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Introduction

The interactions between a shock wave and a bound-
ary layer arise in several aeronautical applications and ha
been studied for decades. When separation occurs, they
have been shown to be strongly unsteady and the separation
shock is moving at very low frequencies. These unsteadi-
ness have a direct influence on the performances of the sys-
tem and can create strong stress on the structure. Some au-
thors, see for instanc&anapathisubramargt al. (2007,
have proposed to relate the low frequency shock motions to
the upstream perturbations in the incoming boundary layer.
On the opposite, others authors includiRgbinet(2007%);
Dupontet al. (2008; Wu & Martin (2009; Priebe & Martin
(2012, have suggested that theses perturbations are devel-
oping in the downstream part of the interaction. Finally, a
recent analysis byfouber & Sandhan{2011) proposed to
assimilate the interaction as a low pass filter, with a very
low frequency cut off frequency, as initially suggested in
the experiments bilotkin (1975.

The aim of this paper is not not explain the physical
mechanism leading to the low frequency shock motions, but
to identify their localisations and how the separation &hoc
is influenced. It will be shown that phenomena occurring
within the recirculation bubble govern the whole interac-
tion, whatever the frequency range: the shock motions ap-
pears to be the mirror of these phenomena developing in the
separated zone. An equivalent inviscid scheme of the un-
steady interaction is established to describe the whole un-
steadiness of the shock system, as well as the downstream
unsteady pressure field.

Numerical simulations

A shock reflection on a Mach 2.3 turbulent boundary
layer has been considered. The parameters used to per-
formed simulations have been chosen in order to repro-
duce accurately two interaction configurations installed i
the IUSTI's wind tunnel. Large Eddy Simulations are per-
formed using ONERA's FLU3M solver relying on the selec-
tive mixed-scale subgrid model, and they are achieved at the
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same Reynolds number than the experimeReg; = 5000,
where &, is the momentum thickness of the upstream
boundary layer. The computation details and comparisons
with experiments have been documentedhgostini et al.
(2012. We consider here &9 flow deviation, which cor-
responds to a fully separated flow.

Pressure fluctuations and influence zone
Most of the time resolved measurements available in
the literature are restricted to unsteady wall pressura. dat
In this section, we first present numerical results obtained
at the wall, then we will extend these results to whole field.
In figure 1, the dashed line shows the dimensionless
main pressure value defined by* = (P — Py)/Py, where
Py is the upstream statistic pressure. The rms stream-
wise distribution of the low-passed filtered pressure fluc-
tuations @ = p{/Po) is denoted by the full grey line.
The cut off frequencyf p of the low pass filter corre-
sponds to a Strouhal number &f = f pL /U1 = 0.08 with
L denoting the interaction length ahfj being the veloc-
ity downstream the incident shocR he cut-off frequency
allows the extraction of the low frequency unsteadiness of
the interaction which have been found to involve frequen-
cies centered arounf ~ 0.03, see Duponét al. (2006).
The longitudinal dimensionless coordindg is defined by
X* = (X —Xo)/L, whereXg is the location of the maxi-
mum of the pressure rms to the wall. The rms peak arises
where the mean-pressure increase linked to the head shock
is stronger. In the case where the turbulent pressure fluctua
tions are very weak on the either side of the shock wave, the
rms values compare with the pressure step across the shock
(Aps). The shock displacement involves an abrupt increase
of the fluctuation values and is consequently scaled pn
in such a way that their rms values are the half of the pres-
sure jump. As these fluctuations are not being produced by
turbulent phenomena, they will be referred to as “intermit-
tent”. In figure 1, the region labelledlis associated with the
shock-wave excursion extent. In order to highlight the “in-
termittent” nature of the pressure fluctuations in zénat
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Fig. 1. Streamwise distribution low-frequency wall-
pressure rms; grey line: wind tunnel coordinate system;
black line: moving frame associated with the head-shock
displacement; dashed line: mean pressure (wind tunnel sys-
tem

each time step the streamwise pressure profiles were trans-
lated in order to be kept steady in the reference frame of the
head-shock. The shock displacements have been derived
from the time resolved data, and were estimated from loca-
tions of maxima of the pressure gradient along the direction
normal to the reflected shock. The streamwise profile of the
rms values in this frame is denoted by the full black line in
figure 1. As expected, the large peak of the rms pressure
in the shock motion region (zor® is strongly reduced by

a factor of five. It confirms that the pressure fluctuations
are linked to the shock displacements, and related to the
large pressure gradient across the head shock. The remain-
ing level (aboutp{ ~ 0.01) can be considered as a residual
noise, due to the estimation of the shock location. Down-
stream, the rms values estimated in the shock frame are very
close to the value measured in the wind-tunnel frame.

