence, all values for
the excursion length have been obtained at the same nondimensional
height (5; = 1.56), corresponding to the height 5%. =3.45 for the
9.5 deg interaction [11]. It has been verified that the same result is
obtained from hot-wire- and PIV-based data.

III. Characterization of Instantaneous

Flow Separation

In previous studies [3,23], in the case of low Reynolds number
shock reflection with substantial separation on the mean, the low-
frequency shock motions were related to the low-frequency pulsation
of the separation bubble. The latter was associated, as in subsonic
separations [27,28], to the flapping of the mixing layer, which
develops downstream of the reflected shock and which corresponds
to the shear region between the relatively slow-moving flow in the
separation bubble and the fast-moving fluid outside it. The associated
time scale was derived by means of a simple model based on the
entrainment process in the mixing layer [3]. However, it was shown
[19] that also an interaction of the incipient type still displays
unsteady shock movements that occur at frequencies that are one to
two orders of magnitude below those present in the incoming
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boundary layer. In this case, flow separation occurs only inter-
mittently without a well-developed separation bubble on the mean,
but evidence for shedding of large-scale vortices was shown. Given
the existence of similar mechanisms, it will therefore be investigated
if features in common with the mean separated flows can be found for
the separation events.

In the present investigation the effect of shock strength on the
interaction behavior is investigated, as well as the effect of Reynolds
number for two equivalent incipient shock-induced separations. Two
quantitative criteria were used for the definition of the equivalence of
the interaction strength between the two Reynolds number cases.
They are based on the probability and extent of the occurrence of
flow reversal. In the first place the isocontours of the flow reversal
probability were considered, giving an indication of the inter-
mittency of the flow separation. In the second place, the maximum
height of the instantaneous dividing streamline was determined for
each realization, giving an indication of the separation bubble height.
This leads to the selection of a low Reynolds number interaction
corresponding to a 5.5 deg flow deviation as the interaction with a
strength equivalent to the high Reynolds number case with a 6.0 deg
flow deflection. The unsteadiness properties of the flow separation
for the different interactions are described in detail in the next
sections.

A. Probability of Reversed Flow

Figure 3 shows the probability of the instantaneous occurrence of
flow separation for each point in the flow domain, computed as the
ratio of the number of realizations with reverse flow over the total
number of realizations. The isocontours of the vertical mean velocity
are superimposed on the figure. To visualize the subsonic region
of the interaction, the mean sonic line is also reported. It has been
obtained using the modified Crocco-Busemann relation assuming
adiabatic wall conditions [29]. It can be seen that the probability of
flow separation increases with the shock strength. For the smallest
shock strength (5.5 deg low Reynolds and 6.0 deg high Reynolds),
the flow reversal occurs in less than half of the realizations, which is
consistent with the fact that no mean separation bubble is observed.
The low Reynolds number case is statistically very similar to the
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Fig. 3 Flow reversal isoprobability contour levels: high Reynolds number a) 6.0 deg and low Reynolds number b) 5.5, ¢) 8.0, and d) 9.5 deg. Isocontour
lines of the vertical velocity component are shown for reference. The solid black line, labeled 1, indicates the approximate mean sonic line.
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high Reynolds number case. Both display a probability of reversed
flow of approximately 40% and a reversed flow region with similar
horizontal and vertical extent when normalized by the interaction
length and the boundary thickness, respectively. At 8.0 deg, flow
reversal occurs locally in 90% of the realizations, and for 9.5 deg in
95% of the realizations.

In all cases, downstream of the interaction, the sonic line remains
elevated (around y/é, & 0.5 for the incipient cases and y/§, = 1 for
the separated cases). The sonic line has only a very slight slope
towards the wall: in the relaxation part, more than the half of the
boundary layer is subsonic, and it remains so for many boundary-
layer thicknesses downstream of the interaction. Itis clear from Fig. 3
that the sonic line and the shock intersection in the low Reynolds
number cases are shifted upwards for increasing deflection angle. In
addition, the separation bubble height increases.

