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ABSTRACT

Large—eddy simulations (LES) of a transitional shock
wave boundary layer interaction (TrSBLI) are carried out to
investigate the origin of the low—frequency unsteadiness in an
incident-reflecting shock configuration. The separated region
is characterised by low—frequency breathing and is associated
with a fluidic feedback originating from the vicinity of the
reattachment point, in agreement with previous investigations.
The non-linear spectral analysis reveals a quadratic coupling
between the low—frequency feedback and the unstable modes
developing within the separated shear layer. The chronological
sequence of the phenomena is retrieved in the physical space
through the bicorrelation statistical tool.

INTRODUCTION

Shock wave boundary layer interactions (SBLIs) have
been the subject of extensive investigations in the last 70
years (Dolling, 2001). Much of the interest has been devoted
to interactions between shock waves and turbulent bound-
ary layers and the necessity of understanding such flows has
motivated numerous experimental, numerical and theoretical
studies. A large variety of geometrical configurations have
been covered such as normal shock interactions, incident-
reflecting interactions, compression corner, over—expanded
nozzle, etc., and investigations spanned a wide range of Mach
and Reynolds numbers. The global organisation in terms of
space and time dynamics have been depicted and the quali-
tative mean organisation of the flow is currently well under-
stood. In the case of turbulent separated SBLIs, evidence
showed that the interaction is highly unsteady with very low—
frequency motions of the separated region (Dolling, 2001;
Ganapathisubramani et al., 2009; Dupont et al., 2006). This
phenomenon is often reported in the literature as breathing of
the bubble and its origin is still under debate dividing the sci-
entific community into different strands of thought. Multiple
studies claim the upstream mechanism as a natural source of
the low—frequency unsteadiness of the system such as broad-
band fluctuations (Touber & Sandham, 2011), or the exis-
tence of superstructures in the incoming turbulent boundary
layer which are required to induce the flapping of the sep-
arated region (Ganapathisubramani et al., 2009). Other au-

thors propose to correlate this unsteadiness with the dynamics
of the separated region (Wu & Pino Martin, 2008), or with
a resonance mechanism in the interaction region (Pirozzoli
& Grasso, 2006). Piponniau et al. (2009) developed a sim-
ple model to explain the low—frequency unsteadiness. It is
based on the entrainment characteristics of the shear layer and
relates the mass recharge within the separated bubble to the
flapping dynamics occurring near to the reattachment point.
However, a new consensus paved the way of uniting both
upstream and downstream mechanism as contributors to the
emergence of the low—frequency unsteadiness, but the effect
of the incoming turbulent boundary layer diminishes for in-
creasing interaction strengths (Clemens & Narayanaswamy,
2014). Less attention has been devoted to interactions between
shock waves and an incoming laminar boundary layer and only
recently the scientific community has taken steps in that di-
rection. The TFAST project carried out both numerical (San-
sica et al., 2016; Larchevéque, 2016) and experimental (Diop
et al., 2019) studies on these transitional interactions. Their
studies confirmed that unsteadiness comes up when transition
to turbulence occurs. For example, Sansica et al. (2014) re-
vealed that as the breakdown of the turbulence occurs, broad-
band disturbances travel upstream in the separated region of
the boundary layer with a corresponding response near the
separation point. Further, temporal measurements revealed
several frequencies being amplified along the interaction with
the low—frequency unsteadiness of the separation region be-
ing almost one order of magnitude higher than that found in
the turbulent counterpart (Diop et al., 2016). Sansica et al.
(2016) demonstrated that the region of reattachment might be
the origin of the low—frequency unsteadiness and Larchevéque
(2016) showed that their amplitude vary significantly with the
size of the separated region and the location of the transition to
turbulence. However, all of these studies agree to associate the
low—frequency unsteadiness with a feedback originating from
the reattachment region, although a lot of open questions are
left unanswered.

