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ABSTRACT

The physical origin of strong Shock Wave Boundary
Layer Interaction (SWBLI) low frequency unsteadiness
is still unclear. It has been related either to the shedding
of vortices in the mixing layer downstream of the separa-
tion, or to the turbulent structures in the incoming bound-
ary layer. The aim of the present work is to perform well
resolved DNS of SWBLISs and analyse results in order
to contribute to a better understanding of the SWBLI un-
steadiness and the physical mechanism causing these low
frequency oscillations. First, the interaction involving a
laminar incoming boundary layer is simulated in order
to suppress the suspected influence of the large turbulent
structures of the boundary layer on the SWBLI unsteadi-
ness. The simulation of the fully turbulent case is then
presented. The comparison between the two flows pleads
for an origin of the SWBLI unsteadiness associated to the
low frequency dynamics of the separated zone.

1. INTRODUCTION

Situations where an incident shock wave impinges upon
a boundary layer are commonly encountered in the aero-
nautical and the aerospace industries. For instance, it
possibly occurs in flows around an aircraft in supersonic
flight, in turbojets, in supersonic air intakes or in rocket
nozzles. In a shock wave boundary layer interaction
(SWBLI), if the shock wave is strong enough (strong in-
teraction), the compression of the flow can lead to the
separation of the boundary layer. A recirculation bubble
is then created surrounded by a complex system of multi-
ple shock waves. The steady organization of such flow is
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presented in figure 1 for the well documented configura-
tion of the interaction between an incident oblic shock
wave impinging a boundary layer developing on a flat
plate.
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Figure 1: Sketch of the flow.

The steady organization of the flow presented in figure
1 corresponds to the mean organization of the flow. The
dynamical features of the SWBLI are characterized by
several unsteady phenomena whose characteristic scales
spread over a large broadband spectrum range. In gen-
eral, the incoming boundary layer is not laminar and the
turbulent activity of the boundary layer exhibits a large
kinetic energy spectrum with a characteristic Strouhal
number S5 = {]—5 ~ 1 (where f, § and U, are respec-
tively the characteristic frequency of the fluctuations, the
boundary layer thickeness before the interaction and the
free stream velocity). Other dynamical phenomena also
take place in the recirculation bubble. The shear layer,
bounding the upper part of the bubble, is subjected to two
instabilities of medium characteristic frequencies as in
subsonic separated flows [4] [17]. The shear layer is sub-
mitted to a convective instability leading to a vortex shed-
ding at a Strouhal number around Sy = % ~0.6-0.8
expressed here as a Strouhal number based on the recir-



culation bubble length (L). It is also submitted to an abso-
lute instability called “flapping” of the shear layer that has
the characteristic frequency Sy = E—f ~ (.12 —0.15. This
flapping consists in successive enlargment and shrink-
age of the recirculation bubble. The shrinkage is asso-
ciated to a vortex shedding downstream of the recircu-
lation bubble. For supersonic flows, a low frequency
flapping mode is also observed at a Strouhal number of
Sp = {7 ~0.03—0.04 [20] [11]. Tn the following, we
will refer to this low frequency mode as the “breath-
ing” of the separated zone. In the same low frequency
range Sy = {]—L ~ 0.03 —0.04, it is well established that
the separationebubble and the system of shock waves (re-
flected and reattachment shock waves) are subjected to
low frequency longitudinal oscillations called “the un-
steadiness” of the SWBLI. This oscillatory motion can
spread over several tenth of the boundary layer thickness.
The SWBLI unsteadiness stresses solid structures to low
frequency oscillating loads that can lead to damages of
these structures, and therefore needs a very careful atten-
tion. Even if this phenomenon is well known, the related
mechanisms are still not well understood.

Several explanations of the physical mechanisms re-
sponsible for the SWBLI have been proposed in the lit-
terature. These mechanisms can be coarsly classified in
two main categories [10].

The first mechanism consists in the excitation of the
whole SWBLI by large scale coherent structures present
within the incoming turbulent boundary layer and flow-
ing through the interaction region with a caracteristic
frequency corresponding to the low frequency SWBLI
unsteadiness [13, 15, 14]. A second kind of mecha-
nism has also been introduced in the literature, for which
the dynamics of the recirculation bubble must be re-
lated to the unsteadiness of the whole SWBLI system
and in particular to the reflected shock wave oscillations
[21, 20, 30, 22, 1, 23].