B. Bubble Height Statistics

In the previous paragraph, it was confirmed that both incipient
cases present similar probability of reverse flow. Here, it will be
verified that the separation bubble also corresponds to a similar
organization of the flow. The instantaneous dividing streamline,

defined as the set of points y;(x) where fo” “y dy = 0, will be deter-
mined for each realization in accordance with previous work [3]. The
main limitation of this procedure is to neglect the density variations in
the low-velocity part of the interaction. However, this assumption is
thought to have limited effect on the final conclusion for adiabatic
flows. The instantaneous maximum elevation of the dividing line will
be denoted 4. Of course, when no reverse flow is observed, £ is zero
by definition.
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The histogram of this maximum bubble height /4 (the vertical axis
is normalized by the total number of realizations) is shown in Fig. 4. It
can be observed that the height of the separation bubble increases
with increasing interaction strength. For the weakest interactions, the
separation bubble does not exist all of the time, the flow being fully
attached in a significant part of the realizations (see Figs. 4a and 4b).
Strict equality between the two histograms was of course difficult to
obtain. Nevertheless, the histogram of the high Reynolds number
case looks similar to the one for the 5.5 deg shock angle. For the
larger interaction strengths, a separation bubble is practically always
present: a substantial separation bubble of over a quarter of the
boundary-layer thickness in height can be observed to be present at
all time (see Figs. 4c and 4d).

Therefore, the two incipient cases seem to have comparable flow
separation states and organizations; this will be examined in a more
detailed way in the following section.

IV. Comparison of the Interaction Characteristics

A comparison is made between the shock-induced incipient
separations at low Reynolds number (5.5 deg) and at high Reynolds
number (6.0 deg), including the low Reynolds separated cases
(8.0 and 9.5 deg) that have already been analyzed [3,11]. The
conventional streamwise scaling with the interaction length is used to
represent the horizontal coordinates in terms of X*, as mentioned
in Sec. IL.C. As the vertical dimensionless coordinate, y* = y/L is
chosen. Using this scaling, the mean and fluctuating flow organi-
zation show great similarity for the different flow cases (incipient
and well-separated) (see Figs. 5 and 6). The crossing between the
incident and reflected shock occurs in the vicinity of y/L ~ 0.3 in the
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M = 2.3 low Reynolds cases and of y/L ~ 0.45 inthe M = 1.7 high
Reynolds one.

As can be seen from Fig. 5, no mean flow reversal occurs in either
of the incipient cases. From Fig. 5a it can be observed that there is
more high-velocity fluid close to the wall in the incoming boundary
layer for the high Reynolds number case, which is consistent with the
fuller boundary-layer profile (see Sec. II.C).

Figure 6 shows that in all cases, increased U-component
fluctuations occur starting from the reflected-shock foot, which is
consistent with the development of vortical structures. This region of
high turbulence intensity develops between 0 < X* < 0.5 along an
inclined path (see the white lines in Fig. 6). The angle of the line with
the horizontal is comparable for the two incipient cases and increases
strongly for the separated cases. As a consequence, the region of high
turbulence intensities extends up to y/L = 0.1 for the incipient cases
and up to y/L = 0.2 in the separated cases. In the separated cases,
this region of high levels of turbulence was associated with the
development of a mixing layer in the first part of the interaction,
followed by the shedding of large vortices, as in subsonic flow
separation [3,11,23]. It will be shown in Sec. V.D that a similar
behavior is observed in the incipient separations as well. For all
cases, the region of high turbulence intensity is advected in the
downstream reattached boundary layer.