The present work aims to better characterise the physical
origin of the low—frequency unsteadiness leveraging the non—
linear spectral analysis, a tool that suits well when dealing with
quadratic interactions.
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NUMERICAL SETUP

The datasets of the present numerical simulations are
based on a transitional shock wave boundary layer interac-
tion (TrSBLI) investigated in the experiments carried out in the
TFAST project and performed at the IUSTI laboratory in Mar-
seille (Diop et al., 2019). The flow parameters of the incident-
reflecting interaction are reported in table 1. Simulations were
performed using the FLU3M code from ONERA. The code
relies on a finite volume discretisation in space and an im-
plicit Gear scheme for the temporal discretisation, both being
second—order accurate. To minimise the numerical dissipation,
the space scheme is modified by adding the dissipative part of
the Roe scheme to a centered scheme in regions where strong
compressibility/low vorticity occurs, as identified by means
of Ducros sensor (Ducros et al., 1999). The time integra-
tion is performed with a maximum Courant-Friedrichs-Lewy
number of 11, and the non-linear system is solved through 7
sub-iterations resulting in a reduction of the residuals of more
than three orders of magnitude in the laminar and transitional
regions and about two orders of magnitude in the turbulent
ones. The LES modeling is built from an implicit grid filtering
coupled with an explicit subgrid modeling through the selec-
tive mixed-scale model. The reference meshes are Ax™ < 30,
¥ S 1.25 and Az' < 15 and the width of the computational
domain is 7 times larger than the separation bubble height. Ad-
ditional meshes refined by 40%, 20% and 25% in the x, y and
z directions have been built in order to perform a grid con-
vergence study. A mesh enlarged in the spanwise direction
by 100% has also been tested. The wall is treated as adia-
batic, and periodicity is used in the spanwise direction. Non-
reflecting boundary conditions based on characteristics formu-
lation are set at the inflow, outflow and upper boundaries. The
inflow conditions are obtained by superimposing flow pertur-
bations of very low amplitude and large bandwidth to the com-
pressible Blasius profile by means of a compressible variant of
the Synthetic Eddy Method (SEM). However, the amplitude of
these perturbations were not known from the experiments. The
strategy followed was to adjust them iteratively such that the
final computations resulted in the same separation length as
the experiments. The simulations were run long enough to en-
compass 70 cycles of the typical low—frequency unsteadiness
allowing the extraction of spectral quantities.

VALIDATION

Computations have been compared to experimental mea-
surements obtained through LDV technique and documented
in Diop e al. (2019). The validation accounts for refined
meshes in all of the directions as described in the previous sec-
tion, and a mesh enlarged in the spanwise direction has also
been validated. Figure 1 plots the mean streamwise velocity
profiles at different streamwise locations. The streamwise co-
ordinate is defined as the distance between the impingement
location of the incident shock x;;,, and the current location
x and it is normalised by the incoming boundary layer thick-
ness dgg. The wall-normal coordinate is normalised by using
the same reference length. All LES profiles collapse demon-
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Figure 1. Comparison of the mean streamwise velocity
profiles between experiments and computations at different
streamwise locations.

strating that the procedure described in the previous section
regarding the adjustment of the inflow perturbations ampli-
tude is successful. In particular, experimental and numerical
data show excellent agreement up to the apex of the recircu-
lation bubble. Nonetheless, experiments tend to yield transi-
tion downstream of the apex. The transition phenomena oc-
curs more abruptly over a shorter distance for the numerical
data, resulting in quicker relaxation towards a canonical tur-
bulent boundary layer downstream of the interaction region.
It is unclear if this discrepancy is due to either the different
physical nature of the perturbations in the incoming boundary
layer or an alteration of the transition mechanism within the
bubble due to the LES modelling. The fact that no difference
is observed between the base computations and the ones rely-
ing on the refined meshes, even downstream of the apex, is an
indication that the former hypothesis is more likely.

LINEAR SPECTRAL ANALYSIS

The spectral analysis is considered to identify the key fea-
tures of the shock motion and the characteristic temporal scales
are extracted through spectral decomposition of wall pressure
fluctuations.