The map of the coherence §t = 0.03 between the
wall pressure fluctuations and the shock position at several
altitudes is plotted in figur@. The coherence functions be-
tween wall pressure fluctuations and shock displacements
highlights the links independently of any phase between
signals. Its value range from O to 1, respectively associ-
ated to un- and fully correlated signals. The shock altisude
normalized by the shocks-crossing-point altititjeare re-
ported on the y-axis. Following results can be derived:

¢ whatever the shock altitude taken as reference, the co-
herence level is high between shock motions and pres-
sure variations occurring at the foot of the shock (zone
A).

the coherence is also high between shock displacement
and pressure fluctuations occurring in the second part
of the separated zone. Moreover, the coherence level
increases with shock altitude. This region is labelled
C.

there is a region splitting the separated region in two
parts, where the coherence is low, it is labelBedThe
region B is also reported on figure 1: it corresponds
to the extent where the rms value is minimum in the
wind-tunnel system, and where the mean pressure
increases more slowly.
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Fig. 2. Map of coherence between the wall pressure fluc-
tuations and the shock position in several altitudesSfos
0.03.

From numerical simulations, the previous pressure
analysis can be extended from the wall to the whole field,
thereby defining theones of influence and their links be-
tween each others. Thepace—time properties of the pres-
sure field are analyzed. The RMS low-pass filtered pressure
fluctuations are presented in figuB@). The magnitude lev-
els are truncated above 10% of maximum value reached by
the intermittent fluctuations. As expected, the maxima rms
occur in the head-shock location. More surprisingly, the
lowest low frequency pressure variations occur just behind
the shock and are lower than 50 Pa, a value being three to
four times smaller than the levels observed in the othespart
of the interaction. This region splits the interaction it
parts.Downstream of this low level pressure fluctuations re-
gion, fromX* ~ 0.50 to 120, the rms values are increasing
up to 130%a in the near wall region as well as in the exter-
nal flow. Upstream of the interaction, no significant pres-
sure fluctuations at low frequencies are seen in figure 3(a):

it was expected since the Synthetic Eddy Method used to
generate inflow conditions in the present simulations, with
distance between the inflow plane and the interaction region
of 109, which is three times smaller than the useful distance
for “super-streaks” to arise, as reported in the litergtsee
Ganapathisubramast al. (2006

It arises that, when low frequencies are considered,
the interaction can be split in several parts. In order to
understand more accurately the spatial organization, the
low frequency coherenceS( ~ 0.03) between the shock
motions and the pressure fluctuations in the whole field has
been carry out, and is plotted in figud€b). The signal of
the shock position has been definedyat, ~ 1.2: it is
shown by the white star in the figure. High coherence levels
are obtained along the shock wave and in the downstream
part of the interaction. Between these two regions, a
coherence gap splits the interaction and extends beyond the
wall region. Similar results have been obtained from the
low-pass-filtered cross correlation Agostini et al. (2012
and show that the shock displacements at low frequency
and pressure variations in the second part of the interactio
are strongly correlated.
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Fig. 3. Features of low frequency pressure fluctuations for
the fully separated caséa) standard deviation of pressure
fluctuation occuring at low frequenci& < 0.08, (b) Co-
herence fields between the shock location and pressure fluc-
tuations low-pass filtere§ ~ 0.03.