Despite arguments in favor of each mechanism, no
definitive explanation have yet been provided. Some au-
thors argue that both mechanisms are at play in the onset
of the SWBLI unsteadiness but the influence of the first
mechanism decreases as far as the strength of the interac-
tion decreases ([28] [6]).

In additions to these two main families of mechanims,
a third kind of model have been introduced in the litera-
ture. It accounts for the incoming turbulence without re-
quiring the existence of superstructures. [31] proposed
a quantitative model involving the incoming boundary
layer disturbrances in which the shock wave / separation
bubble system is seen as a black-box filter/amplifier con-
verting incoherent background disturbances into the ob-
served spectra. This model only requires very low am-
plitude background disturbances in the flow that do not
need to be in the form of coherent structures. Neverthe-
less, this model have the major drawback of not explain-

ing the causes of the SWBLI unsteadiness. The relevance
of this model have been strengthened by [25] who repro-
duced numerically the SWBLI unsteadiness (in particular
the low frequency oscillations of the separation point) by
forcing a 2D shock wave laminar boundary layer interac-
tion (SWLBLI) with white noise.

The aim of the present work is to perform well re-
solved DNS of SWBLISs and analyse results in order to
contribute to a better understanding of the SWBLI un-
steadiness and the physical mechanism causing these low
frequency oscillations. To this end, the canonical config-
uration of an oblique shock wave impinging a boundary
layer developing on a flat plate is considered.

In order to better understand the mechanisms leading
to the SWBLI unsteadiness, we first chose to perform a
SWBLI simulation suppressing one of the two suspected
mechanisms leading to the unsteadiness. By simulating
the interaction between a laminar boundary layer and a
incident shock wave (SWLBLI), we suppress the sus-
pected influence of the large turbulent structures of the
boundary layer on the SWBLI unsteadiness. The only
remaining suspected cause of unsteadiness would be the
dynamics of the separation bubble. The simulation of a
SWTBLI is then undertaken. The dynamics of theses two
flows are studied by mean of statistical an spectral analy-
sis. A proper orthogonal analysis of the interaction zone
is performed for the SWTBLI simulation that helps to un-
derstand the low frequency dynamics of this flow.

2. NUMERICAL METHODS.

We consider the compressible Navier-Stokes equations.
The simulations are performed with an in-house par-
allel (MPI) Finite-Volume based DNS/LES solver de-
veloped at LIMSI-CNRS. The convective fluxes are
discretized by Monotonicity-Preserving shock-capturing
scheme (OSMP7), based on the Lax-Wendroff approach
to obtain a 7/"-order accurate coupled time and space ap-
proximation. A 2"?-order centered scheme is used for
the diffusive fluxes [7]. The ability of this code to com-
pute high Reynolds compressible (turbulent and shocked)
flows has already been demonstrated in a previous work
[24].

3. UNSTEADY SHOCK WAVE LAMINAR
BOUNDARY LAYER INTERACTION
(SWLBLI).

As a first step, by simulating the interaction between a
laminar boundary layer and an incident shock wave, we
suppress the suspected influence of the large turbulent
structures of the boundary layer on the unsteadiness of the
whole shock-wave/separation bubble system. The only
remaining suspected cause of unsteadiness would be the
dynamics of the separation bubble.



The flow conditions are similar to the test case of De-
grez [9] (M = 2.15) with a shock wave angle increased up
to 33.8° in order to strengthen the interaction and trigger
the unsteadiness of the separation bubble.

The inlet boundary layer is created at the inlet of the
domain thanks to a 4" order polynomial approximation
of a Blasius profile [12]. No-slip wall and adiabatic
wall conditions are prescribed at the flat plate location
(y = 0). Outlet time dependent non-reflecting bound-
ary conditions [29] are imposed at the top surface and
at the downstream outlet boundary of the computational
domain. Periodic conditions are used in the spanwise di-
rection (z). The shock wave is created at the top boundary
by using the Rankine-Hugoniot relationships.