Figure 2 shows the streamwise distributions of the pre-
multiplied, normalised wall pressure spectrum. The horizon-
tal axis displays the frequency normalised by the interaction
length L;,;, defined as the distance between the impingement
location x;y,, of the incident shock and the beginning of the
interaction region x;,;, and the free—stream velocity U, cor-
responding to the Strouhal number St;, = fL;y /Us. The ver-
tical axis shows the streamwise evolution normalised by the
interaction length L;,, as defined above. In this way the in-
teraction region ranges from O to 1. The spectrum shows that
the beginning of the interaction region, near x* = 0, is dom-
inated by power spectral density (PSD) content spreading at
low frequencies, with typical Strouhal number of St; ~ 0.055.
This value is close to the one found in the DNS by Sansica
et al. (2016) and LES by Larchevéque (2016), but it is signif-
icantly lower than the S7z;, ~ 0.1 value seen in the experiments
by Diop et al. (2019). Conversely, the work of Bonne er al.
(2019) yields an intermediate values of St; ~ 0.08. Such dis-
crepancies in the low—frequency Strouhal numbers may be re-
lated to different physical forcing strategies of the incoming
boundary layer/initial mixing layer adopted by the aforemen-
tioned works. Moving in the streamwise direction towards the
impingement point x* = 1, the typical frequency increases up
to Stz ~ 0.6 . Once past this point, a spot of high PSD content
emerges. It is localised in the region of the flow downstream
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Figure 2. Streamwise evolution of the premultiplied, nor-
malised wall pressure spectrum. White horizontal dashed lines
mark separation (x* = 0) and impingement (x* = 1) loca-
tions while the vertical one correspond to the Strouhal number
St; ~ 0.055. The white circle denotes the high PSD content
associated with the transition and the breakdown of oblique
instability modes.

the impingement point at x* ~ 1.1 and the associated Strouhal
number is St; ~ 2.1 (see the white circle in figure 2). The
presence of this high PSD spot has already been observed in
the work of Larchevéque (2016) who investigated transitional
SBLIs, but no evidence have been reported for the turbulent
counterpart. Its presence is explained below. In the first part of
the recirculating region, structures develop in the mixing layer
zone and grow as they move downstream. After some dis-
tance, these structures are shed into the downstream flow, pos-
sibly leaving their trace at the wall. However, previous studies
demonstrated that they remain at a certain distance from the
wall, making the previous statement weak as the only expla-
nation. Moreover, the mechanism just described is also com-
mon in turbulent interactions, where the emergence of such
localised high PSD spot might be hidden by the turbulence
from the incoming boundary layer. Therefore, other features
have to be taken into account. The position x* ~ 1.1 is asso-
ciated with the location where transition to turbulence occurs
(results are not shown here). So, rather than a footprint of the
mixing layer structures, it could represent the trace of the tran-
sition process. In addition, this spot could be related to the
breakdown of oblique first-mode waves. In fact in this region,
high disturbance amplitude is reached through linear growth
that occurs along the mixing layer. Thus, oblique modes en-
ter in the non—linear stage and transition soon follows. These
instability modes originating from the initial mixing layer and
propagating downstream to the reattachment point play a fun-
damental role in explaining the origin of low—frequency un-
steadiness, as will be demonstrated in the next section.

From the previous analysis it emerges that the reattach-
ment region is characterised by high—frequencies scales (Sz7, ~
2.1) associated with the breakdown of the oblique first-mode
waves and transition. Conversely, the separation region is
dominated by low—frequency scales (St; ~ 0.05) associated
with the unsteadiness of the head shock. A question that arises
now is: are the high—frequencies scales a local process or they
affect all the other regions? To give insight into the question, a
more deep investigation has been conducted by resorting to the
phase information from the two—points spectrum. The cross—
spectrum is a complex valued quantity defined as S,, 4, (f) =
G1(f)G3(f), where G (f) and G, (f) are the Fourier trans-
forms of the time series g (¢) and g, (r) respectively, while

——

Figure 3. S; indicates the location of the sensors used for the
phase analysis as well as for the bispectral analysis. The con-
tours show the exponentially—spaced filled isolevels of turbu-
lent kinetic energy and the mean dividing streamline is indi-
cated with white dashed line.

denotes the complex conjugate. In this work, the streamwise
momentum cross—spectrum has been computed and figure 3
shows the location of the sensors where pu has been sampled.
S; correspond to the end of the ascending mixing layer (S1), the
center of the descending mixing layer (S2) and three locations
distributed on a horizontal plane fairly close to the wall, either
upstream of, at, or downstream of the reattachment point (53,
S§4 and S5 respectively). The reference point for the cross—
spectrum is the position where the breakdown of the oblique
modes occurs (S1) and all the possible linear links between
streamwise momentum signals along a plane crossing sensors
S3, $4 and S5 are obtained.