Conditional analysis based on the interaction
length

In order to analyse only the fluctuations linked to the
turbulent phenomena, a conditional analysis based on the
shock position was carried out. It aims at eliminating the
intermittent pressure fluctuations associated to the shock
displacements. In the second part of the bubble, pressure
variations occurs and are clearly associated with the shock
motions.From the probability density function of the shock
positions, only events corresponding to the extrema posi-
tions of the shock are considered. Two classes are de-
fined associated respectively with the more upstream po-
sitions (15% of the whole samples) and the more down-
stream ones (15% as well). Piponnieual. (2009) have
shown that the exploration lengths of the head shock are
strongly linked with the size of the separation bubble: con-
sequently these two classes correspond respectively to the
largest and the smallest interaction lengths as well aseto th
large and small bubbles. To evaluate the pressure fluctu-
ations in the head shock frame, the wall pressure is sam-
pled at a location translated by the shock location assatiat
with the two classes. The conditional pressure streamwise
distribution for the two classes are reported in figure 4.
The streamwise conditional pressure profiles and the differ
ence between the both are plotted respectively in fig(ag
and4(b). The dimensionless longitudinal coordinate is de-
fined byX%,,q = (X—Xo,cond/L), WhereXg cong is the mean
position of the head-shock foot related to the classes. The
main valuesP: = (Rc — Ry)/Po, wherePRc is the average
values of the conditional pressures, is shown in figl(a®
by the dashed line for the shallowest mean interaction, and
full line for the other case. In the head-shock frame, the in-
termittent pressure fluctuations are no longer seen and the
remaining low frequency fluctuations should be associated
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Fig. 4. Conditional mean pressuré) streamwise distri-
butions, Solid line: large bubbles; dashed line: shallot+bu
bles;(b) difference between the profiles.

with the low frequency breathing of the separated region.
These coherent fluctuations, denotagjare defined as the
difference between the two conditional mean pressures.

In the beginning of the interaction, the streamwise
mean profiles are superimposed with each others, see figure
4(a), and the coherent fluctuations are very wedkere-
fore the the shock intensity remains constant whatever the
interaction lengthFromXZ,, = 0.2 to 0.6 (zoneB) the dif-
ference between the mean pressure profiles increase mono-
tonically: the pressure values are higher in shallow-beibbl
case . In the regioR, i.e X3,,q between (6 and 12, the
maximum coherent-fluctuation value is reached, such as
pe/Po ~ 0.09. Note that this value is approximatively 4
times larger than the one obtained in the low-pass-fitered
pressure fluctuation plotted in figue(about 25x 10-3):
this compares well with the maximal amplitudes defined as
+3x p[ g in the case of a Gaussian variable. Further down-
stream, the coherent-fluctuation values decrease.

From these conditional analysis of the wall pressure,
some typical properties of the low frequency pressure fluc-
tuations can be derivedAs the head-shock intensity re-
mains nearly constant during its displacement, the initial
part of the interaction can be approximated as a simple
translation of the separation point with a nearly constant
flow deviation, the shock following this displacement. The
pressure gradient in this region remains low, despite ttie fa
that no clear isobaric region (or pressptateau) can be ob-
served for the present conditions.

On the opposite, the second part of the interaction
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Fig. 5. Conditional mean pressure. Solid line: large bub-
bles; dashed line: shallow bubbles obtaineg/at, = 1.3.

(regionC) can be associated with larger pressure gradient
and turbulent pressure fluctuations. These fluctuations can
therefore influence significantly the downstream condgion
of the separation shock. Nevertheless, the supersonic part
of the interaction defines the regions of the shock which
can be influenced due to the direction of propagation of the
pressure fluctuations along the characteristics Aggestini
etal. 2012.