The domain is discretized using a cartesian mesh with
non uniform spacing in the direction normal to the wall
(¥). The mesh size employs 400 x 102 x 200 grid points
in (x X y X z). In the normal to the wall direction, the mesh
is tightened close to the wall using a hyperbolic tangent
law.

A snapshot of the flow is shown in figure 2. The
discriminant criterion, introduced in [5] already used by
[21] in the context of SWTBLI simulations, is used to
identify the vortex structures present in the flow. Vortices
are identified as regions in which the local topology of
the streamlines is focal as defined in [5]. The discrimi-
nant is positive in these regions. In figure 2, the vortical
structures are highlighted by plotting the isosurfaces of
m = 10"!2, where A is the discriminent and 6 is the
momentum thickness of the incoming boundary layer at
the inlet of the simulation domain. These isosurfaces are
colored by the magnitude of the longitudinal velocity.
The shock waves are highlighted by isosurfaces of | VP |
colored in grey.

Figure 2: Up: Discriminent criterion (m =1071%)
colored by the magnitude of the longitudinal component
of the velocity scaled by U.. Shock waves are high-
lighted by isosurfaces of | VP |. Bottom: Discriminent

criterion. Zoom around the separation bubble.

Large spanwise vortices, corresponding to the Kelvin-
Helmbholtz rolls that progressively develop, are clearly
visible in the shear layer edging the recirculation bubble
between the reflected and the incident shocks. After the
incident shock impingement, the shear layer is populated
by elongated structures in the streamwise direction that
form hairpin like vortices characteristic of a turbulent
boundary layer downstream of the reattachment. In the
recirculation bubble, 3D structures are visible in the
downstream part of the separation zone. Nevertheless,
no coherent structures are visible in the early part
of the interaction. The dynamical activity inside the
recirculation bubble seems to be mainly concentrated in
the second part of the separation.

Several probes have been located in the flow along
lines in the spanwise direction. The locations of these
probes in the plane (X,y) are shown in figure 3.

Probes 1 (x/6 = 18.75, y/6 = 0.31) and 4 (x/6 =
81.25, y/6 = 0.31) are located in the recirculation bub-
ble, respectively in the early part and latter part of the
separation. Probes 2 and 3 are located in the shear layer
bounding the recirculation bubble. Probe 2 is located up-
stream of the incident shock wave impingement (x/§ =
50, y/6 = 3.84) whereas probe 3 is located downstream
of the incident shock wave impingement (x/8 = 81.25,
y/8 = 0.93). Finally, probe 5 have been located close
to the wall just downstream of the reattachment of the
boundary layer (x/6 =92.5,y/8 = 0.31). For each probe
location in the plane (x,y), the signal of any quantity cor-
responds to it spanwise averaged value. Moreover, the
quantities have been recorded during around ten low fre-
quency unsteadiness cycles.

10

Figure 3: Time mean longitudinal velocity field averaged
in the spanwise direction. The black line shows the iso-
contour u = 0. The velocitiy is scaled using U.. and the
spatial coordinates are scaled using 8. Position of the
probes.

The power spectral density of the longitudinal velocity
signals for the probes 1 and 4 are shown in figure 4 with
respect to the Strouhal number based on the separation
lengh §; = f% The amplitude of the spectrum at probe
1 is about 50 times smaller than for probe 4. It confirms
the observation made in figure 2 that the dynamical activ-
ity inside the recirculation bubble is mainly concentrated
in the second part of the separation. The characteristic
frequencies characterizing the dynamics inside the recir-
culation bubble are in agreement with the characteristic
frequencies of the recirculation bubble and its shear layer

0 ME



introduced above. At probe 1, the spectrum is dominated
by low frequencies in the range Sy, ~ 0.01 —0.05 char-
acteristic of the breathing of the recirculation bubble. A
second frequency packet at Sy ~ 0.11 —0.15 corresponds
to the medium frequency flapping of the shear layer.
The spectrum at probe 4 is also characterized by low
(Sz ~ 0.01 — 0.05) and medium frequencies S; ~ 0.15.
Moreover, higher frequencies S ~ 0.5 — 0.6, characteris-
tic of the vortex shedding from the shear layer are present
in the spectrum at probe 4.