From the cross—spectrum, phase information is extracted
for three regions, namely the separation point, inside the sep-
aration bubble and near the reattachment point, based on their
characteristic Strouhal numbers, i.e. St; ~ 0.055, 0.11 <
St; < 0.33 and S, ~ 2.1 respectively. Figure 4 plots the
streamwise evolution of the normalised phase associated with
pu at the fixed aforementioned Strouhal numbers. Note that
the normalisation of the streamwise coordinate is the same
used for figure 2, but it is shifted from the wall. In this way
x* = 0 corresponds to the point where the plane considered for
the analysis crosses the upstream mixing layer, while x* = 1 is
further downstream of the reattachment point (see horizontal
straight white line in figure 3). Moreover, the phase data are
normalised by the frequency and unwrapped so that jumps of
27 are removed, and shifted vertically such that phase is zero
at the origin x* = 0 of the reference frame. The inverse of the
slope gives information regarding the phase velocity between
the reference pu at S1 and the selected streamwise momen-
tum signals along the plane as well as the direction of travel.
It is important to point out that the phase velocity is associ-
ated with a fixed frequency, but is contaminated by all the
streamwise wavenumbers ky,. Not having selected a partic-
ular wavenumber, one can assume that rather than the phase
velocity, what is observed is the average velocity at which the
group of signals characterised by a given frequency is travel-
ing, i.e. the group velocity V,. By assuming Vg ~ V, ~ U,
where U, is the convection velocity, figure 4 provides the fol-
lowing information. For St; ~ 2.1, the phase increases linearly
throughout the streamwise direction. The convection velocity
is Us ~ +0.5U., meaning a motion from upstream towards
downstream regions with respect to the location on the plane
of sensor S1 indicated by the vertical dashed black line in the
figure. However, for lower Strohual numbers an abrupt change
in phase is observed at x* ~ 0.95. In particular, up to x* ~ 0.95,
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Figure 4. Streamwise evolution of the normalised phase as-
sociated with pu for the Strouhal numbers i.e. Stz ~ 0.055,
0.11 < St7. < 0.33 and St;, ~ 2.1. The vertical dashed line in-
dicates the streamwise location shifted from the wall of sensor
S1.

the phase decreases nearly linearly while it increases linearly
everywhere else. Before the jump, upstream propagation ve-
locities are found which correspond to U, ~ —0.24U. and
U. ~ —0.41U. for the low and the medium frequencies re-
spectively. After the jump, downstream propagation speeds
are observed.

From this scenario it is possible to infer that the source
of the slow—upstream motion is located at x* ~ 0.95, that at
the wall corresponds to the position where the high PSD spot
previously observed emerges (see figure 2). This high PSD
content associated with the transition and oblique mode break-
down has a global effect. In fact, it affects the upstream region
through a fluidic motion that starts from the position where
the high PSD spot emerges and moves upstream at a convec-
tion velocity that decreases as the Strouhal number decreases.
Moreover, the position x* ~ 0.95 that corresponds at x* = 1.1
at the wall, can be associated with the location of the source of
the low—frequency unsteadiness.

NON-LINEAR ANALYSIS

Two—points spectral analysis revealed that the origin of
the low—frequency breathing of the separation bubble corre-
sponds with the location where the breakdown of the oblique
modes emerges. Moreover, band-pass filtered pseudo-
schlieren movies shows the occurrence of a fluidic feedback
starting from the reattachment point for St;, < 1. It progres-
sively restricts to a narrower low—frequency band while mov-
ing upstream in the separated region. From the movies, highly
energetic fluctuations are also visible in the vicinity of the reat-
tachment point for much higher frequencies. Therefore, mul-
tiple mechanisms are at play in this region, including transi-
tion and quadratic interactions that might involve different fre-
quency bands. However, second—order statistics are limited
to describing linear processes. To detect and quantify non—
linearities in time series, higher—order statistics are required.
In that context, bispectrum and bicoherence information are
used to propose a scheme explaining how low-frequency mo-
tion appears near the reattachment point before being con-
vected upstream, then inducing the breathing of the bubble.
The region of the flow around the reattachment point is dom-
inated by small-scale motions whose frequencies, as seen on
the spot at x* ~ 1.1, Stz ~ 2.1, are much higher than the low—
frequency range associated with the upstream fluidic feedback.
Because of the frequency difference, both phenomena cannot
be linearly linked but they can be related through quadratic in-
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Figure 5. Bicoherence map between S1 x S1 <+ S2.