If the global organization of the flow fields looks very similar
between the two incipient cases, a major difference can be observed
concerning the reflected shock in the boundary layer (i.e., /8, < 1 or
y/L < 0.5). Figure 6a shows a clear imprint of a well-defined shock
for the high Reynolds number case down to y/L = 0.1, whereas the
shock is hardly distinguishable in the low Reynolds incipient case.
Indeed, for the latter case, the reflected shock appears as a continuous
velocity decrease rather than a well-defined step in the turbulent part
of the flow, this notwithstanding the smoothing effect introduced by

the particle lag in the PIV measurements. Hence, the reflected-shock
foot constitutes a fan of compression waves rather than a well-
defined shock wave (see Fig. 6b). Such a dependence of the
separation shock on the Reynolds number was already observed in
the case of compression ramps, both from experiments and direct
numerical simulation [14,30,31]. With increasing interaction
strength, the reflected shock becomes better defined, as can be
observed for the low Reynolds 8.0 deg case (see Fig. 6¢). This is
confirmed for the largely separated low Reynolds case (9.5 deg),
which exhibits a well-defined reflected shock, as in the high
Reynolds incipient case (see Fig. 6d).

In all cases, the reflected shock is clearly unsteady. This is best
illustrated from the longitudinal evolution of the root-mean square
(RMS) of the V-component fluctuations (see Fig. 7). The amplitude
of the oscillation of the reflected shock (L.,) can be estimated from
the width of the peak of the RMS fluctuations. For the incipient cases,
the region under the point of shock crossing is in the turbulent
boundary layer and it becomes difficult to identify a well-defined
peak, in particular in the low Reynolds case, where the shock is
smeared. If measurements above the crossing point are considered,
for example at y/H = 1.56, the length L., can be estimated for all
cases. When a width criterion based on 1/e of the maximum peak
height is used, an estimated shock oscillation amplitude of L., &~
0.2L is inferred for the incipient cases, compared with L., ~ 0.1L
for the separated cases. These values are also reported in Table 2. In
the high Reynolds case, the measurements are significantly more
affected by optical effects related to the large density jump across the
shock. This is known to lead to measurement artifacts in the vicinity
of the shock waves [32,33]. For example, the incident shock
measurements generate significant RMS levels despite the fact
that it is most likely stationary, as is the case with the first peak of the
high Reynolds number case in Fig. 7. Therefore, the L., could be
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intensity within the first part of the interaction.

overestimated for the high Reynolds number case with respect to the
low Reynolds measurements. Nevertheless, the RMS peak for the
reflected shock is significantly wider and higher than the peak for the
incident shock, which is a direct consequence of the unsteadiness of
the reflected shock. The RMS caused by the unsteadiness is larger
than the measurement uncertainties. The determination of the
oscillation amplitude is therefore thought to be sufficiently reliable
for the present purposes.

The results support the notion that the selected incipient shock-
induced separations are also equivalent from the perspective of
interaction flow unsteadiness. Therefore, in the following part, it will
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Fig. 7 Longitudinal evolution of the RMS normal velocity fluctuations
across the shocks for the two incipient cases (y/H = 1.56).

be attempted to identify whether the mechanisms behind this
unsteadiness are also of a similar nature. This will be done in the first
place by concentrating on the unsteadiness of the interaction zone,
based on the existence of instantaneous flow reversal. The possible
links between the reflected-shock excursions and the upstream
boundary-layer unsteadiness will be addressed and compared with
results already obtained in the separated cases. In addition, the
development of large-scale coherent structures, a proposed mech-
anism for the separation bubble pulsation, will be investigated for the
cases without mean flow reversal.

V. Conditional Analysis Based on Separation
Bubble Height

In the previous part, we have shown that significant differences
exist between the turbulence fields of the incipient and separated
cases: in both cases there is evidence of new energetic structures
developing downstream of the reflected-shock foot, but an important
variation is observed in the energy peak level and in the vertical
extent. In the separated cases, these new turbulent scales have been
related to the development of a mixing layer in the interaction
[11,23], leading to the shedding of large vortices downstream of
X* =0.5. In the incipient cases, a similar organization is not
intuitively evident, as no mean separation occurs. Nevertheless, the
probability to observe separated flow remains large (see Fig. 3).
Therefore, conditional analysis based on the instantaneous existence
of a reversed flow has been carried out, similar to that already
performed for the separated cases [3].