SSL ~ 0.01— 0.04 Probe 1 Probe 4
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Figure 4: Premultiplied power spectral density of the
longitudinal velocity component. Left: probe 1. Right:
probe 4.

The power spectral density of the longitudinal velocity
signals for the probes 2 and 3 are shown in figure 5 with
respect to the Strouhal number based on the separation
lengh S; = % It allows to compare the characteristic
frequencies of the shear layer before and after the inci-
dent shock wave impingement. The spectrum at probe
2 (before the incident shock wave) shows an activity of
the shear layer at low frequencies (Sp ~ 0.01 — 0.03)
characteristic of the breathing of the separation bubble
and medium frequencies (Sz ~ 0.15) characteristic of the
medium frequency flapping. The frequencies character-
izing the vortex shedding from the shear layer (S; ~
0.5 —0.6) seems to be present in the spectrum but at a
much lower amplitude. At probe 3, the amplitude of the
spectrum are much larger than at probe 2. It shows that
the dynamics of the shear layer is much more intense in
the latter part of the separation zone. The characteristic
frequencies of the low and medium frequency flapping of
the shear layer are present in the spectrum. Moreover,
higher frequencies around St;, ~ 3 characterizing the vor-
tex shedding are present in the spectrum with high ampli-
tude. The same characteristic frequency (St ~ 3) has also
been recorded for the Kelvin-Helmholtz instabilities in a
large separation at a blunt flat plate leading edge [8].

The power spectral density of the longitudinal velocity
signal for probe 5 is shown in figure 6 with respect to the
Strouhal number based on the separation lengh Sy, = %
The dynamics is characterized by almost the sames fre-
quency ranges than at probe 3 with an increased intensity.

The study of the spectra of the longitudinal velocity at
probes located in the interaction zone shows that the low
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Figure 5: Premultiplied power spectral density of the
longitudinal velocity component. Left: probe 2. Right:
probe 3.
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Figure 6: Premultiplied power spectral density of the lon-
gitudinal velocity component at probe 5.

frequency range characteristic of the SWBLI unsteadi-
ness (Sz ~ 0.03 —0.04) is present in all the interaction
zone. Moreover, the velocity fluctuations in the shear
layer are characteristic from the flapping. Besides, the
dynamics is much more intense in the latter part of the
separation zone with the apparition of higher frequencies
characteristic of the vortex shedding.

Regarding the separation and the reattachment points,
we show the history of the mean value in the spanwise di-
rection of the abscissa along the plate in figure 7. These
abscissa are computed regarding the skin friction value
(null or changing sign for two consecutive mesh points
in the streamwise direction). We clearly see that, after
a transient period where the location moves rapidly up-
stream, the separation point remains at a fixed position
along the flat plate (figure 7-left). The history of the loca-
tion along the flat plate of the foot of the reflected shock
wave is plotted in figure 8. The foot of the shock wave
is identified at each time of acquisition as the abscissa
where the wall pressure becomes 20% bigger than P..
The reflected shock wave location along the flat plate re-
mains constant versus time. Consequently, the SWBLI
unsteadiness, characterized among other by the oscilla-
tions of the reflected shock wave and the separation point
is not observed in our DNS of a SWLBLI. Nevertheless,
we see in figure 7-right that the reattachment point is sub-
mitted to an oscillatory motion.

To find out the characteristic frequencies at which the
reattachment point moves, we computed its power spec-
tral density shown in figure 9. A first low frequency peak
is visible at a Strouhal number S; = % ~ (.04 charac-



Figure 7: History of the mean location in the spanwise
direction of the abscissa along the flat plate of the separa-
tion point, on the left, and the reattachment point, on the
right.