teractions. Such interactions can be highlighted in the spec-
tral space from the bispectrum, which is a measure of the
quadratic non—linearities at the bifrequency (fi, f2) (Tynan
et al., 2001; Cui & Jacobi, 2021). One way to normalise the
complex—valued bispectrum is the bicoherence between time
series g1 (¢), g2(t) and g3(¢), which reads:

|G (1) G2(f2) G5(fi +f2)“2
IG1(f1) G2 ()7 1G5 (fi + 1)l

Bicgl-,82~,g3(f17f2): ) (D

where G(f) denotes the Fourier transform of the time se-
ries g(r). A value of Bicy, o, ¢, that differs significantly from
zero is associated with a (partial) phase relationship between
g1 X g2 and g3 being stable over time, and it is indicative of
possible non-linear energy exchange between the frequencies
under consideration. In the present work, the analysed vari-
able is the streamwise momentum pu since it may experi-
ence quadratic interactions through the convective term of the
Navier-Stokes momentum equation. The locations where pu
has been sampled has already been shown in figure 3. Fig-
ure 5 plots the bicoherence map between S1 x S1 and S2 and
the presence of strong bicoherence indicates those frequency
modes that most strongly contribute towards the quadratic
phase coupling (QPC). The linearly unstable modes develop
in the ascending mixing layer and enter the non-linear regime
near the apex of the bubble. Indeed, the positive quadrant of
the bicoherence map is typical of a transitioning mixing layer.
It displays an emerging direct turbulent cascade involving tri-
adic interaction between frequency ranges being integer mul-
tiples of the original instability wave range at location S1, cen-
tered around St;, ~ 2. On the contrary, quadrant defined by
Str, < 0and St;, > 0 displays a quadratic link towards lower—
frequencies with |Stz, | ~ |Stz,|. Spots of high values of bico-
herence for very low values of Strouhal numbers are observed.

For triadic interactions between band-limited signals such
as the ones centered around St; ~ 2, bicoherence is rather easy
to analyse. However, such an analysis may become trickier
for more broadband signals since a single frequency can be
involved in multiple triadic interactions. One way to overcome
this difficulty is to use the summed bicoherence (Tynan et al.,
2001), defined as:

Y, IGih) Galf) Gi(fi + o)
|firthal=f

Y 1Gi(A) GBI G (fi + I
[Atfal=f )

Z’bicgl-,g2~,g3 (f) =
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Figure 6. Summed bicoherence with S1 x S1 for sensors lo-
cated within the descending shear layer (upper panel) and near
the wall, both upstream and downstream of the reattachment
point (lower panel).

Summed bicoherence plots between the “source” signal
S1 x S1 and streamwise momentum at different locations are
displayed in figure 6. Note that the low values associated
with the summed bicoherence and reported in the y—axis are
a consequence of the adopted normalisation (see equation 2).
The cascade process for sensors S2 and S4 that are located
at the center of, and near to the wall of the descending mix-
ing layer is shown in the upper panel of figure 6. The energy
transfer towards higher harmonics of the original instability
wave at St;, ~ 2 seen in the positive quadrant of figure 5, is
mostly achieved when approaching the vicinity of the reattach-
ment point (see sensor S2). Once the reattachment location is
reached, the turbulence is close to be fully developed and only
short-range triadic interactions are observed (see sensor S4).
However, an energy transfer towards the low—frequency range
takes place within the separation bubble, as sensor S3 shows in
the lower panel of figure 6. For this range of low—frequency,
the linear analysis revealed an upstream motion as pointed out
with figure 4. No such process is identified downstream of
the reattachment point as sensor S5 shows. It is worth noting
that the relative energy content at low—frequency is increas-
ing when moving upstream within the bubble. Based on these
results, it can be postulated that the upstream low—frequency
feedback is driven by quadratic interactions between high—
frequency oblique modes found in the mixing layer developing
over the separated region.