Three cases will be considered: shallow, medium, and thick
separation bubble size. The selection of the cases is made based on
the histograms of Fig. 4, taking 10% of the realizations at the lower
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end of the histogram, 10% in the middle, and 10% at the higher end. It
is noted that for the incipient separations, the shallow case is made up
of only attached realizations. For the selection of the medium and
thick cases, only the part of the histogram corresponding to the
separated flow cases is considered. This was done to eliminate a
biasing of the results due to the large weight of the attached flow in
the histogram. To this aim, the peak at zero was eliminated from the
histogram. The medium bubble height was then based on 10% of the
remaining realizations in the middle of the histogram and similarly
the thick bubble height was defined based on 10% of the realizations
at the higher end.

A. Development of Mean Separation

Based on the selection of bubble heights described above, the
following mean flow results have been obtained (see Fig. 8). To
highlight the development of the mean reversed flow region, only the
negative mean U component is shown, with the shallow separation
bubble case on the top and the thick bubble on the bottom. We
consider first the incipient cases. Evidently, no mean flow reversal
occurs for the lowest separation bubbles (shallow case), as all these
realizations correspond to an attached flow. For the medium case,
separation does occur instantaneously, but no mean flow reversal is
observed. It is likely that these cases correspond to small pockets of
separated flow that occur randomly in space. These pockets would
not produce a mean flow reversal as a consequence of their random
distribution in space. In fact, mean flow reversal only occurs for the
thick separation bubble case. The fact that the same results are
obtained for both incipient separation cases is another confirmation
of their equivalence in interaction strength (see Sec. III).

Another observation is that all figures for the low Reynolds
number case taken together seem to display a consistent increase in
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the extent of separation: with increasing interaction strength, the size
of the separation bubble increases. Stated differently, the thick
separation bubbles for the incipient cases (high Reynolds 6.0 deg,
low Reynolds 5.5 deg) correspond approximately to the shallow
separation bubbles for the 8.0 deg case. Similarly, the medium bubble
of the 8.0 deg case falls between the shallow and the medium bubbles
for the 9.5 deg case. Similarly, the thick bubble for 8.0 deg fits in
between the medium and the thick bubbles for 9.5 deg. (The reader
should consider that incipient separation plots use different scales
for the vertical axis in Fig. 8.) It may be speculated that there is a
spectrum of flow separation that develops as a function of the inter-
action strength. This suggests a continuous evolution of the mecha-
nisms at work in the interaction, from an attached case to a fully
separated configuration. The dominance of each mechanism depends
on the strength of the interactions.

B. Correlation Between Shock Position and Bubble Height

It has been shown in Sec. IV that the reflected shock is unsteady in
all cases. In the incipient cases, shock crossings occur near the edge
of the boundary layer, and the estimation of L., was hence
necessarily constrained to heights with y/H > 1. In this region, a
length of excursion has been found of about 0.2L, or 2<0.406,. For
the separated cases [11], L., was found to decrease from about 0.3L
at the wall to 0.1L for y/H = 1.6. It is therefore quite difficult to
conclude, based on the magnitude of L., alone, whether similar
mechanisms can be associated with the shock movements between
the incipient and separated cases. However, in the separated cases,
the shock motions were found to be strongly linked with the bubble
height [3]. In Sec. V.A it was shown that in the incipient cases, the
separation bubble is nonexistent most of the time, even if spots of
reverse flow occur. Nevertheless, a bubble of rather limited extent can
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Fig. 8 Mean reversed flow (U component): high Reynolds number a) 6.0 deg, low Reynolds number b) 5.5 deg, and low Reynolds number separated

cases ¢) 8.0 and d) 9.5 deg, from previous work [3].
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develop in rare cases. Therefore, it is of interest to check if all, or at
least a part, of the shock unsteadiness can be related to the unsteady
flow reversal as in the separated interactions.