%
/L

Figure 8: History of the mean location in the spanwise di-
rection of the abscissa along the flat plate of the reflected
shock foot.

teristic of the breathing of the separation bubble. We ob-
serve a second peak at a Strouhal of S; = %—L ~ 0.145
characteristic of the flapping of the shear layér. Further
peaks around Sy = ];j—L ~ (.6 appear, that can be related
to the shedding mode of this shear layer. The power spec-
trum of the location of the reattachment point clearly ex-
hibits the generally admitted values of a separated bound-
ary layer dynamics. Even if the dynamics of the sepa-
ration bubble is well recovered, no unsteadiness of the
whole SWBLI system is recorded and only the motion
of the reattachment shock is observed. Obviously, this
shock motion is linked to the reattachment movement.

ower spectral density [n

P

Figure 9: Premultiplied power spectral density of the
reattachment point abscissa along the flat plate

This study of the laminar interaction shows that the low
frequency activity characteristic of the breathing of the
separation zone exist in the recirculation bubble. All the
frequency information is found in the separation bubble,
emitted from the reattachment point, and it even reaches

the separation shock. However, the back flow in the bub-
ble seems to damp those oscillations out so that they
are not strong enough to make the reflected shock move.
The SWBLI unsteadiness is therefore not observed in this
case.

4. SHOCK WAVE TURBULENT BOUND-
ARY LAYER INTERACTION (SWT-
BLI)

The concluding remarks of the precedent paragrarph
could suggest that the low-frequency oscillations found
in the turbulent case is related to the presence of vortical
structures upstream of the interaction. In order to confirm
this analysis, DNS on a turbulent case have then been
performed. In this context, the Synthetic Eddy Method
(SEM), initially developed by Jarrin et. al. [16], was
adapted to the compressible case. This method allows
to create a realistic turbulent boundary layer as the inlet
plane [24]. A compressible turbulent boundary layer
have been generated using the synthetic inlet conditions.
The flow conditions (M., = 2.33, Reg = 2538.78) are
taken from [19] where a method is developed to trip
an incoming laminar boundary layer and to obtain a
turbulent boundary layer. We employ 800 x 320 x 120
grid points in (x X y X z) . In the normal to the wall
direction, the mesh is tightened close to the wall using a
hyperbolic tangent law to ensure that the first y*© = 0.8.
The domain extent is 60.48 x 16.78 x 3.08 where § is
the inlet boundary layer thickeness.

As for the laminar interaction, several probes have
been located in the interaction zone. The spectral analysis
of the velocity signal, not presented in this paper, can be
foud in [3]. It shows that the dynamics of the simulated
SWTBLI exhibits most of the characteristic features al-
ready identified in the litterature. In particular, the shear
layer surrounding the separation bubble is submitted to
low frequency and medium frequency flapping associated
to a vortex shedding in the downstream boundary layer.
The dynamics of the early part of the interaction exhibits
lower characteristic frequencies than the remaining of the
interaction zone.

Histories of the separation and reattachment point ab-
scissa averaged in the spanwise direction (respectively
xs and x, ) are plotted in figure 10. x; corresponds to
the most upstream abscissa at which the skin friction co-
efficient becomes negative. x, corresponds to the most
downtream abscissa at which the skin friction coefficient
becomes positive again. The amplitude of the reattach-
ment point motion is significantly larger than the ampli-
tude of the separation point motion. This is in accor-
dance with results obtained by other authors ([21], [2]).
The power spectral densities of these two signals have
been computed and are shown in figure 11. The reat-



tachment point is dominated by frequencies characteristic
of the medium frequency (S; ~ 0.15) and low frequency
(Sz ~0.03—0.05) flapping of the shear layer, the medium
frequency being more energetic. The motion of the sepa-
ration point is dominated by the low frequency activity of
the recirculation bubble and is characterized by the pres-
ence of very low frequency activity (S ~ 0.015).

The separation length L variation with time has a standard
deviation of 0.25L. In the laminar case, the standard de-
viation is 0.0093L. The flapping intensity relatively to the
separation size is therefore much bigger in the turbulent
case than in the laminar case.
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Figure 10: Time history of the spanwise averaged loca-
tions of the separation point x,(¢) and the reattachment
point x,(z)
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Figure 11: Power spectral density of the time history
of the spanwise averaged location of the separation point
xs(t) (red) and the time history of the spanwise averaged
location of the reattachment point x, () (blue).