Bicoherence spectra convey information on the quadratic
link between various regions of the flow, but do not pro-
vide any data regarding motion within these regions. How-
ever, information on the convective or stationary nature of the
quadratic link can be recovered from the biphase spectrum us-
ing the same methodology developed for the cross—spectrum.
The biphase spectrum correspond to the argument of the
complex-valued bispectrum G (f1) G2(f2) G5(f1 + f2). For
a given frequency pair (f1, f2), it is a measure of the phase dif-
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Figure 7. Streamwise evolution of the normalised biphase
along the horizontal line crossing sensors S3 to S5. For each
Str, spanning from low to high values, the three combinations
resulting in the highest values of the bicoherence are plotted.

ference between part of the g3 series considered at frequency
f1+ f» that is quadratically linked with part of the product be-
tween g; and g», considered at frequencies f| and f, respec-
tively. The streamwise evolution of the biphase between the
S1 x S1 and sensors distributed over the horizontal line cross-
ing sensors S3 to S5 is plotted in figure 7. High—frequency
pairs whose sums correspond either to the various typical low-
frequency Strouhal fluctuations identified in the separated re-
gion (St7, < 1) or to the oblique modes and their harmonics
(Str; ~nx2.1,n € N) have been selected. Among the vari-
ous frequency pairs of a given sum that have been computed,
the three ones resulting in the largest bicoherence levels have
been retained. In that sense, the streamwise phase evolution
being plotted is representative of the strongest quadratic con-
tributions to the low-frequency range. Comparison of figure 4
and figure 7 confirms that in the initial region of the inter-
action up to x* ~ 0.95 the phase evolution in both cases is
very similar for the frequency range under consideration. As
a consequence, the group velocity associated with the motion
of the fluctuations quadratically linked with the oblique mode
is roughly the same as the one found from the linear two—
point analysis. This, coupled with the rather large values of
bicoherence found in that region, confirms that the upstream—
convected streamwise momentum fluctuations are for a large
part induced by non-linear coupling with the mixing layer
oblique modes. Since such an upstream motion has been as-
sociated with the low-frequency breathing of the separated re-
gion, it is therefore strongly suggested that the breathing is in-
duced by non-linear beating in the vicinity of the reattachment
point of the high—frequency oblique modes having developed
within the mixing layer.

Up to now all the information have been extracted from
the spectral space. However, the chronological sequence
of the phenomena can be observed in the physical space
by computing the inverse Fourier transform of the bispec-
trum, i.e. the bicorrelation that reads Ry, g0, (71,72) =
g1(71) g2(m) g5(71 + 12). It is a measure of the time shift of
the two time series g (7;) and g,(7;) with respect to the third
one g3(7; + 7). Figure 8 shows the bicorrelation map com-
puted for the streamwise momentum with S1 x S1 <+ S3. The
first two sensors are located in the region where the breakdown
of the oblique modes occurs, S1, while the destination sensor is
located in the separated region, S3. Note that also in this case
the range of significant bicorrelation corresponds to a low val-
ues as a consequence of the normalisation. High bicorrelation
values are observed for negative time delay suggesting that the
non-linear coupling between the oblique unstable modes and



12th International Symposium on Turbulence and Shear Flow Phenomena (TSFP12)
Osaka, Japan (Online), July 19-22, 2022

______Eaas

-2.1E-04 -1.3E-04 -4.2E-05 4.2E-05 1.3E-04 2.1E-04

0
J
I J’
_2 ,.
&PN
4
s 4. 2 0

Figure 8. Bicorrelation map S1 x S1 <+ §3.

the low—upstream motion occurs after the apex of the separated
region. Moreover the periodic pattern has been found to corre-
spond with the period of the oblique mode being AT* = Sz, n
with St = 2.1. This result confirms that the oblique modes
and their harmonics are mostly involved in the non-linear in-
teractions.

CONCLUSIONS

LES computations of a TrSBLI with separation have been
carried out and compared with experimental databases from
the TFAST project (Diop et al., 2019). All computations have
been validated resulting in a good agreement between experi-
mental and numerical data. The higher—order statistical tools
in the spectral space have been used to explore the linear and
quadratic interactions responsible for the origin of the low—
frequency unsteadiness. The two—points linear spectral anal-
ysis confirmed the occurrence of a slow—upstream convection
motion originating from the vicinity of the reattachment point
where a spot of high PSD content emerges. It has been shown
that it globally affects the dynamics of the flow. The low—
frequency range in the separated region was found to be sig-
nificantly quadratically linked with the oblique mixing layer
modes of much higher frequencies, as pointed out from bi-
coherence spectra. The biphase diagnostic then confirmed
that such a long-range quadratic link is indeed related to the
downstream-to-upstream fluidic feedback and from the bicor-
relation analysis it is shown that is characterised by a negative
time delay.
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