To determine the correlation between the state of the separation
region and the position of the reflected shock, the conditional
turbulent velocity fields are considered. The shock position is
deduced from the longitudinal evolution of the V-component
fluctuations: its mean conditional position is associated to the peak of
the conditional RMS values. The results are reported in Fig. 9. To
take into account the different aspect ratios of the interaction (H/L,
see Table 2) between the high and low Reynolds number, the
comparisons between the different interactions are made at the same
nondimensional height (y/H): positions for y/H > 1 correspond to
the flow above to the shock crossing point. The peak that is observed
upstream of the reflected shock corresponds to the incident shock.
It is clear that for both incipient cases, no particular motion of the
reflected shock can be related with shallow or medium bubble
states. For the latter this is a direct consequence of the hypothesized
randomly occurring pockets of separation (see Sec. V.A), which
cannot be expected to cause a consistent upstream displacement
of the reflected shock. When a separation bubble is formed (thick
bubble case), a slight correlation between the bubble height and
the shock displacement appears for the high Reynolds case.
Nevertheless, the amplitude of the motion is smaller than for the
separated interactions (about 0.05L and even smaller for the low
Reynolds incipient case, compared with 0.1L for the separated
cases). The opposite tendency is observed for the total extent
of the shock oscillations (0.2L in the incipient cases compared with
0.1L for separated cases). Hence, the magnitude of the shock
displacements linked to the bubble pulsations represent 25% of the
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total shock excursion amplitude, to be compared with about 100% in
the separated cases. Therefore, when an instantaneous bubble is
developed it seems that the incipient cases do present behavior
similar to the separated cases, despite areduced order of magnitude in
the effect.

C. Correlation Between Incoming Boundary Layer
and Bubble Height

To complete the comparisons between incipient and separated
cases, conditional statistics have been carried out in the upstream
boundary layer. They are based on the same classes as for the
conditional bubble statistics. The upstream velocity profiles for the
three instantaneous bubble states (shallow, medium, and thick
bubbles) are shown in Fig. 10.

For the separated interactions, no significant correlation between
the different states of the bubble was found, see Figs. 10c and 10d. In
the incipient cases, on the contrary, a correlation, although rather
limited, can be observed: the shallow and medium bubbles
correspond to fuller profiles than the thick bubbles, the difference
amounting up to 5% of the local velocity. As the expected uncertainty
in the PIV mean velocity measurements is less than 1% of the
velocity, the effect can be considered significant. Again, no depend-
ence on the Reynolds number is observed. Consequently, it seems
that in the incipient cases, the upstream boundary layer is more
involved in the unsteadiness of the interaction zone. Therefore, the
incipient case appears as an intermediate case between a fully
attached interaction, where shock unsteadiness is expected to be
governed by the turbulent structures of the upstream boundary layer,
and a separated interaction, where they are mostly related to the
downstream unsteadiness developing in the interaction region.
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Fig. 9 Conditional shock position, defined as the maximum of the conditional normal velocity standard deviation: high Reynolds number a) 6.0 deg, low
Reynolds number b) 5.5 deg, and low Reynolds number separated cases c¢) 8.0 and d) 9.5 deg. Separated cases have been reported in previous work [3].



1490

SOUVEREIN ET AL.

1.1 T v T T T T

1t , o
geeeeecsecee
888922339""
0.9} 9922293 ]
29..
ggii .
o 08 0988 )
‘.
2 239
D .
0.7} )
5
L]
0.6} )
0.5} -
O shallow
% medium
0.4 L L L L i
0 0.2 0.4 0.6 0.8 1 1.2
Y15,
a)
1.1 . . . . . .
'l nunusi""""”"
-1
09} : aﬁaiis .
oo®
L
08l P 1
) .l.
=) «°
) o
0.7} o® )
(]
[ ]
(]
0.6} )
]
05} -
a
04 . . . . N ®  thick
0 0.2 0.4 0.6 0.8 1 1.2
Y/5,
©)

1t )
09l M W
0.8} 999999 ]
= g
) 968
0.7 - oRe® 4
()
QS.
oe
0.6} .o )
&
0.5 & <
:
l® X medium
® thick
04® L L L n i
0 0.2 0.4 0.6 0.8 1 1.2
Y/,
b)
11 T T T 2 T v
b ul”m.
o
0.9 0® 4
eo°
a'as
L o% ]
° 0.8 aggg
2 o°
) 8
0.7 S :
aﬁ
®
o6t ¥ 1
05¢ -
% medium
® thick
4 . ; : R .
0 0 0.2 0.4 0.6 0.8 1 1.2
Y18,
d)

Fig. 10 Conditional mean velocity in the upstream boundary layer (U component): high Reynolds number a) 6.0 deg, low Reynolds number b) 5.5 deg,
and low Reynolds number separated cases c) 8.0 and d) 9.5 deg, from previous work [3].