Figure 12 shows the history of the separation point lo-
cation along the flat plate and the history of the position of
the reflected shock waves foot Xy, c. As in [2], the posi-
tion of the shock wave is identified at each time of acqui-
sition as the abscissa for which the wall pressure becomes
30% bigger than P... The standard deviation of X, is
0.168. The covariance of X(¢) and Xeck () is shown
in figure 13 highlighting the high correlation between the
motions of the separation point and the reflected shock
wave.

These results show that the medium and low frequency

shock

33.6
200 250 300 350 400 450 500 550 600

tUnc/l

Figure 12: Time history of the spanwise averaged loca-
tion of the separation point x,(¢) and the reflected shock
foot Xgpock (l) .
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Figure 13: Distribution of the covariance between x,(r)
and X, (f) as a function of the non dimensionalized
time lag U /L.

of the recirculation bubble is recovered by our simula-
tion, associated to the low frequency unsteadiness of the
reflected shock wave.

The probability density function of Cf = 0 averaged in
the spanwise direction (hereafter noted PDF (Cf =0)) in
the interaction region is shown in figure 14. The mean
separation abscissa (X;/6 = 34.25) and the mean reat-
tachment abscissa (X,/8 = 40.9) are reported by vertical
lines. The increase of PDF(Cf = 0) upstream of X; is
sharper than its decrease downstream of X,.. It is coherent
with the observation made in figure 10 that the amplitude
of the motion of the reattachment point is significantly
larger than the amplitude of the motion of the separation
point.

Moreover, the progressive increase (respectively de-
crease) of PDF(Cf = 0) upstream of X; (respectively
downstream of X,) highlights the irregular amplitude of
the separation (respectively reattachment) point oscilla-
tions that are submitted to temporal modulations. The
modulation of the reattachment point oscillations are
larger than the separation points oscillations.

The history of the skin friction averaged in the spanwise
direction at x = X; (respectively x = X,) is plotted in fig-
ure 15-top-left (respectively 15-top-right). The time av-



erage interval dt between two consecutive sign changes
(Cf becoming negative) at x = X; is dtU./L ~ 4.1, that
corresponds to a frequency of Sy ~ 0.24. At x =X,, we
have dtU./L ~ 9.1 that corresponds to a frequency of
Sz ~ 0.11. Therefore, the sign change of the spanwise
averaged skin friction coefficient at x = X; and x = X, oc-
curs at frequencies more or less in the range of the char-
acteristic frequency of the medium frequency flapping of
the recirculation bubble. The probability of a change in
the sign of Cf upstream of x = X is lower than at x = X;.
The frequency of such a sign change is then lower. For
example, the history of the skin friction averaged in the
spanwise direction at x/8 = 34 is plotted in figure 15-
bottom-left. At this abscissa, the frequency of the change
of the sign of Cf is Sp ~ 0.05. Similarly, the probability
of a change in the sign of Cf downstream of x = X, is
lower than at x = X,. The history of the skin friction aver-
aged in the spanwise direction at x/§ = 42.75 is plotted
in figure 15-bottom-right. At this abscissa (downstream
of x = X,), the frequency of the change of the sign of Cf
is Sy ~ 0.03.

The changes of the sign of the spanwise average skin
friction coefficient upstream (respectively downstream)
of the mean separation point (respectively reattachment
point) therefore occurs at lower frequencies than near the
mean separation point (respectively mean reattachment
point). At the two selected abscissa, this low frequency
falls in the characteristic range of the low frequency flap-
ping of the recirculation bubble. These low frequency
change of sign of the skin friction upstream (respectively
downstream) of the mean separation (respectively reat-
tachment) point corresponds to large displacements of the
separation (respectively reattachment) point occuring at
low frequency.
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Figure 14: Probability density function of Cf = 0 aver-
aged in the spanwise direction

In order to get more insight in the low frequency dy-
namics of the SWTBLI, a proper orthogonal decom-
position (POD) has been applied to the velocity (u =
(u,v,w)T) and pressure (p) fields in a subdomain bound-
ing the interaction zone. POD is a method of data anal-
ysis that allows to obtain low dimensional approximate
descriptions of high-dimensional processes. It is widely
used for data processing and has first been used by [18] to
identify coherent structures in turbulent flows. Any scalar

ef
cf

Figure 15: History of the skin friction averaged in the
spanwise direction at 4 abscissa in the interaction region.
The 4 abscissa are highlighted by vertical lines in figure
14. Up left: x/8 = 34.25 (mean separation point). Up
right: x/8 = 40.9 (mean reattachment point). Bottom
left: x/& = 34.0. Bottom right: x/6 = 42.75.