In order to extend these results to the whole field, the
same conditional analyse was carried out at the altitude
y/H; = 1.3, in the supersonic-flow part of the interaction.
The mean pressure profiles are plotted in figbirdt was
shown that in the second part of the bubble, the level pres-
sure is increasing when the detachment region is reducing.
This increase of the pressure at the wall is also observed in
the supersonic region of the interaction, see figurd his
is due to the formation of low frequency unsteady compres-

sion waves just upstream the expansion fan, as it can be seen

in the figure3(a) From figure5, it is clear that the expan-
sion wave, downstream of the compression waves, does not
compensate for the associated pressure fluctuations.-There
fore, pressure variations similar to the pressure fluaunati
produced by the variations of the compression waves inten-
sity are observed in the downstream part of the interaction,
as shown in figur&(a)

In figure 6, a conceptual model of the streamwise wall-
pressure distribution derived from the previous obseowsti
is proposed. The two classes of interaction size are respec-
tively shown as dashed line for the shallowest interaction
and as full line for the largest one. This model defines spe-
cific pressure evolutions for the three zoe®8 andC:

e in the first part of the interaction, regioA, the
pressure-gradient magnitude associated to the head-
shock remains the same whatever the interaction size,
the pressure variations generated within this zone are
produced only by the shock displacements (intermit-
tent fluctuations)

e the middle interaction part, zori is a “buffer region”
between zoneA andC. In this region a “plateau” evo-
lution with a constant pressure vaIBE is reported for
the shallowest interaction. As mentioned before, in the
present case the interaction is not strong enough to ob-
serve it clearly. In this buffer region, the “intermittent”
and “coherent” pressure occur. As both their natures
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Fig. 6. Conceptual model of the streamwise wall-pressure
distribution the interaction extent, in the wind-tunnebco
dinate system versus; (dashed line) shallowest interactio
and (full line) the largest interaction.

and sign evolutions are different,the coherent coeffi-
cient is null.

e in the downstream part, regi@) the pressure level is
higher when the length of interaction is smaller. It im-
plies that the out-of-phase relationship observed previ-
ously between region8 andC is reproduced by this
scheme.

This conceptual model enables to link the low fre-
guency streamwise pressure evolution to the interaction
length fluctuations. IrPiponniauet al. (2008, the low
frequency unsteadiness breathing of the separation bubble
where related to the dynamics of the convective structures
produced by the shear layer induced by the decelerated re-
gion. These organized convective structures are assdciate
with Strouhal numbers ranging from3to 10, typically
one order of magnitude higher than the low frequency shock
motion. These structures convect with a supersonic vglocit
relative to the supersonic side of the interaction.. Theeef
the pressure disturbances generated by the convectiee stru
tures follow particular paths, as shown Agostini et al.
(2011 2012 and can only influence specific regions of the
head-shock. This is illustrated in figurevhere the medium
frequency § = 0.5) coherency between the head-shock
displacements and wall-pressure fluctutations is predente
in the same manner as in figu2eThe following results can
be observed:

e in the first part of the interaction (regids), the struc-
tures produced by the shear layer are convected and the
pressure disturbances affects the head-shock dynamics.
Throughout their deplacements in the regith< 0.5,
the pressure fluctuations produced by the convective
structures influence the region below the crossing point
between the head shock and the expansion wave.

e inthe second part of the interacion, regionthe wall-
pressure variations and the head-shock dynamics have
the strongest coherence level at high altitude.

The convective structures develops along the isobaric
region B and then cross the adverse pressure gradient of
the regionC. The initial part of this region is located at
the reflection of the incident shock upon the shear layer.
As detailed inAgostini et al. (2012, any modulation of
the upstream conditions in this region will affect the reflec
tion of the shock in compression waves in order to balance
the pressure fields imposed by the subsonic region. There-
fore medium frequencies fluctuations due to the convective
structure should generate unsteadiness of the compression
waves at the same frequencies. This is illustrated in fig-
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Fig. 7. Coherence-coefficient map between wall pressure
fluctuations and shock position in several altitudes§ at
0.5.
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Fig. 8. standard deviation of pressure fluctuation occuring
at medium frequenciesD< § < 1

ure 8 where rms pressure values for medium frequencies
(0.1 < S < 1) are reported: it is clear that the region of
compression waves emanating from the incident shock re-
flection present large value of pressure fluctuations in this
range of frequency.

Conceptual model of equivalent inviscid in-
teraction.