Accordingly, it should be expected that the associated time scales
differ significantly between the incipient and the separated cases.
Indeed, it has been shown that in shock-induced separation, the
characteristic shock frequency f is such that the Strouhal number
equals §; = % ~ 0.03 for a Mach number of M > 2 and for a wide
range of geometries [34]. On the contrary, such well-defined low-
frequency content has not been observed in the low Reynolds
incipient case, which exhibits broadband spectra in the vicinity of the
reflected shock [3]: there exists a low-frequency content in the range
of §; ~ 0.03, but it does not contribute to the main part of the energy
of the signals related to the shock unsteadiness. This confirms again
that, if similar mechanisms are present in both types of interactions,
they do not occur with a similar importance.

D. Correlation Between Vortex Shedding Layer and Bubble Height

It has been shown in the previous sections that the different
interactions exhibit very similar properties, mainly the development
of energetic structures downstream of the reflected-shock foot, which
has been observed in all cases. When mean separation occurs, it is
classical to relate this to the development of a mixing layer and the
creation of large vortical structures. This is generally associated with
typical velocity profiles with a generalized inflection point. It is not
intuitively straightforward to expect that such properties can be
observed when no separation occurs. The existence and origin of
large vortical structures in the incipiently separated interactions will
therefore be investigated here in more detail.

Figure 11 shows the velocity profiles obtained for the different
interaction cases at the station X* = (.25, which corresponds
approximately to the middle of the development of the suspected

mixing layer. This corresponds to the region of high levels of
turbulence: y/L < 0.2 for the well-separated interactions and y/L <
0.1 for the incipient cases (see Fig. 6). The upper boundary of the
regions of elevated turbulence levels are indicated by the vertical
solid lines in Fig. 11. Both separated cases display, as expected,
velocity profiles similar to those observed in mixing layers for
y/L < 0.2. The incipient cases also show profiles that display some
resemblance in the domain y/L < 0.1. Therefore, in the incipient
cases the possibility exists to develop vortical structures, as in the
separated cases.

1.2 T T T T T T

N APRa0000000
EIE'EIEI
0! \

o AT
oo A eAEAQ
ApFRAE Y

U/Ue

e High Reynolds 6.0°
(o] A Low Reynolds 5.5° |{
= Low Reynolds 8.0°
v Low Reynolds 9.5°
-0.2 L L T T
0 0.05 0.1 0.15 0.2 0.25 0.3
y/L

Fig. 11 Dimensionless velocity profile for X* = 0.25.
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Fig. 12 Instantaneous visualizations of the mixing layer with consecutive vortex shedding: high Reynolds number a) 6.0 deg, low Reynolds number
b) 5.5 deg, and low Reynolds number separated cases c) 8.0 and d) 9.5 deg. Isocontours of the U-component fluctuations (see Fig. 6) are shown for

reference.

To highlight the existence of such vortical structures, a vortex
detector has been applied on the instantaneous PIV velocity fields. It
is based on a nonlocal criterion [35], and has been found efficient for
extracting the large coherent structures in the separated cases [23]. It
is defined in the following way. Let P be a point of the vector field, S a
two-dimensional area surrounding P, and M a point of this area. The
vorticity detector I'; is defined as

1 (PM xU,) -z
T (P =f‘/ — " dS§
O =5 s TP Uy
1 . 1 .
=§/Ssm9MdS:N;sm9M (1)

where U, is the local velocity at the point M, z is the unit vector
normal to the measurement plane, 6,, is the angle between the two
vectors PM and U,;, and N is the number of PIV vectorsin the area S.
This criterion has values between —1 and 1, and it can be shown that
the values of |I';| > 2/m correspond to the presence of a vortex, with
the sign of I'| related to the direction of rotation.