(respectively vectorial) physical quantity g(x,y,z,t)
can be decomposed in scalar (respectively vectorial)
spatial modes ®™(x,y,z) sorted by decaying energy
([ Jy J.(@")dxdydz > [, [, [.(@" ") 2dxdydz ¥ m>
1):

qx,y,z,t) = Y ()" (x,y,2), (1)
m>1

where o is the temporal coefficient representing the am-
plitude of the m'" mode.
In our study, this decomposition is obtained using the
snapshot POD technique [27] in which the temporal coef-
ficients are obtained by solving the following eigenvalue
problem:

Y G (i) = A"a" (1), 2)
t/

where the temporal correlation tensor writes G, =
Je Sy J.a(x,y,2,0).q(x,y,2,t")dxdydz. with *.” denoting a
scalar product. The Euclidian scalar product is used in
our study. Each eigen value A™ represents the energy of
the m'* mode.

The spatial modes @™ are computed by projecting the
realizations (g(x,y,z,¢)) onto the temporal coefficients :
D" (x,y,2) =Y, q(x,¥,2,t)0"(t). The spectral density of
the POD energy contained in a set of modes Y is de-
fined as @(Y) = ¥,,cx A™ | @™ (f) |* where ™ (f) is the
Fourier transform of o.

The method of snapshots was used with 361 fields with
a time separation of 0.192U%. The time interval between
the first and the last snapshot corresponds to about 2.5
low frequency SWTBLI unsteadiness periods and about
7 periods of the medium frequency flapping of the recir-



Mean Power Spectral density

culation bubble. The POD is applied on the whole part of
the fields; in other words, the analysis is not conducted on
the fluctuating fields after the time mean is substracted, as
often employed. Then, the first POD mode is supposed
to be representative of the time average of the field. In
the following, the fluctuating modes refer to the modes m
higher than 1 (m > 1).

The average value of the power spectral density of o
over two distinct sets of modes is plotted (for the first
29 fluctuating modes (2 < m < 30) (blue) and for the re-
maining modes (m > 30) (red)) in figure 16-left for the
velocity field, and figure 17-left for the pressure field.
The spectral density of the POD energy is plotted in fig-
ure 16-right respectively 17-right for the velocity field,
respectively the pressure field (for the first 29 fluctuating
modes (2 < m < 30) (blue) and for the remaining modes
(m > 30) (red)).

[y
—m>

Spectral density of POD energy

Figure 16: Left: average of the power spectral density of
o over two distinct sets of modes for the POD on the
velocity field. Right: spectral density of POD energy for
two distinct sets of modes for the POD on the velocity
field.
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Figure 17: Left: average of the power spectral density of
o™ over two distinct sets of modes for the POD on the
pressure field . Right: spectral density of POD energy for
two distinct sets of modes for the POD on the pressure
field.

Figures 16 and 17 show that the low frequency activity
of the flow is mostly contained in the first 29 fluctuating
both for the velocity field and on the pressure field. In or-
der to get more insight in the low frequency dynamics of
the flow, especially in the range of frequency of the SWT-
BLI unsteadiness, we reconstructed the time evolution of
the velocity and of the pressure fields using only the first
30 POD modes as follows:

30
gr(x,y,2,0) = Y, o™ (1)@" (x,y,2)

m=1

3)

where ¢, is the reconstructed field (velocity or pressure
field).

The reconstruction obtained have then been averaged
in the homogeneous spanwise direction in order to sim-
plify the dynamical interpretation. This simplification is
acceptable as the broadband low frequency unsteadiness
of the interaction zone has been shown to be predomi-
nantly two-dimensional [22, 26].

The analysis of the evolution of the reconstructed
fields (not shown here but presented in [3]) confirms the
low/medium frequency dynamical features evoked above
(breathing and flapping of the recirculation bubble, low
frequency oscillations of the reflected shock wave).