An equivalent inviscid scheme has been derived to de-
scribe these results. It is sketched in fig@reThe motion
of the upstream part of the separated region is described
as a simple corner translation, hence the shock induced by
this flow deviation moves with an almost constant inten-
sity. The second part of the separated zone is the source of
pressure fluctuations at low frequency which influence the
supersonic region. This second part is described as a sec-
ond unsteady flow deviation, depending on the bubble size.
This inviscid equivalent model can be extended by taking
into account the medium-frequency unsteadiness. This can
be achieved by associating the medium frequency unsteadi-
ness of the second ramp with the pressure variations due
to the interaction between the convective structures amd th
adverse pressure gradient of regon

Therefore the second ramp, associated with the region
C in the scheme sketched in figuée oscillates with two
characteristic frequencies:

SWBA
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Fig. 9. Inviscid equivalent scheme for the low and

medium frequency unsteadiness in the interaction.

e a low one § ~ 0.03), associated with the bubble
breathing,

e a medium one§ ~ 0.5), associated with the interac-
tion between the convective structures and the adverse
pressure gradient of the regi@y near the reflection of
the incident shock.

This simple scheme suggests that it is possible to re-
late the medium-frequency unsteadiness of the separation
region to the dynamics of the convective coherent strusture
developing inside the mixing layer by taking into account
a specific behaviour in the vicinity of the reflection of the
incident shock upon the shear layer. These structures em-
anate from the separation point whose location follows the
low frequency breathing of the separation region: the pres-
sure gradient in the second part of the interaction inceease
when the bubble is contracting and vice versa. The resulting
unsteady pressure field at low and medium frequency com-
pare well with pressure fields obtained from LES In partic-
ular, the phase relationships, the coherence maps and the
pressure standard deviation are accurately derived.

No direct link between the low frequency unsteadi-
ness of the interaction and the medium frequency convec-
tive structures of the mixing layer have been established
until now. Nevertheless, several authors, including, for
compressible separatiorBiponniauet al. (2009; Priebe &
Martin (2012 and, for subsonic flow<herryet al. (1984);

Kiya & Sasaki(1985; Ehrenstein & Gallair¢2008, have
already suggested that the two phenomena have to be re-
lated. Whatever the precise mechanism, the simple inviscid
scheme that is proposed here will describe accurately the
whole field of unsteady pressure in the interaction.

Conclusion

Large Eddy Simulations of a Mach 2.3 shock reflection
on a turbulent boundary layer have been achieved for flow
deviations leading to separated interactions. The numeri-
cal results have been shown to describe accurately the low
and medium frequency unsteadiness of the flow in respect
with experimental data obtained in the same aerodynamic
conditions.

Spectral and conditional analyses of the pressure fields
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have given a global overview of the space-time organisa-
tion of the flow, and enable the derivation of an equivalent
inviscid scheme. The overall of the pressure-variatioppro
erties is reproduced. This conceptual model sketches the
origins of the shock system unsteadiness at low frequencies
(S. =0.03) as well as medium frequencie} = 0.5).

The motion of the upstream part of the separated re-
gion is described as a simple corner translation, hence the
shock induced by this flow deviation moves with an almost
constant intensity. The second part of the separated zone
is the source of pressure fluctuations which influence the
supersonic part of the interaction. This second part is de-
scribed as a second unsteady flow deviation, sketched in the
inviscid model by a ramp which imposed a flow deviation
at low frequency as well as at medium frequency. The flow
deviation depends on the bubble size and on the interaction
between the coherent convective structures and the peessur
gradient near the reflection of the incident shock wave.

This scheme explains the different regions identified
from the rms pressure fields and coherence with the shock
motions. Moreover, it suggests that the separation shock
experiments only translational motions, with negligilte i
tensity variations. Nevertheless, in a region located ebov
the intersection with the incident shock, the intensityhaf t
head-shock is increased due to the merging of unsteady
pressure waves emanating from the shedding region for
both low and medium frequencies. These waves generate
unsteady pressure fluctuations downstream the expansion
wave in phase with the head-shock displacements.

A coupling between the long-term variation of the
pressure gradient associate to the low frequency modula-
tions of the second ramp with the short-term variation of
convective structure can be expected. It seems therefore
that a detailed space-time description of these convective
structures could be a key point for understanding the low-
frequency unsteadiness in separated flows, in compress-
ible as well as incompressible cases. Indeed, the shock-
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