Typical instantaneous fields of the vortex detector are reported in
Fig. 12. The isocontour of the U-component fluctuations have been
superimposed onto the figure. It is clear that the regions of high
turbulence levels are directly related to the development of a mixing
layer downstream of the reflected-shock foot. This does not depend
on the existence of an instantaneous bubble of recirculation in the
incipient cases: the examples shown in Figs. 12a and 12b correspond
torealizations without flow separation, belonging to the case # = 0in
Figs. 4a and 4b. This is confirmed by the map of the mean vortex
detector, computed on the whole data set (see Fig. 13). Whatever the
flow, similar average values are obtained, which shows that there is
the same probability to observe large vortical structures.

VL

From the different experimental results presented, some general
features of the flow organization and the unsteadiness mechanisms
developing in the shock boundary-layer interactions can be deduced
for the case of the incident shock reflection. First of all, it appears that
the Reynolds number effect acts mainly on the length scale L of the
interaction. Another important Reynolds number effect concerns the
properties of the reflected shock in the turbulent part of the boundary
layer. It appears significantly less well-defined in the low Reynolds
case for incipient separation, and it should consequently be consid-
ered rather as a fan of compression waves. This is in accordance with
the behavior that has been reported in the case of compression ramps.
Nevertheless, when similar interactions are considered, based on the
intensity of the reversed flow, the unsteadiness observed in the
interactions presents a large resemblance whatever the Reynolds
number.

Concerning the unsteadiness mechanisms, it has been shown
previously that in the case of separated interactions, the low-
frequency shock dynamics are strongly correlated with the
separation bubble pulsation. In the current work, two incipient cases
were considered, without mean separation but with a large prob-
ability of instantaneous flow reversal. This has been done for
Reynolds numbers based on the momentum thickness of, respec-
tively, 5000 and 50,000. In both cases, the development of large
coherent structures downstream of the reflected-shock foot has been
demonstrated, with a very similar behavior as compared with the
separated cases. At the same time it has been shown that, despite the
absence of mean separation, intermittent recirculation bubbles do
occur, but with a very low probability (less than 4% of the realiza-
tions). In the case of such an event, correlations with the reflected-
shock movements have been observed, analogous to the fully
separated interactions. At the same time, a slight correlation with the

Discussion



1492 SOUVEREIN ET AL.

Fig. 13 Average of the visualizations of the mixing layer with consecutive vortex shedding: high Reynolds number a) 6.0 deg, low Reynolds number
b) 5.5 deg, and low Reynolds number separated cases c) 8.0 and d) 9.5 deg. Isocontours of the U-component fluctuations (see Fig. 6) are shown for

reference.

upstream boundary-layer profile fullness has been observed. This
dependence of the separation bubble on the upstream boundary layer,
notwithstanding the fact that it is rather limited, is larger than for the
separated cases. Therefore, it seems that similar mechanisms are
present in both cases (separated or incipient), independent of
the Reynolds number. On the contrary, the predominance of a
mechanism for the shock unsteadiness (upstream state, downstream
separation bubble dynamics) appears to depend on the mean state of
the interaction. Accordingly, the resulting frequency spectrum of
the overall unsteadiness can be considered as the consequence of
different characteristic times scales with a weighting function
depending on the state of the flow:

1) When no separation occurs at all, upstream events are expected
to govern the flow unsteadiness, with rather high frequencies.

2) When separation occurs most of the time, downstream
unsteadiness, related to the separated bubble pulsation, will become
predominant and involve very low frequencies.

3) Finally, for the incipient cases, there is a superposition of
different mechanisms, involving time scales that can differ by at least
one decade; this will produce spectra that are more or less similar to
separated ones, depending on the probability of the occurrence of
instantaneous flow separation.

The influence of the Reynolds number on the flow unsteadiness
appears rather limited for turbulent SWBLIs. Very similar results
have been obtained in the low Reynolds supersonic facility at the
TUSTI and the high Reynolds facility at the TU Delft, when similar
interactions based on the flow separation probability are considered.
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