When looking at animations of the reconstructed flow
(not shown here), one can see that the dynamic of the
flow is dominated by the medium frequency flapping of
the recirculation bubble. This dominant dynamic feature
of the reconstructed flow corresponds to cycles of enlarg-
ment and shrinkage of the separation bubble. The phase
of enlargment corresponds to a motion of the reflected
shock wave in the upstream direction (in phase with the
motion of the separation point as shown in figure 13).
The shrinkage phase is accompanied with a shedding of
a large amount of fluid from the recirculation zone.

A sequence of visualizations of the reconstructed lon-
gitudinal velocity averaged in the spanwise direction at
time intervals of 11L/U.. (corresponding to a frequency
of sampling of Sy ~ 0.09) is shown in figure 18. These
visualization correspond to the maximum extent of the re-
circulation bubble for five successive medium frequency
flapping cycles. These visualizations highlight the irreg-
ularity of the flapping patterns at the medium frequency.
Indeed visible discrepancies are visible between the size
of the recirculation bubble (maximum size of the cycle)
for these consecutive flapping cycles. This irregularity of
the medium frequency flapping can be related to the irreg-
ularities highlighted in the amplitudes of the separation
and reattachment point oscillations, already mentionned
in figures 14 and 15, that were found to introduce low
frequencies in the characteristic range of the breathing of
the separation bubble (S; ~ 0.03).

S. CONCLUSIONS AND PERSPEC-
TIVES

The direct numerical a SWLBLI and a SWTBLI have
been performed. The analysis of the dynamics of the
flows has been undertaken in order to contribute to a bet-
ter understanding of the SWBLI unsteadiness.

The results tend to show that the SWTBLI unsteadi-
ness is related to the dynamics of the separation bubble.
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Figure 18: Sequence of visualizations of the recon-
structed longitudinal velocity field at different times
(from left to right and up to bottom). Black vertical lines
show the position of x; and x,.

The dynamics appears to be dominated by the medium
frequency flapping (Sz ~ 0.12 —0.15). The amplitude of
this medium frenquency flapping have been shown to be
irregular in time, the maximum size of the recirculation
bubble being submitted to modulations between succes-
sive cycles. This behaviour of the separation bubble is
responsible for the low frequency temporal modulation
of the separation and reattachment points motion ampli-
tude, related to the breathing of the separation bubble
(Sz ~ 0.03 —0.04). The reflected shock wave appears
to be forced by the separation point motion, and hence
being submitted to a low frequency oscillatory motion.

The same dynamical behaviour of the recirculation
bubble is at play in the SWLBLI where the low frequency
activity characteristic of the breathing of the separation
zone exist in the recirculation bubble, emitted from the
reattachment point, and even reaching the foot of the sep-
aration shock. However, in the laminar case, the back
flow in the bubble seems to damp those oscillations out
so that they are not strong enough to make the separation
point (and consequently the reflected shock) move.

Two concomitant explanations can be put forward to
explain the differences between the laminar and the tur-
bulent cases :

e in the turbulent case, the incoming turbulent struc-
tures excite the separation point. This perturbation
is sufficient to trigger the motion of separation point
submitted to the low frequency oscillations emitted
at the reattachment point related to the breathing.

in the turbulent case, the recirculation bubble is fully
turbulent. The separated zone (and particularly the
subsonic zone) is much smaller than in the lami-
nar case. The damping of the low frequency signal
emitted at the reattachment point is therefore largely
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lower than in the laminar case. Moreover, in the
laminar case, the transition to turbulence is triggered
by the incident shock impingement upon the shear
layer and the transition to turbulence occurs only in
the latter part of the recirculation bubble. Conse-
quently, the shedding intensity is much lower than
in the turbulent case relatively to the size of the re-
circulation bubble.

In order to stregthen the validity of the presented re-
sults, new simulations of the same interactions have been
performed using finner meshes and a larger physical time
of simulation. The analyses of the dynamics have been
deepened using spectral proper orthogonal decomposi-
tion in order to be able to clearly associate spatial modes
with given frequencies. These results will be published
in coming papers.
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